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For my dear mother

“If we did all the things we are
capable of doing, we would
astound ourselves.”

Thomas A. Edison
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SUNLIGHT

Sunlight provides the energy for almost all life on Earth.
It is harvested by plants, including the microscopic al-
gae living in water. Photons of sunlight (represented as
red dots) enter the food-producing regions within the al-
gal cell which act like solar panels. Here the molecules of
the green pigment, chlorophyll, are arranged in clusters
and absorb the energy of the photons. That energy is
used to turn carbon dioxide and water into food, releas-
ing excess oxygen. Algae are eaten by daphnia (water
fleas) and these are caught by roach, small fish which
are preyed on by herons. The heron ultimately depends
on a vast number of algal cells to supply it with food.
The scale of sizes in the painting gradually changes from
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the magnified part of a single algal cell, covering the

lower third of the painting, to the Earths atmosphere at
the top of the painting. The oxygen in our atmosphere
was itself created by ancestral forms of algae, beginning
millions of years ago, when they were among the most
advanced life forms on Earth. They changed the ancient
atmosphere of the Earth, making it possible for oxygen-
breathing animals to evolve. Even today, about 90% of
all oxygen production and carbon dioxide use is carried
out by algae living in the seas and freshwaters.

From an oil painting by Glynn Gorick, 113 Hemingford Road,
Cambridge CB1 3BY, UK. ©G. Gorick 1994
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Chapter 1

Motivation - Outline

1.1 Motivation

1.1.1 The Combustion of Fossil Fuels

The limited supply of todays main energy sources
(oil, coal, uranium) will force us - sooner or later -
to replace most of the currently used power plants
with renewable energy sources. According to recent
predictions [123, 36]', the inevitable permanent de-
cline in the global oil production rate is expected to
start within the next 10-20 years.

Worldwide, oil prices will then rise considerably
favouring the introduction of various renewable en-
ergy sources such as the direct conversion of solar
energy (solar cells), but also others like for example,
hydroelectric- and wind-power systems.
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Figure 1.1: The atmospheric concentration of

greenhouse gases like CO5 have grown significantly
since pre-industrial times. This can be largely at-
tributed to human activities, mostly fossil-fuel use
[136]. Dashed lines are possible (optimistic) future
scenarios [136, 10].

1As a service to the reader, references are listed in alpha-
betical order in Chapter 9. Hence, they do not appear in
numerical order in the text.

However, the combustion of fossil fuels in the past
has already harmful effects on the delicate balance
of nature on our planet. Today, about 20-10'2kg of
carbon dioxide are put into the atmosphere every
year, mainly by burning fossil fuel [17, 136, 252].

Today’s plants are unable to absorb this huge
amount of extra COy. As a result the COy con-
centration in the atmosphere continues to mount
(Fig.1.1) adding considerably to the greenhouse ef-
fect which will increase the global mean surface
temperature - depending on future emission scenar-
ios and the actual climate sensitivity - by another
0.6-7.0°C by the year 2100 [136].

Global mean surface temperature has increased
by 0.3-0.6°C since the late 19th century and the
global sea level? has risen by 10-25cm, most likely
due to human activities [136].

The consequences of this temperature change
have already increased the frequency and severity of
natural disasters [252] and are likely to have more
devastating effects for humans and other life forms
in all parts of Earth within the next decades.

1.1.2 Renewable Energy Sources

Fortunately, we have renewable energy sources
which neither run out nor have any significant
harmful effects on our environment. Naturally,
power plants that use wind, the potential, wave or
tidal energy of water, the heat from the Earth’s
crust or direct solar radiation rely on the local
supply of their primary energy source. Thus, the
amount of power they can supply over a longer
period?® often depends on geographical and weather
conditions.

It is important to recognise that the installation
of these power systems should always be preferred
as long as they supply more energy throughout their

2Projected sea level rise from the present to the year 2100
is 15-95cm [136].
3Using the existing energy storage technology.



lifetime than they have consumed during their fab-
rication, installation and maintenance. Although
this criterion is fulfilled for all of them their prices
are not yet low enough.

Unless we can soon develop low cost technolo-
gies for renewable energy sources we have to hope
that the world’s governments start to consider the
“costs” of environmental hazards of the majority
of existing power sources in the planning of future
power plants.

Inorganic Solar Cells

At present, solar cells comprising an inorganic semi-
conductor such as mono- and multi-crystalline sili-
con have found markets for small scale devices such
as solar panels on roofs, pocket calculators and wa-
ter pumps. These conventional solar cells can har-
vest up to as much as 24% [237] of the incoming
solar energy which is already close to the theoret-
ically predicted upper limit of 30% [230] *. This
illustrates that technologies which allow low fabri-
cation costs - rather than somewhat higher conver-
sion efficiencies - are now desired. One approach
here would be to reduce the amount of silicon by
using thinner films on (cheap) glass substrates.
Today, the production of these solar cells still
requires many energy intensive processes at high
temperatures (400-1400°C) and high vacuum con-
ditions with numerous lithographic steps leading to
relatively high manufacturing costs [162].

Organic Solar Cells

Considerably less effort and production energy is
necessary if organic semiconductors are used be-
cause of simpler processing at much lower temper-
atures (20-200 °C) than the above mentioned inor-
ganic cells.

For example, electro-chemical solar cells using ti-
tanium dioxide in conjunction with an organic dye
and a liquid electrolyte [182] already exceeded 6%
power conversion efficiencies [237] and are about to
enter the commercial market thanks to their rela-
tively low production costs.

Another interesting alternative to inorganic cells
is given by the semiconducting polymers, which
combine the opto-electronic properties of conven-
tional semiconductors with the excellent mechanical
and processing properties of polymeric i.e. ”plastic”
materials. These can be processed from solution at

4Note that using the more expensive GaAs even higher
power conversion efficiencies (AM1.5) have been confirmed
[237]: 25% (monocrystalline GaAs)and 30% (GalnP/GaAs)
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room-temperature onto e.g. flexible substrates us-
ing simple and therefore cheaper deposition meth-
ods like spin or blade coating.

Since the discovery of electro-luminescence in
conjugated polymers [34], this class of materi-
als has been used to build efficient light emitting
diodes [248, 274, 100], field effect transistors [232],
optically-pumped LASERs [249, 250] and photovol-
taic diodes [112, 278, 213, 94].

The advantage of polymeric photovoltaic cells
when compared to electro-chemical cells is predom-
inantly the absence of a liquid electrolyte, which
generates problems with sealing against air, but
also the prospect of even cheaper production us-
ing large area devices and the use of flexible sub-
strates. Possible applications may range from small
disposable solar cells to power smart plastic (credit,
debit, phone or other) cards which can display for
example, the remaining amount, to photo-detectors
in large area scanners or medical imaging and solar
power applications on uneven surfaces.

1.2 Outline

Chapter 2 is aimed to introduce researchers who
are planning to work on organic solar cells into this
very specialised but also interdisciplinary field. The
more general properties of organic semiconductors
can be found in many excellent text books and other
references and are only summarized briefly in the
first part.

The second part gives a more comprehensive in-
sight into the important characteristic solar cell pa-
rameters and links between them. In fact, this
Chapter contains a unique compilation and sum-
mary of “organic solar cell relevant knowledge” that
is consistent with the experience, understanding
and view of the author.

However, since a full theoretical understanding
of organic solar cells is still not possible we have
tried to improve understanding of device physics
by drawing analogies to inorganic cells using the
equivalent circuit diagram and the “traditional” in-
terpretation of current voltage characteristics.

The subsequent Chapters deal with the four
known device architectures: the single layer (Chap-
ter 3), double layer (Chapter 4), blend (Chapter 5)
and the laminated device (Chapter 6).

Each of them begins with a survey of characteris-
tic parameters of already reported devices - includ-
ing the results of this thesis - pointing out specific
advantages and encountered problems.



1.3. ABBREVIATIONS AND SYNONYMS

Chapter 7 concerns single layer devices compris-
ing a liquid crystalline semiconductor. The out-
standing properties of discotic liquid crystals jus-
tify the discussion of this device in a Chapter sep-
arated from the single layer device Chapter. It
also comprises a survey of the interesting trans-
port (charge carrier mobility) properties of liquid
crystalline semiconductors as well as the mesogenic
characterization of a series of discotic molecules
from which one has been used to fabricate a sin-
gle layer solar cell.

How solar cell efficiencies can be determined in a
reasonable yet practical way either by setting up a
solar simulator or numerical simulation is discussed
and described in Chapter 8.

Chapter 9 concludes with a summary of the char-
acteristic parameters comprising all four solar cell
architecture, an overall assessment, some sugges-
tions for future investigations and a comprehensive
bibliography.

Details of sample preparation and measurements
as well as a list of publications by the author and a
brief CV can be found in the Appendices in Chapter
10.

The object of this thesis was the investigation of
various types of organic semiconductors (preferably
with low bandgaps) in different solar cell architec-
tures. However, the following findings may be of
particular interest for both experts and newcomers
in the field:

e We have introduced a new device architecture
that combines advantages of double layer and
blend devices and opens exciting new possibil-
ities in device design such as selective doping.
Two laminated devices are discussed in Chap-
ter 6 and published in Refs. [94, 95, 201].

e We have shown for the first time that dye/dye
interfaces can be used for photogeneration of
charges in solar cells - see Section 4.3, Section

5.2 and Section 6.3 as well as publications Refs
[200, 201].

e In Chapter 7 we have shown that dyes with lig-
uid crystalline properties can be used as active
semiconducting components in solar cells. Our
results together with the recent literature in-
dicate that heating into the liquid crystalline
phase is not necessary.

e All devices discussed in the Chapters on dou-
ble layer, blends and laminated structures
show spectral responses covering at least the

wavelength range of visible light. Two de-
vices even had a clear photo-response down to
A >1000nm - see Section 5.7 and Section 5.3.

e The single layer device comprising PTV shows
a very strong monoton dependency of the EQE
on the wavelength so that the device can be
used as simple colour - or even - wavelength
detector covering the entire visible range - see
Section 3.4.

e We have studied effects of film thickness and
have found that those devices that have the
thinnest films (10-30nm, which is near the es-
timated exciton diffusion length) give the high-
est currents - see Section 3.2 and Section 3.3. A
method to estimate the optimal thickness has
been introduced - see Section 3.2. However, we
have also found that the shunt resistor grows
30 to 100 times faster than the series resistor
with increasing film thickness favouring thicker
films for larger fill factors.

e In Chapter 8 we describe how the standard
solar spectrum can be simulated with a rela-
tively simple setup that can be built in most
laboratories for a fraction of the cost of com-
mercial simulators. We also discuss a method
solely based on intensity dependent photocur-
rent /voltage measurements that can be used to
estimate the AM1.5 efficiency of solar cells.

1.3 Abbreviations and Syn-
onyms

Table 1.1 lists terms which are frequently used as
synonyms in literature and throughout the text.
Note that the terms "dye” and ”pigment” are fre-
quently used as synonyms in literature - while we
differentiate clearly between these two in this thesis
- see also Section 2.2.3.

Note that, for example, the term IPCE which
is sometimes used in publications on organic solar
cells, can have two very different meanings:

1. Internal power conversion efficiency. This is
the power conversion efficiency when losses due
to reflection and transmission are considered.
Thus its value can be considerably larger than
the external power conversion efficiency.

2. Incident photon to current conversion effi-
ciency. This is often the equivalent to EQE
but could also be the IQE.



Table 1.1: List of expressions which are used as syn-

onyms throughout the text or relevant literature.

AM1.5 efficiency

blend device
conjugated polymer
external quantum-
efficiency

exciton splitting
heterojunction
HOMO/LUMO gap
HPc (pig.or dye)
irradiance

n-type -

laminated device
material
photocurrent
p-type -

material

shunt

Shottky diode
spectral response

solar (power) conversion
efficiency

blend layer device
semiconducting polymer
photon to current-
conversion efficiency
exciton dissociation
donor/acceptor interface
bandgap

HPcSC12 (dye)

light intensity

electron transport -
laminated layer device
or acceptor material
light current

hole transport or -
electron donor material
parallel resistor

single layer device
photo-response
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List of common abbreviations used

throughout the text.

Moreover, both interpretations of IPCE could re-
fer to monochromatic light (more common) but also
to white light exposure or some other light spec-
trum.

In order to avoid these irritating ambiguities, the
big scientific community that has been research-
ing on inorganic solar cells for many decades usu-
ally quotes the EQE and if required the IQE to-
gether with AM1.5 efficiencies to allow meaningful
comparisons of solar cell performances all over the
world.

Many terms used in organic chemistry or to de-
scribe theoretical objects or concepts can grow very
long and become unreadable. Hence we have had
to use abbreviations most of which are common in
the field. These are listed in Table 1.2.

A

CB
CN-PPV
(A

D

DSC
EA
ECD
EQE
FF
FTO
HOMO
HPc

P

ITO
LED
LPPP

LPPPT

LUMO
MEH
MCP
MWNT
OD
PANI
Pc
PEDOT
Per

PIF
PITN
PL
PR-TRMC

PPP
PPV
PT
PTV
PVK
P3HT
SCE
SMU
SR
TCNQ
TGA
TNF
TO
TOF

VB

electron acceptor

conduction band

cyano substituted PPV

cyclic voltametry

electron donor

differential scanning calorimetry
electron affinity

equivalent circuit diagram
external quantum efficiency
fillfactor

fluorinated tin oxide

highest occupied molecular orbital
metal free phthalocyanine
ionisation potential

indium tin oxide

light emitting device
poly(para-phenylene) type
ladder polymer
poly(phenylene-tienylene) type
ladder polymer

lowest unoccupied molecular orbital
2-methoxy, 5-(2-ethyl-hexyloxy)
CN substituted MEH-PPV
multiwall nanotubes

optical density

poly(aniline)

phthalocyanine

poly(ethylene dioxythiophene)
perylene diimide derivative
poly(indenofluorene)
poly(iso-thionaphthene)
photoluminescence

pulse radiolysis time resolved
microwave conductivity
poly(para-phenylene)
poly(para-phenylene vinylene)
poly(thiophene)

poly(tienylene vinylene)
poly(vinyl carbazole)

poly (3-hexylthiophene)
saturated calomel electrode
source measure unit

spectral response
tetra-cyano-quino-di-methane
thermal gravimetry analysis
trinitrofluorenone

tin oxide

time of flight

valence band




Chapter 2

Solar Cells - General

2.1 Introduction

The conversion of solar light into electric power re-
quires the generation of both negative and positive
charges as well as a driving force that can push these
charges through an external electric circuit. When
connected to the external electric circuit any electri-
cal device, such as a computer screen or the motor
of a water pump, may then utilise the converted
solar energy.

In fact, a solar cell (Fig.2.1) may be seen as a
solar-light driven electron pump: The maximum
height the electrons can be ”pumped” is equal to
the highest voltage the solar cell can develop. The
maximum current is determined by the pump rate.

Suppose the ”pump” can promote 100 electrons/s
from the valence band (VB) into the conduction
band (CB), the highest possible continuous current
of electrons flowing through the external circuit is
then 100 electrons/s. If the current flow through
the external circuit is reduced by e.g. a load resistor
to - for example - 80 electrons/s, the remaining 20
electrons/s will drop back into the VB before they
can leave the device.

In real semiconductors, these leakage currents are
simply realised by the recombination of the pho-
toexcited charge carriers or using our analogy: the
?pumped” electrons drop back into their VB. These
leakage currents are typically caused by defects
or other deviations from the ideal semiconductor
structure which give rise to the appearance of al-
lowed energy levels within the bandgap.

Only if there are virtually no such defects, radia-
tive recombination, which occurs on a much larger
time scale, will remain as the only decay channel
since it does not require the existence of mid-gap
levels but can occur directly from band to band.

As a consequence, high PL - efficiency can be
regarded as evidence for the absence of the faster
and therefore more efficient non-radiative recombi-
nation channels. The charge carriers will then have

External
Circuit

r
Bnsllom 1

Figure 2.1: Device structure of a typical organic
solar cell. The organic film may comprise one [89]
or more [245] semiconducting layers, a blend [115]
or a combination of these [95]. Figure courtesy of
Ref. [63].

much more time to reach the device electrodes be-
fore they recombine under the emission of light.

The assumption of the absence of nonradiative re-
combination allows predictions for the upper limit
for both the power conversion efficiency of a semi-
conductor with a given bandgap and the open cir-
cuit voltage. These issues are discussed in more
detail in Section 2.4.3.

Fig.2.2 shows the conversion steps of photons into
separated charges as it takes place in an organic so-
lar cell. It also shows the associated loss mechanism
and the related electrical quantity used in the equiv-
alent circuit diagram (ECD). The latter is described
in more detail in Section 2.4.2.

In organic semiconductors, absorption of photons
leads to the creation of bound electron hole pairs
(excitons) rather than free charges. These excitons
carrying energy but no net charge may diffuse to
dissociation sites where their charges can be sepa-
rated. The separated charges then need to travel to
the respective device electrodes, holes to the anode
and electrodes to the cathode to provide voltage and
be available for injection into an external circuit.
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Figure 2.2: Survey of the specific conversion steps
and loss mechanisms in an organic solar cell. The
symbols in brackets represent the quantities that
allow for the specific loss mechanism in the ECD -
see Section 2.4.2. For effects of doping see Section
2.2.2.

In the following we comment on the individual

conversion steps with regard to the special situation
in organic solar cells:

1. Absorption of photons. In most organic device
only a small portion of the incident light is ab-
sorbed for the following reasons:

e The semiconductor bandgap is too high.
A bandgap of 1.1eV (1100nm) is required
to absorb 77% of the solar radiation on
earth (see Table 8.3 whereas the ma-
jority of semiconducting polymers have
bandgaps higher than 2.0eV (600nm) lim-
iting the possible absorption to about
30%.

e The organic layer is too thin. The typi-
cally low charge carrier and exciton mo-
bilities require layer thickness in the order
of 100nm. Fortunately the absorption co-
efficient of organic materials is generally
much higher than in e.g. Si so that only
about 100nm are necessary to absorb be-
tween 60 and 90% if a reflective back con-
tact is used.

o Reflection. Reflection losses are probably
significant but little investigated in these

. Charge separation.
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materials. Systematic measurements of
photovoltaic materials are desired to pro-
vide knowledge of their impact on ab-
sorption losses. Anti-reflection coatings as
used in inorganic devices may then prove
useful once other losses such as recombi-
nation become less dominant.

2. Exciton diffusion. Ideally, all photoexcited ex-

citons should reach a dissociation site. Since
such a site may be at the other end of the semi-
conductor, their diffusion length should be at
least equal the required layer thickness (for suf-
ficient absorption) - otherwise they recombine
and photons were wasted. Exciton diffusion
ranges in polymers and pigments are typically
around 10nm [111, 113, 52, 88]. However, some
pigments like perylenes are believed to have ex-
citon diffusion lengths of several 100nm [154].

Charge separation is
known to occur at organic semiconduc-
tor/metal interfaces, impurities (e.g. oxygen)
or between materials with sufficiently different
electron affinities (EA) and ionisation poten-
tials (TA). In the latter one material can than
act as electron acceptor (A) while the other
keeps the positive charge and is referred to as
electron donor (D) - since it did actually do-
nate the electron to A. If the difference in TA
and EA is not sufficient, the exciton may just
hop onto the material with the lower bandgap
without splitting up its charges. Eventually it
will recombine without contributing charges to
the photocurrent. See also Fig.2.8.

. Charge transport. The transport of charges is

affected by recombination during the journey
to the electrodes - particularly if the same ma-
terial serves as transport medium for both elec-
trons and holes. Also, interaction with atoms
or other charges may slow down the travel
speed and thereby limit the current - see also
space charge limited current in Section 2.4.2).

. Charge collection. In order to enter an elec-

trode material with a relatively low workfunc-
tion (e.g. Al, Ca) the charges often have to
overcome the potential barrier of a thin oxide
layer. In addition, the metal may have formed
a blocking contact with the semiconductor so
that they can not immediately reach the metal.
Semiconductor/metal interfaces are discussed
in more detail in Section 2.2.6.



2.1. INTRODUCTION

We note that both exciton and charge transport
in organic materials usually require hopping from
molecule to molecule. Thus, close packing of the
molecules is assumed to decrease the width of the
intermolecular barriers and a flat molecular struc-
ture should generally lead to better transport prop-
erties than bulky 3 dimensional molecules’. We
note that dense packing also favours a higher ab-
sorption coefficient.

In order to meet these specific requirement for
efficient photon to charge conversion different de-
vice architectures have been developed in the past.
Fig.2.3 shows device designs used for cells compris-
ing two components, an electron donor (D) and an
electron acceptor material (A). Charge separation
occurs at the interface between those two. Ide-
ally the D- material should only be in contact with
the electrode material with the higher workfunction
(typically ITO) and the A-material with the lower
workfunction electrode (typically Al)2.

In the following we give a brief summary includ-
ing the strengths and weak points of the four dif-
ferent architectures known today:

1. Single Layer Cell. Single layer structures con-
sist of only one semiconductor material and are
often referred to as Schottky type devices or
Schottky diodes since charge separation occurs
at the rectifying (Schottky) junction with one
electrode. The other electrode interface is sup-
posed to be of ohmic nature. The structure is
simple but absorption covering the entire visi-
ble range is rare using a single type of molecule.
The photoactive region is often very thin and
since both positive and negative photoexcited
charges travel through the same material re-
combination losses are generally high.

2. Blend cell. The strong point of this type is
the large interface area if the molecular mixing
occurs on a scale that allows good contact be-
tween alike molecules (charge percolation) and
most excitons to reach the D/A interface. This
can usually only be partly achieved so the de-
fects of the network structure - particularly the
connectivity with the correct electrode - repre-
sents a technological challenge.

1PL is often quenched considerably if close packing oc-
curs indicating the presence of faster recombination (loss)
channels. The reason why many aggregated materials can
still be used to give excellent devices is not yet clear. The
gain of improved charge transport may compensate the extra
recombination channel here.

2See Section 2.2.6 for more information on electrode
materials.

A+D
D
ITO ITO
glass glass
blend double layer
glass
A
A+D
D
ITO
glass
laminated

012160L.ppt

Figure 2.3: Three different types of D/A architec-
tures for organic solar cells. The blend structure
can be obtained by spincoating using a D/A mix-
ture whereas the double layer requires two separate
deposition processes. The laminated device can be
seen as a hybrid between these two.

3. Double layer cell. This structure benefits from
the separated charge transport layers that en-
sure connectivity with the correct electrode
and give the separated charge carriers only lit-
tle chance to recombine with its counterpart.
The drawback is the small interface that al-
lows only excitons of a thin layer to reach it
and get dissociated.

4. Laminated device. This relatively recent type
represents the successful attempt to unify
the advantages of the two structures above.
Charge separation occurs in the blend layer in
the middle that is obtained after laminating the
two separate layers together and charge trans-
port can only occur via the correct transport
layer. This structure also features the useful
options to treat each layer separately (e.g. dop-
ing, physical/chemical conversion) before form-
ing the blend layer and instant encapsulation
between the two substrates. The drawback is
that certain mechanical properties of the or-
ganic semiconductors are required (low glass
transition temperature) to form the intermixed
layer.

In Section 2.2 we discuss the special general prop-
erties associated with organic semiconducting ma-
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Figure 2.4: Simple model that relates the IV charac-
teristics qualitatively to energy level diagrams. For
clarity it is assumed that bands are tilted rather
than bent and exciton dissociation occurs through-
out the entire device. Tilted bands represent homo-
geneous electric fields that drive the charge carriers
to the respective electrodes.

terials whereas in Section 2.4 we focus on the pho-
tovoltaic properties. Since solar energy conversion
using solar cells is in principle the same for both or-
ganic and inorganic semiconductors ” general tools”
like the definition of solar cell parameters (FF, V.,
EQE), the concept of an equivalent circuit diagram
(ECD) or the deduction of resistor parameters from
the IV characteristics are the same.

2.2 General Properties of Or-
ganic Semiconductors

Due to e.g. the strong electron-phonon interaction
in organic materials the photo-physics in this class
of materials is often different compared to the inor-
ganic semiconductors and not yet fully understood.

One of the main differences is that photo-
excitation in these materials does not automatically
lead to the generation of free charge carriers, but to
bound electron-hole pairs (excitons) with a binding
energy of about 0.4eV [12, 56, 168].

These excitons need to be split up (or dissoci-
ate) before the charges can be transported through
the film and collected at the electrodes. For ex-
ample, exciton dissociation can occur at a rectify-
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ing interface (Schottky contact) in single layer de-
vices or at the interface between an electron-donor
and an electron-acceptor semiconductor material.
The larger this interface area the more excitons can
reach it and dissociate.

In addition, the small diffusion range of the exci-
tons (typically about 10nm [111, 113, 88, 52]) com-
pared to the film thickness necessary to absorb the
major portion of light (typically >100nm) has made
it difficult to reach practically interesting conversion
efficiencies in organic solar cells.

2.2.1 Polarons and Polaron Excitons

The origin of the term polaron for charged quasi-
particles can be found in classical polar crystals
where the associated charge e.g. the electron re-
pulses adjacent electrons while attracting the nuclei
resulting in a polarisation of the lattice in its closer
vicinity.

Moreover, this accompanying cloud of polarisa-
tion causes an increasing effective mass decreasing
the mobility of these quasi-particles. Due to the
dimerisation® of the bonds, conjugated systems ex-
hibit neither pure covalent nor pure polar bonds.

In fact, they represent a separate class with re-
gard to their bond nature exhibiting huge electron-
lattice coupling® compared to the inorganic solids.
The strong electron-lattice coupling is responsible
for the existence of the quasi-particles such as po-
larons and polaron excitons in conjugated systems.

These quasi particles can be identified by the
additional energy levels [70] associated with them
which appear within the semiconductor bandgap® -
see Fig.2.5 - using sensitive detection methods like
photo-induced absorption spectroscopy [163, 197,
198].

Polarons in conjugated systems affect not merely
the polarisation in their vicinity - they even change
the nature of bonds from ¢ to m and vice versa via
excitation and while traveling. This usually leads
to a more rigid structure in the excited state the so
called quinoid configuration.

Note that photogeneration of charged excita-
tions usually requires separation of charges between

3The alteration of single and double bonds does not allow
determination of which bond is double and which is single
bond in degenerate semiconducting systems such as most
semiconductors. Thus, the 7 electron of the double bond
can be seen as delocalised.

4Excitation of the 7 electron used for the double bond
has a strong effect on the ”lattice” structure.

5upon photoexcitation or chemical doping (upon blending
or intercalation with guest material (dopant)).
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Figure 2.5: Energy levels of the positive and neg-
ative polarons as well as the polaron (singlet) ex-
citon. Arrows with solid lines represent electrons
with their spin orientation, arrows with dashed lines
show possible intra gap transitions that can be used
to detect and identify the excited species.

the chains, the most effective generation is photo-
excitation with a pump beam that is polarised per-
pendicular to the polymer backbone [76].

In the following we give a brief overview about
differences between excitons in the much better un-
derstood inorganic systems and the organic ones:

e Excitons in inorganic solar cells. The binding
energy Ej of inorganic excitons is estimated to
be around 16meV which means that these exci-
ton become important predominantly at lower
temperatures (where kT becomes small com-
pared to E})[98]. Unlike its constituents par-
ticles, an inorganic exciton is a Boson rather
than a Fermion, with occupation statistics de-
termined by the Bose-Einstein equation.

These excitons can reduce their energy further
if they bind with impurities or defects. Since
they are Bosons, all of them can occupy the
lowest lying state (at once) giving sharp peaks
in the light emitted at low temperatures due to
radiative recombination of the constituent elec-
tron and hole. At high densities and low tem-
peratures, the free exciton gas can condense to
give an electron-hole liquid phase with inter-
esting properties [270].

e Excitons in organic solar cells. The binding en-
ergy Ej, of excitons in organic semiconductors -
in particular for conjugated polymers like PPV
and its derivatives - has been subject to in-
tense debates over the past decade. E} values
ranging from very small [158] over intermedi-
ate values (around 0.4eV) [56, 168, 12] to very
high (up to 0.95e¢V) [49] have been proposed.

Within the framework of this thesis we assume
that binding energy is not larger than about
0.4eV. As a consequence, the energy levels of
the exciton are separated from the CB and VB
by less than about 0.2eV which have been ne-
glected in all band energy diagrams in this the-
sis since the bandgaps of the materials used are
between 1 and 2eV. However, a clear offset be-
tween the HOMO and LUMO levels of the D/A
material is still required for the exciton to dis-
sociate at room temperature.

In the following we give a brief description of dif-
ferent types of excitons®:

1. Frenkel exciton: The electron hole pair is con-
fined to not more than one molecular unit

75, 195].

2. Mott-Wannier exciton: The distance between
electron and hole is much greater than the
spacing between unit cell (here molecular
units) [175, 265]. Their energy levels can be
described as hydrogen-like bound states, cal-
culated with a reduced effective mass.

3. Charge transfer exciton: The exciton extends
over only a few adjacent molecular units [138]

4. Inter-chain excitons: This term is used for
polymeric semiconductors to indicate that the
constituent charges are located on different
polymer chains. It can be regarded as a charge
transfer exciton.

5. Intrachain excitons: This term also refers to
polymeric semiconductors to indicate that the
constituent charges are located on the same
polymer chain. It is believed that intra-
chain excitons represent the main species that
is formed after photoexcitation in conjugated
polymers [78, 79, 54].

We note that there is another related excited
species called “excimer” that can play an impor-
tant role in organic semiconductors. An excimer
can be understood as a dimer that is only stable in
the excited state [205, 138]. Hence, it is only weakly
absorbing and shows little vibronic structure in its
emission spectrum. It can be formed by interaction
of an excited molecule with a molecule in its ground
state. Both singlet and triplet excimers have been
observed in organic molecules such as naphthalenes
or perylenes [205, 104]. An exciplex is an excimer
consisting of two different molecules.

SInter- and intrachain excitons may also be seen as sub
groups of the three main types.
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2.2.2 P- and n- type Organic Semi-
conductors

Fermi-level

The energetic position of the Fermi-level in semi-
conductors is important for two reasons:

1. Together with the workfunction of the metal
the Fermi level determines whether a blocking
or ohmic contact is formed at the semiconduc-
tor/metal interface.

2. The relative position of the Fermi levels is a
measure for the type of conductivity - whether
the semiconductor conducts preferably holes in
the VB (p-type) or electrons in the CB (n-type)

The energetic position of the Fermi level in a
semiconductor represents the balance between the
concentration of holes and electrons that occupy
allowed energy levels under equilibrium condition
(dark, no applied voltage). If the Fermi-level is
closer to the CB the material is called n-type con-
ductor since more electrons are available for con-
duction than holes - otherwise it is called p-type
conducting.

Thus, the position of the Fermi level can be writ-
ten as a function of both the effective density of
states in the conduction band N and valence band
Ny as well as the concentration of donors Np and
acceptors Ny:

For n-type semiconductors this gives [162]:

EF :Ec—kT-ln(Nc/ND) (21)

whereas for p-type semiconductors the relation is:

EF :EV —len(Nv/NA) (22)

Fy and FE¢ stand for the top edge of the
VB and the bottom edge of the conduction band
respectively”.

When voltage is applied and/or the semiconduc-
tor is illuminated, the concept of a Fermi level can
no longer be applied. Upon e.g. illumination the in-
creased concentration of electrons in the CB would
shift £y up while the higher concentration of holes
in the VB would require to shift £y down - at the
same time. As a consequence, two separate Fermi
levels - the so called quasi Fermi-levels® - are then
introduced to describe the situation under this non
equilibrium condition [98, 162]:

7Ey may be seen as the HOMO and E¢ as the LUMO
level in a quasi molecular model.
8These are also known as Imrefs (Fermi read backwards.)
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Epn = Ec + kT - In(n/N¢) (2.3)

and

Epp :Ev+len(Nv/p) (24)

with n and p denoting the concentration of elec-
trons in the CB and holes in the VB. Epyx and Epp
are the quasi Fermi-levels that are associated with
the balance of electrons and holes - both exist at
the same time in one semiconductor.

Doping

In inorganic semiconductors doping occurs via the
introduction of dopant atoms that provide addi-
tional free charge carriers at room temperature so
that the extra charges increase the conductivity for
this type of charge carrier. As discussed above, the
Fermi level would be moved towards the CB if extra
electrons are introduced or towards the VB if the
concentration of mobile holes has been increased.

In organic semiconductors “doping” is usually
achieved by the introduction of foreign molecules
rather than atoms”. Another possibility to achieve
doping effects in conjugated systems is electro-
chemical oxidation or reduction which can be
achieved and investigated by e.g. cyclic voltame-
try [125, 126, 127, 233].

Moreover, changes of the concentration of mobile
charges are often achieved by trapping of e.g. elec-
trons in the CB so that the concentration of mobile
holes in the VB (relative to the mobile electrons)
increases. That way the Fermi level would move
towards the VB and make the material a ‘doped”
p-type conductor i.e. a better hole than electron
transport material. Since there is no net increase
of mobile charge carriers the conductivity cannot
increase (unless the mobility of charge carriers is
affected).

However, in practice we often find increased con-
ductivity (particularly in light) upon exposure to
e.g. oxygen [268, 43]. This effect may be explained
by the generation of charge carriers due to exciton
dissociation - see discussion below.

Examples for dopants'® of p-type materials are:
Cly, NOg, I, Bry, organic molecules like o-chloranil,
and 2,4,7-trinitrofluorenone, HyO, O5. Other p-
type dopants are TCNQ or also high electron affin-
ity semiconductors like C60 or CN-PPV or perylene

9 Atoms are not used because they are too small. They
would diffuse out of the bulk and eventually neutralize with
other atomic dopants.

10Tn decreasing order of effectiveness.
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diimides. Dopants for n-type materials'! are e.g. al-
kali metals, phenothiazines and also semiconductors
with low ionisation potentials.

A different form of doping resulting in a truly in-
creased concentration of mobile charge carriers on
the semiconducting molecule and therefore consid-
erably increased conductivity (in both the dark and
under illumination) can be achieved by complexa-
tion with foreign molecules. Such doping molecules
are preferably large (polymers) so that they can-
not diffuse and penetrate into another material (e.g.
in a p/n junction device) where they can possibly
neutralize with another (different) dopant to form a
salt. Examples are doping of PANI with camphor-
sulfonic acid or PEDOT with polystyrene sulphonic
acid [38, 6].

We note that compared to doped inorganic semi-
conductors, organic semiconductors can have very
few mobile charges available - particularly in the
dark - so that extra mobile charges due to illumi-
nation or doping can make a big difference. In fact,
they can sometimes be described better using mod-
els for photo-conducting insulators [138].

More information on doping of molecular semi-
conductors can be found in Refs. [49, 43, 164, 225,
268, 38].

2.2.3 Structural Properties of Or-
ganic Semiconductors

We have seen that the optical and electronic prop-
erties of organic semiconductors can be tailored by
attaching certain functionalities to the conjugated
system. These properties are crucial for the opera-
tion of devices such as solar cells or LEDs - however,
the “mechanical” i.e. processing properties are also
very important.

For example the fabrication of devices via ther-
mal sublimation requires high vacuum conditions
and high temperatures whereas processing from so-
lution can be done at room temperature at ambient
pressure. In addition the fabrication of certain de-
vice architectures such as blends or laminated de-
vices requires much more work or are not even fea-
sible if thermal sublimation techniques have to be
used. Moreover liquid crystalline systems were not
accessible for investigation if only sublimation was
available.

Fig.2.6 shows how organic semiconductors can
be divided into different categories due to their
processing and mechanical properties. We also

11Note that Ha, NH3 can be used to compensate radicals or
impurities and thereby somewhat enhance the photocurrent.

distinguish between molecules that have only a
few (oligomers) or no (monomer) repeat unit and
molecules (polymers) which have more than about
10 repeat units. Oligomers and monomers that ab-
sorb visible light are often called chromophores and
are referred to as dyes if they are clearly soluble or
pigments if they are not!2.

Liquid crystalline materials have only recently
been investigated for the use in LEDs and organic
solar cells [151, 199, 200]. For a certain tempera-
ture range these material exhibit a phase where the
molecules move like in a liquid but are still able to
sustain or attain a certain structural order among
the molecules as in crystalline materials.

Such molecules have to have a strong asymmetry
to show structural order and are therefore either
rod-like (calamitic) or disc-like (discotic) molecules.
We will discuss these interesting molecules in Chap-
ter 7 in more detail.
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Figure 2.7: The “mechanical” properties of a flat
structure like perylene diimides depend to a large
extent on the position, number and properties of
the side chains rather than the constituent atoms
of the main structure. Common solubilising side
chains (R,R1, Ry) are often linear or branched alkyl
or alkoxy groups. The synthesis of the perylene dye
is reported in [60] while more information about the
other shown molecules can be found in Ref. [217]

Fig.2.7 shows that the “mechanical” properties
depend mainly on the position and number of
side chains. Side chains are usually attached to
molecules to introduce or improve solubility. They

12Note that the terms pigment and dye are sometimes
regarded as synonyms among researchers who are not con-
cerned about solubility properties. Recently, a method has
been found to process many pigments like dyes using strong
acids [283].
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Figure 2.6: Organic semiconductors may be divided into three different categories according to their
mechanical i.e. processing properties: insoluble, soluble and liquid crystalline. They may be divided
further into monomers (dyes, pigments) and polymers.

are more successful in solubilising the molecule
the better they can prevent aggregation between
molecules.

Flat molecules in particular have a strong ten-
dency to stick together due to 7-m interaction and
form clusters of solids in many solvents. Bulky
side chains can separate theses molecules and make
it easier for solvent molecules to surround the in-
dividual molecules i.e. dissolve them!3. Typi-
cally, smaller molecules are better soluble and/or
have lower sublimation temperatures but larger
molecules give better films upon spincoating.

2.2.4 Photogeneration of Free

Charges
Photogeneration due to Oxygen Traps

It is widely believed that oxygen can act as trap for
electrons in the CB of organic materials and thereby
lead to a higher number of free holes in the VB. In
this sense oxygen can act as a dopant that favours
p-type conductivity as discussed above. However,
oxygen traps can also act as exciton dissociation
sites and therefore generate free charge carriers in
the presence of excitons. The proposed mechanism
is the following: After a certain period, an electron
in the oxygen trap may further decrease its energy
by decaying to the VB where it recombines with
either a free hole or the hole of an exciton. Thus 3
scenarios may be distinguished:

1. The electron stems from a not yet dissociated
exciton and it recombines with a hole that

131n liquid crystalline materials solvent molecules are not
even necessary since the cores of the molecules are ”dis-
solved” in their own side chains.

comes from a different exciton. Both exci-
tons are dissociated - but only two charges (the
hole of the first exciton and the electron of the
other) are produced since the other two recom-
bined.

2. Only one recombination partner is associated
with an exciton. This means its dissociation
produces one free charge but still eliminates
two.

3. None of the recombination partners belongs to
an exciton. T'wo charges are lost, none is gen-
erated.

Note that both electrons and holes can be pro-
duced with the same probability according to the
above list. In any case, the electron in the oxygen
trap still reduces predominantly the mobility of neg-
ative charges thus sustaining its p-dopant character.
We note that basically any defect that leads to an
allowed free energy level between the middle of the
bandgap and the CB may have the same effect as
the here discussed oxygen trap - although other ef-
fects may become more important. For example,
photo-oxidised PPV is believed to contain a good
deal of carbonyl-groups which can facilitate exciton
splitting but may also decrease both electron & hole
as well as exciton transport properties [114, 215].

The Donor/Acceptor Interface

We have seen that photogeneration of charge due to
traps is not very efficient since there is always the
recombination of two charge carriers involved. Here
we describe a more efficient way to generate free
charge carriers - the formation of an electron donor
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(D)/electron acceptor (A) interface. Although on
a first glance, the concept may be reminiscent of
the p/n junction in inorganic materials, the physical
process are often very different.

Fig.2.8a) shows that the required transfer of
charges can be realised at the interface between
two materials if one material has a higher electron
affinity (EA) whereas the other has a lower ionisa-
tion potential (IP). The one with the larger EA can
accept an electron from the CB of the other and
is therefore called electron acceptor. The material
with the lower IP can accept the hole from the VB
of the contacting semiconductor may therefore be
termed hole acceptor or electron donor since it also
donates the electron to the contacting acceptor.

We note that the offset of IP and EA needs to be
large enough so that the resulting field (the poten-
tial gradient at the junction) can overcome the exci-
ton binding energy which is typically around 0.4eV.
Otherwise charge transfer may occur but the exci-
tons do not split into their constituent charges and
recombine eventually at the D/A interface!®.

a) charge transfer b) energy transfer
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Figure 2.8: The interface between two different or-
ganic semiconductors can either: a) facilitate charge
transfer (D/A interface), b) energy transfer (no ex-
citon splitting). What kind of interface forms de-
pends on the position of the HOMO and LUMO lev-
els and the direction in which band bending occurs.
The latter is determined by the relative position of
the Fermi levels.

Fig.2.8 b) shows that an exciton that carries its
excitation energy can be transferred from the ma-
terial with the higher bandgap to the other if both
the hole and the electron can decrease their energy
thereby. This process of excitation energy transfer

14This is the situation that is desired for the design of light
emitting diodes (LEDs) to favour radiative recombination at
the interface between an electron and a hole transporting
material[100].

which is accompanied with some energy loss is also
known as Foerster transfer [72] and can be used to
shift the emission band of the exciton towards lower
energies in e.g. LEDs [246].

Foerster transfer also allows the design of a pos-
sibly helpful directionality in an organic solar cell
since it is an one way mechanism, carrying exci-
tons from the the shorter wavelength absorber to
the longer wavelength absorber. This can be help-
ful to concentrate delivered excitons in a spatially
small high field region [267] to enhance dissociation.
We note that placing the higher bandgap absorber
in front of the lower bandgap material to avoid ther-
malisation losses is proposed in Ref. [268].

Whether Foerster transfer or charge transfer oc-
curs with a certain combination of organic semicon-
ductor materials is often difficult to assess - particu-
larly if one or both materials do not fluoresce. How-
ever, if they do, it is helpful to plot PL versus blend
ratio. If the PL of both pure components decreases
upon blending Foerster transfer can be ruled out -
otherwise the PL of one component would enhance
the other. Although, the exciton may still recom-
bine at the D/A interface rather than split into its
constituent charges there is a good chance for the
latter.

Confirmation of exciton dissociation can be ob-
tained by comparing the EQE of a blend solar cell
with equivalent devices comprising only the pure
components. If the EQE of the blend cell is clearly
higher over the entire spectrum exciton splitting at
the D/A interface is most likely. Extra confirmation
may be obtained if the experimental and/or theo-
retical LUMO and HOMO data of the components
also suggest a sufficient offset of the band edges to
split the exciton. We note that the prediction of the
offset of the band edges actually requires the knowl-
edge of the accurate position of the Fermi levels -
since those have to equalize upon contact.

The determination of Fermi levels in organic
semiconductors can be done'® but there are very
few data in literature [172]. For practical purposes
Fermi-level are often assumed to lie around the mid-
dle of the semiconductor bandgap. HOMO and
LUMO levels are often taken from cyclic-voltametry
(CV) measurements where the current through the
semiconductor gives a peak at the voltage where ox-
idation and reduction occurs [125, 126, 127]. The
oxidation or reduction potential are then regarded
as HOMO and LUMO levels.

We note that this method appears very useful if

15Using e.g. the Kelvin probe method described in Ref.
[172].
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all components can be measured at the same setup
under comparable conditions. Otherwise care has
to be taken if absolute numbers are compared, since
the scan rate, and the assessment of the peak (it is
not clear if the peak or the onset should be taken)
can vary and affect the result considerably. CV val-
ues for films and solution may also differ.

Given that photo excitation results in the for-
mation of excitons with a binding energy consider-
ably higher than kT (26meV), photogeneration of
charge is always assisted by an external factor such
as the presence of traps, a D/A interface or a metal
which can also act as an electron or hole acceptor
or simply provide an electric field that can split the
exciton. Thus photogeneration of charge in these
organic semiconductors can be regarded as extrin-
sitc as opposed to inorganic semiconductors where
separation occurs mainly together with photo exci-
tation.

2.2.5 D/A Materials

For the design of D/A solar cells it is important
to know whether a specific material combination is
likely to lead to charge transfer 4+ exciton splitting.
One way to find out is to build blend devices and
look for PL quenching of both components and en-
hanced EQE with respect to the single components
- as discussed above. Much effort, time and money
can be saved if the chemical structure of the chosen
molecules is considered. In the following we provide
some background knowledge that allows guessing
not only the D/A properties but also some other
relevant properties for organic photovoltaic materi-
als:

1. Donor/Acceptor properties. Since a donor can
act as an acceptor for an even stronger donor
- these two terms can not really be used sep-
arately. There are certain functionalities that
are likely to make a material an electron ac-
ceptor with respect to most other materials.
Examples for functionalities that favour elec-
tron acceptor properties are: CN, CF3, F,
= O (keto-groups) or diimides (all perylene
derivatives in this thesis are perylene diimides).
These groups are known as electron withdraw-
ing groups if they are attached to an unsatu-
rated (=conjugated) system.

Note that their ability to enhance the elec-
tron affinity (EA) of the entire molecule is not
purely connected to the electron withdrawing
properties of these functionalities. It is essen-
tially a result of both the inductive and the
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mesomeric effect.

While the inductive effect is determined by the
electronegativity of the substituents, the me-
someric effect takes into account the influence
of free electron pairs. The latter considers
that many conjugated structures can equally
be drawn with a different double/single bond
i.e. 7 electron arrangement. The average of
these possible 7 electron locations can be re-
garded as the overall mesomeric effect of a spe-
cific molecular structure. Examples for elec-
tron acceptors are CN-PPV, CF3 substituted
PPV and perylene diimides [167, 154]. Most
organic semiconductors behave more like elec-
tron donors, for example PPV, PT, PPP and
phthalocyanines.

. Bandgap. As a rule of thumb, the bandgap

is lower the larger the conjugated m-system is.
Examples for large m-systems are phthalocya-
nines [117, 118, 119, 154], naphthalocyanines
[171, 140, 37] and perylenes [154, 155, 267].

Sulfur in a conjugated systems also tends to
reduce E,;. The bandgap can also be small
if a molecule consists of a donor and an elec-
tron acceptor that are connected via a con-
jugated structure to create a “push/pull sys-
tem” as in e.g. poly-methines. Such structures
can accomplish charge transfer sometimes al-
ready in the ground state (e.g. charge trans-
fer salt) or only little extra (light) energy is
required to complete it. Examples for charge
transfer salts are PVK-TNF [154] and for poly-
methines: merocyanines [204, 173, 43].

. Solubility. Solubility is good if the planar parts

of the conjugated m-systems of the molecules
cannot get too close to each other. Otherwise
they would stick together, driven by their 7 —
interaction, to form aggregates i.e. larger clus-
ters i.e. particles which do not contain solvent.
Flexible and bulky side chains or atoms that
stick out of the molecular plane can prevent
molecules from getting to close - see also dis-
cussion in Section 2.2.3.

The general rule is: Molecules dissolve in sol-
vents with similar structure. Polar solvents
like water, alcohol or iso propanol dissolve po-
lar molecules while less polar solvents (e.g.
toluene, xylene) dissolve non-polar molecules.
As a rule of thumb, it can be said that a sol-
vent containing other atoms than carbon and
hydrogen has a good chance to be more polar
- particularly if the structure is asymmetric.
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4. Photoluminescence (PL). Practice shows that
PL is quenched if the molecules can aggregate.
Consequently, molecules in solution fluoresce
much stronger.

Materials with higher bandgaps tend to show
stronger PL'S.

Moreover, the presence of impurities or struc-
tural defects usually leads to energy levels
within the bandgap. The energetic decay of
an excited electron can occur faster and there-
fore more efficiently if smaller energy jumps are
required.

Also conjugated systems containing certain
atoms like sulfur tend to give lower PL than
conjugated structures containing only carbon
and hydrogen.

2.2.6 Electrode/Semiconductor In-

terfaces

The theory of contacts between doped semiconduc-
tors and metals was developed in 1938 by Mott
and Schottky [176, 225]. Since then charge injec-
tion from metallic contacts into semiconductors has
been studied extensively and is explained in detail
in the semiconductor literature [220, 241, 138, 205]
to which we refer the interested reader.

However, it is not clear to what extent the devel-
oped models can be applied to organic semiconduc-
tors we only describe the basic concepts as they are
often used to understand and predict the behaviour
of organic semiconductor/ electrode interfaces.

In Fig.2.9 we have drawn the band energy dia-
gram as it is expected for the situation before con-
tact and after contact. It can be seen that - after
contact - band bending occurs at all interfaces and
that the Fermi levels and workfunctions equalize.
The workfunction of the electrodes are drawn as
equal here to show the situation in the short circuit
mode.

The depicted band bending can be qualitatively
predicted by assuming that the edges of the LUMOs
and HOMOs are “pinned” to their absolute energy
values as they were before contact. The bulk of
the semiconductor sustains the same distance to the
equalising Fermi-level.

Interestingly, both the electron affinity and ion-
isation potential of the semiconductors does not
need to change - not even where band bending
occurs - since the corresponding vacuum level fol-
lows both the band curvature and vertical shifts.

16Systematic intentional interruption of the conjugation
has been shown to increase the PL in PPV considerably ||

The direction the band bending occurs depends on
whether the Wy of the electrode is above or below
the Fermi-level of the semiconductor.

In case the workfunctions of both electrodes are
deeper inside the bandgap than the Fermi-levels of
the materials they are contacting, band bending oc-
curs as depicted in Fig.2.9 b). Note that band bend-
ing at the D/A interface would be the other way
round (blocking) if both Fermi-levels are assumed
to be close to the middle. This may be the case and
desired for LEDs [100].

Photoexcited electrons from the CB of the elec-
tron acceptor (A) encounter a barrier before they
can reach the Al electrode. The same is true
for holes from the VB near the ITO contact.
These types of contacts are referred to as block-
ing contacts. Since these contacts can become non-
blocking upon changing the potential of the elec-
trode they are also called rectifying or Schottky con-
tacts.
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Figure 2.9: Energy band diagrams of D/A devices
with the electrode interfaces. a) the situation be-
fore contact. After contact the Fermi levels (dashed
lines)and Wy equalize and band bending occurs:
b) the formation of a blocking contact for holes
(ITO/D) and electrons (A/Al). c¢) the formation
of a non-blocking (ohmic) contact for holes (Au/D)
and electrons (A/Ca).

Note that Al forms a blocking contact only with
with the CB of the n-type semiconductor'” but an
ohmic contact with the VB. The reason why this

17p type conductivity is assumed for D and n-type for A -
see also discussion in Section 2.2.2



16

particular interface situation is called rectifying is
because the n-type conductor is supposed to trans-
port electrons in its CB - and for electrons it is
blocking i.e. rectifying. The situation is analog for
the semiconductor/ITO interface.

Since charge separation at the D/A interface
leads to an excess of electrons in the CB of A
(n-type) and holes in the VB of D (p-type), both
charge carriers find barriers if they want to get out
of the semiconductor. Thus currents through this
device are decreased by the contact barriers.

Fig.2.9 illustrates that the situation is improved
if Au and Ca are used as contact materials. The Wy
of both electrodes is further away from the middle of
the bandgap than the semiconductors Fermi-levels.
Thus, after contact, band bending occurs the other
way round so that electrons in the excited state can
reach the Ca electrode and holes the Au electrode
without encountering a barrier.

Practice confirms that organic devices using Au
and Ca instead of ITO and Al show indeed con-
siderably higher open circuit voltages and often
also higher photocurrents and EQE values [114, 94].
However, because of the lower Wy of Ca compared
to Al, Ca is more prone to oxidation than Al. Gold
electrodes are expensive and have to be very thin to
become transparent and are more difficult to pat-
tern via etching. For the above reasons Al and ITO
electrodes are actually more suitable for research
devices since they can be reproduced easier.

Current Through Barriers

There are two principal mechanisms for the charge
carriers to overcome barriers: Thermionic emission
and quantum mechanical tunneling (field emission).
For thermionic emission over a triangular barrier
of height ® from a metal into a high-mobility semi-
conductor, the current density (J) is given by
J = A*T2exr (2.5)
where A* is the effective Richardson constant and

T the absolute temperature

If an electric field is applied across the barrier the
barrier height decreases by

¢*E
47eg

Ad =

(2.6)

where E is the applied electric field, q the el-
ementary charge and ¢y the dielectric constant of
vacuum.
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In a semiconductor with a low mobility, it is nec-
essary to take into account the diffusion of carri-
ers within the barrier region back towards the con-
tact. The analysis is complicated and depends on
the type of barrier assumed. A full treatment is
given by Kao and Hwang [138].

At sufficiently low temperatures , or for large bar-
riers at high fields, emission due to quantum me-
chanical tunneling through the barrier (field emis-
sion), can become important. For a Schottky bar-
rier the current is given by

$3/2
(@+qV)1/2

P, +qV K
— €

J x (2.7)

where V is the applied voltage and K a material
constant.

The essential characteristic of field emission is
that the current is insensitive to temperature, but
strongly dependent on the applied field (voltage).
Since the tunneling rate depends also strongly on
the width of the barrier'®, thermal excitation can
increase the tunneling current. For a Schottky bar-
rier the current can then be written as

J = JoedV/nkT (2.8)

where Jj is essentially a constant for low doping
levels and n =~ 1 at high temperatures [101].

2.3 Electrode Materials

In organic devices the workfunction of the elec-
trode materials is very important since it deter-
mines together with the LUMO/HOMO and Fermi-
level of the semiconductor whether the electrode
forms an ohmic or a blocking contact for the re-
spective charge carrier (holes in VB, electrons in
CB). Moreover a large difference in workfunction of
the electrode materials can increase the V,. consid-
erably.

In Table 2.1 we have listed the periodic table of
the elements with its values of W; - as far as it was
known in Ref. [170]. The values in Table 2.1 are
valid only for poly-crystalline materials. However,
many numbers for single crystals which depend on
its crystallographic orientation have also been re-
ported in Ref. [170].

Common electrode materials for the electron col-
lecting contact (low Wy required) of organic solar
cells are Al, Ca, In, Ag whereas for the hole col-
lecting contact high workfunction materials like Au
are preferred. For both solar cells and LEDs one

18This is not considered in Eq. (2.7)
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Table 2.1: Workfunction of the elements. The numbers refer to the workfunction in eV of the elements

in poly-crystalline form..

1A ITA IIIB IVB VB VIB VIIB VIII 1B 1B IITA  IVA VA VIA
Li Be B C N O
2.9 4.98 4.45 5.0 - -
Na Mg Al Si P S
2.75  3.66 4.28 485 - -
K Ca Sc Ti A% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se
2.30 287 3.5 4.33 4.3 4.5 4.1 4.5 5.0 5.15 4.65 433 4.2 5.0 3.75 5.9
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te
216 259 3.1 4.05 4.3 4.6 - 4.71 498 512 4.26 4.22 412 442 455 4.95
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Ti Pb Bi Po
2.14 2.7 3.5 3.9 4.25 4.55 4.96 483 527 565 5.1 449 3.84 425 422 -
Fr Ra Ac Th Pa U
- - - 3.4 - 3.63
Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb
29 - 3.2 - 2.7 2.5 3.1 3.0 - - - - -

contact has to be at least partly transparent. Semi
transparency can be obtained if the sublimed metal
e.g. Au is not much thicker than about 15-20nm
compared to about 50-100nm which are typical val-
ues for non transparent contact. We note that the
sheet resistance of such a thin layer can be consid-
erably increased compared to a 50 to 100nm thick
layer and possibly add to the series resistor of the
cell significantly. Also the optical properties change
considerably in the thickness range from 10-20nm
so that devices with slightly different thickness may
not be immediately comparable. For these reasons
so called conducting glasses are often used.

Particularly Indium Tin Oxide (ITO) which is
a degenerated semiconductor comprising a mixture
of Iny03 (90%)and SnOy (10%) with a bandgap of
3.7eV and a Fermi-level between 4.5 and 4.9eV is
widely used. The large bandgap allows no absorp-
tion of wavelengths longer than about 350nm. The
material can be highly conducting if there is excess
of In due to a lack of oxygen - so that In acts as n-
type dopant leading to very low sheet resistances for
already only 100nm thick layers of ITO. ITO cov-
ered quartz substrates are commercially available
since they are widely used as conducting glasses in
the liquid crystal screen industry.

The sheet resistance of these ITO substrates is
lower, the thicker the ITO layer is. Typical thick-
ness of ITO in our devices is 100nm. Values smaller
than 5 €/ square are available. The transmis-
sion properties of the thicker ITO substrates do
not change much since the material does not ab-
sorb in the visible but interference effects cause sig-
nificant spectral dependence of the transmission.
Very thick ITO layers (several 100nm - microns)

are problematic because of the increased absolute
surface roughness'® which can cause shorts in the
thin organic films.

We note that ITO itself can be used as anti-
reflection layer [51] as active semiconductor [122].
The surface can be modified via plasma etching[271,
82] or the semiconducting molecules can even be
chemically attached to it[178].

Other conducting glasses are Tin oxide and In-
dium oxide. Alternatively, conjugated polymers
with absorption in the whole visible range can be
used if they are doped so that the allowed energy
levels move deep into the bandgap and create an
absorption minimum in the visible region. Exam-
ple for such polymers are PEDOT [193, 263, 55] and
PITN [272, 222, 191]. An additional advantage of
PEDOT is that it can be processed from (water)
solution and therefore easily be spincoated.

Moreover, other water- insoluble materials may
be spun on top of it?°. Some important soluble or
transparent conductors are listed with their work-
function and references in Table 2.2.

19Considering the typical thickness of organic devices (30-
150nm) the substrate surface should ideally be smooth on a
nm scale.

20Thicker layers of PEDOT can be obtained by repeated
spincoating since it seems poorly soluble in water once the
film is formed.
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Table 2.2: Molecular electrode materials for organic
solar cells. The abbreviations are listed in Chapter

1.

material Wy (eV) comment
PANI sol. polymer|[38]
PEDOT 5.2-5.3eV [33] sol. polymer

transp.[55, 39]
ITO 4.4-4.9[188, 144) transp.
FTO 4.84eV [172] transp.
TO [273] transp.

2.4 Photovoltaic Characteri-
sation

2.4.1 Power Conversion Efficiency

In practice the photoexcited electron can decrease
its potential energy by losing energy to phonons
until it reaches the lowest lying level in the CB
- the LUMO. Since the phonon energy dissipates
into heat this processed is known as thermalisation.
As a consequence of thermalisation the semicon-
ductor bandgap is often regarded as a measure for
the achievable voltage. The higher the bandgap the
higher the voltage can be.

On the other hand, a low bandgap material can
absorb more photons and thus increase the num-
ber of photogenerated charge carriers i.e. the pho-
tocurrent. The lower the bandgap, the higher the
photocurrent. Hence, there must be an optimal
bandgap for a given illumination spectrum. Shock-
ley and Queisser were the first who calculated the
maximum power conversion efficiency for a semicon-
ductor with a given bandgap assuming only radia-
tive recombination and the solar radiation o earth.
They obtained a value of 30% for a semiconductor
with a bandgap of 1.12eV like Si. How the maxi-
mum conversion efficiency varies with the bandgap
can be seen in Fig.2.10.

The semi empirical limits take into account re-
alistic loss mechanism e.g. by assuming realistic
values for the fillfactor. AMO is the solar spectrum
above earth’s atmosphere while AM1.5 is the stan-
dard spectrum at sea level - see Chapter 8. The
graphs show that for both the terrestrial and the
space solar spectrum a semiconductor bandgap be-
tween 1.3 and 1.5eV allows reaching power conver-
sion efficiencies around 30%.

Since a high load resistor reduces the current flux
the charges need more time to get out of the semi-
conductor. This means that recombination can take
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Figure 2.10: Power conversion efficiency limits as
a function of the semiconductor bandgap. The
solid lines are semi empirical limits assuming AMO
(=space) and AM1.5 (=terrestrial) solar radiation;
the dashed line is based purely on thermodynamic
considerations for blackbody solar cells under AMO
radiation. The graph shows that for both AMO and
AM1.5 condition a semiconductor bandgap between
1.3 and 1.5eV gives the highest power. Figure cour-
tesy of Ref.[97].

place increasingly and the extracted external cur-
rent decreases. This behaviour can be seen in the
fourth Quadrant of the IV characteristic in Fig.2.11.

Thus considering the voltage dependence of the
IV curve - the maximum power is the maximum
product of I and V that can be found amongst the
data points in the fourth quadrant. This maximum
area is larger the more the IV curve resembles a
rectangle with the area V. x I.. The ratio between
these two areas represents a measure of the quality
of the shape of the IV characteristics:

(Iv)max
FF=-—">— 2.
TV 29)
thus:
Pmam = (IV)maX = Voc . Isc -FF (210)

The higher FF the more the IV characteris-
tics resembles a constant current source with a
maximum voltage and the higher is the electric
power that can be extracted. The voltage/current
(Vp, Iy)combination that gives the largest power
rectangle is called the maximum power point. Thus,
any appliance connected to a solar cell can utilize
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the maximum output power only if it’s supply volt-
age is around V), or in other words: The load resistor
R; =V, /I,. Otherwise power would be wasted in
heating the series resistor (V' < V},) or via increased
current losses through the ideal diode and shunt re-
sistor (V' > V).

T T T ‘ T T T T T T T ‘ T T T

; 2.Quadrant |.Quadrant I

— ; Ve Voc ;
g F \ \ ]
£ 0 —f
>3 L _
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Figure 2.11: Current versus applied voltage of a
solar cell. The extracted current is negative. The
fourth quadrant represents the voltage and current
that is generated by the cell. An externally applied
voltage is necessary to obtain data points in the first
and third quadrant.

In order to describe the power conversion effi-
ciency 7 of a solar cell the maximum output power
P has to be related to the power of the inci-
dent light Pj;gn:. Using Eq. (2.10) to express Ppax
considering the wavelength dependence of the pa-
rameters involved we can write:

Isc(/\) ) Voc(/\) ) FF()‘)

)=
77( ) -Plight

(2.11)
Because of the wavelength and in-
tensity dependence?? power conversion efficiencies
are only meaningful for a given spectral distribu-
tion and intensity. This can be the solar spectrum
or the spectrum of the artificial illumination for in-
door applications (for e.g. pocket calculators).

In order to compare efficiencies of solar cells, solar
radiation standards have been defined in the past.
The most common standard at present is the AM1.5
spectrum which can be approached by commercial
solar simulators. We note that, if international

22the current usually scales linearly with the light intensity
but V. also increases slightly. The latter is neglected in Eq.
(2.11).
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recognition of a solar power conversion efficiency
number of a cell is desired, the cell should be mea-
sured by one of the internationally recognised insti-
tutions that offer solar cell efficiency measurements
such as the National Renewable Energy Laborato-
ries (NREL) in Golden (USA) or the Fraunhofer
Institut for Solar Cell research in Freiburg (Ger-
many).

In case its not feasible to send a cell to such an
institute, it would still be very helpful to estimate
the solar power efficiency of a solar cell rather than
quoting monochromatic power efficiencies (or other)
to allow at least rough comparisons among different
research groups. We note that in Chapter 8 we
describe how an inexpensive solar simulator can be
built or - alternatively - 1 can be estimated from
intensity dependence measurements of the spectral
response.

R
Id\r Iy, I
IL/T\ VsV D Ra VI|||R
o
ECD1.cdr

Figure 2.12: ECD of a solar cell. The circuit con-
sists of the following ideal components: A current
source I, that considers the light-generated current,
a diode that accounts for the nonlinear voltage de-
pendence and a shunt as well as a series resistor.
Also shown is a load resistor R and its voltage drop
and current. The current arrows point into the di-
rection the holes flow - according to the standard in
electronics. The current I is negative if V' > V,,. and
it flows “into” the device - otherwise it is positive.

2.4.2 The Equivalent Circuit Dia-
gram (ECD)

ECDs are frequently used to describe the electric
behaviour of more complex semiconductor devices
with a network of ideal?? electrical components such
as diodes, current or voltage sources and resistors.

23 A real current source for example always has losses due
to a shunt and series resistor.
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Fig.2.12 shows the ECD that is typically used for
inorganic solar cells. Although the specific physi-
cal processes in organic semiconductors may be dif-
ferent and therefore lead to other parameters, the
principal loss mechanisms are the same and we may
therefore apply the same circuit. We suggest to as-
sociate the following (more general) processes with
the single components in the ECD:

e The current source generates current Iy, upon
illumination. I; = number of dissociated ex-
citons /s = number of free electron/hole pairs
immediately after generation - before any re-
combination can take place.

e The shunt resistor Ry, is due to recombination
of charge carriers near the dissociation site (e.g
D/A interface). Provided the series resistor R
is at least one order of magnitude lower than
Rgp, it may also include recombination fur-
ther away from the dissociation site e.g. near
the electrode. Otherwise an extra shunt resis-
tor Rspo has to be considered - see Fig.2.13.
R, can be derived by taking the inverse slope
around 0V:

R () (2.12)

This is because at very small voltages the diode
D is not conducting and the current driven by
the external voltage (positive or negative) is
only determined by R, + Rs with Ry, (typi-
cally) being much larger.

e The series resistor Rs considers conductivity
i.e. mobility of the specific charge carrier in
the respective transport medium. For exam-
ple mobility of holes in a p-type conductor or
electron donor material. The mobility can be
affected by space charges and traps or other
barriers (hopping). Rg is also increased with a
longer traveling distance of the charges in e.g.
thicker transport layers. Rg can be estimated
from the (inverse) slope at a positive voltage
> V,. where the IV curves becomes linear:

Rg =~ (é)fl (2.13)

This is because at high positive external volt-
ages V the diode D becomes much more con-
ducting than Ry so that Rg can dominate the
shape of the IV curve.
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e ideal diode D = voltage dependent resistor that

takes into account the asymmetry of conduc-
tivity due to the built in field in D/A cell (dif-
ference between the acceptor LUMO and the
donor HOMO) or the nature of the semicon-
ductor electrode interface (blocking contact)
in single layer cells. This diode is responsible
for the nonlinear shape of the IV curves. The
diode characteristic is not necessarily Shockley
type. Note that the IV characteristic of the
ideal diode D is only equal to the IV charac-
teristic of the entire cell (circuit) if R, = 082
and Rsh = oofd.

solar cell voltage V. The cell can generate a
voltage between 0 and V,. depending on the
size of the load resistor. In order to obtain
IV curve data in other voltage ranges (V <
0 and V,. < V) in the IV curve an external
voltage source is required. We note that also
the voltage drop across a load resistor - the
range between 0 and V,. - can be simulated
by the same voltage source so that the entire
range can be scanned by applying an external
voltage.

Note that the current for V' > V,. and the extra
current for V' < 0V is delivered from the exter-
nal voltage source. The external voltage source
can then act as a current amplifier to boost
the photo sensitivity?* but the actual photon
to current conversion efficiency (EQE) of the
solar cell or photodiode can not really be in-
creased.

These are the components of a ECD with which
we can associate the most important effects in solar
cells of all types. However, a more comprehensive
ECD for organic devices - see Fig.2.13 may comprise
the following extra components:

e another diode D,. The formation of an ex-

tra blocking contact (e.g for holes at the ITO
electrode) can affect the IV curve in the third
quadrant or even lead to FF values < 0.25. We
note that the normal blocking contact for elec-
trons at ITO and holes at Al allows charge in-
jection into the electrodes if a sufficiently high
negative voltage is applied. This diode is al-
ways present and not considered in any of the
ECDs drawn here.

the capacitor C. The capacitor that takes into
account charging/discharging and other time

24Provided the current increases with applied voltage.
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Figure 2.13: Extended ECD of a solar cell. The
formation of a counter diode D, may sometimes
need to be considered as well as another shunt Ry,
that connects the two electrodes directly. The ca-
pacitor accounts for accumulation i.e. storage ef-
fects of charges and may be of particular interest
for AC measurements i.e. photocurrent measure-
ments with chopped light.

dependent effects that can be significant since
the contact area A can be large and the dis-
tance between the electrodes d is very small:
C= e%

e an extra shunt resistor Rgps. It considers
shorts due to pinholes or significant conductiv-
ity of the bulk material. It may also account for
recombination losses near the electrodes. The
effect of R,9 is considered in Ry, if Ry is con-
siderably smaller than any of the two shunts.

We note that current and resistor values depend
on the illuminated area and need to be related to it
if comparisons between cells with different illumina-
tion areas are desired?®. Note that the dark current
depends on the actual device area - regardless of the
size of the light spot.

Using the simple ECD in Fig.2.12 and Kirchoff’s
laws for current knots and voltage loops, we can
formulate the following relation:

Isn

—~—
(IL —I;—I)Rg, =V + IR, (2.14)

which can be transformed into

25Within this thesis the illuminated area was typically
around 4mm? (only slightly smaller than the active area)
which allows immediate comparison of the absolute values.
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Rg Vv
V)=1I,—14—

Rsh * ) L ¢ Rsh

if we now assume that the Shockley diode equa-

tion describes the voltage dependence of the current
I through the ideal diode D

1(

(2.15)

V-IR,
Iy =1 (emkT7a — 1) (2.16)
and replace I; in Eq. (2.15) we obtain
V Rsh Rsh V_1Rs
I = (I —— _ nkT/q — ]
( o Rsh)Rsh+Rs ORsh+Rs (e )
(2.17)
If we now use
Reh + Rs Rs
— =1 2.18
Rsh * Rsh ( )

we can write Eq. (2.17) as:

_ Vv
o i foR (S 1)
L+z5  1+=:

(2.19)

This equation will be used later when we discuss
what can be learned from the specific shapes of IV
characteristics. Even though the current I in Eq.
(2.19) appears also in the exponent which requires
numerical methods to find solutions, we can already
see the following:

Inorganic solar cells have R, values?® between
0.3 and a few Ohms and R, larger than 100052
so that the ratio Rs/Rsp, is very small and the term
14 Rs/Rsp is virtually 1 and can therefore be ne-
glected in Eq. (2.19). However, even in silicon solar
cells the voltage drop across R represents an im-
portant loss factor and has to be considered as well
as the loss current through the shunt. Note that
both R, and Ry still appear in Eq. (2.19) even
though 14 R;/Rs, an be neglected. However, the
situation can be very different for organic cells.

Organic cells very often suffer from high series
resistors and - in addition - relatively small Ry,
values. As a consequence not only the losses due
to both resistors are higher than in silicon cells but
also the term 1+ R,/Rs, can become significantly
different from 1 and has to be considered in Eq.
(2.19).

As a result, the shape of the IV curves and the
absolute currents are more affected by these resistor
values in organic than in inorganic cells.

26Related to lcm?
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2.4.3 Open Circuit Voltage

In the preceding Section we have deduced a formula
that allows calculating the output current of a solar
cell. In this Section we derive an expression for the
open circuit voltage V. and consider the effects of
the single components of the ECD. We will also
discuss how PL efficiency can positively affect the
solar cell performance and show how the upper limit
for V,. can be estimated.

The Ideal Solar Cell

First we consider the case of an ideal solar cell that
comprises only the ideal 27 diode D in the dark so
that Ry = 0 and Ry, = oo in Eq. (2.19) turns into:

Iy = Io(e?V/m*T — 1) (2.20)

The current through such a cells or photodiode
is determined only by the current through the ideal
D - here represented by the Shockley equation. For
positive voltages I increases exponentially.

Upon illumination the light generates a photo
current Iy, that is simply superimposed (added)
upon the normal rectifying IV characteristics of the
diode D:

I =TIo(e?V/™ T _ 1) — Iy, (2.21)

The addition of Iy, results in a region of the fourth
quadrant where electrical current and voltage can
be extracted from the solar cell. The highest voltage
in this quadrant develops at the electrodes when
I, just manages to cancel the dark current. Thus,
given a constant Iy, the V. is higher the smaller the
dark current is - note that Iy determines the height
of the characteristics. Canceling of I; by means of
I, can be considered in Eq. (2.21) by setting I = 0.
Voe can than be derived quantitatively using:

nkT IL
Voe = —In(—+1
. ( i )
Note that the effect of the I}, /I ratio is relatively
small. Reduction of I by a factor 10x increases V.
only by 25mV -In(10) (58mV). Typical V. of silicon
cells under solar conditions are around 550mV.

(2.22)

Effect of R,

A formula for V,. that considers the influence of
Rsp, can be deduced from Eq. (2.19) after setting

2TWe keep the ideality factor in this equation to consider
different shapes. However, the diode D is still ideal in the
sense that there are no Ohmic losses.
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the output current to zero (I = 0) to give?:

nlen(IL — Voc/Rsh +

Voe =
¢ q Iy

1) (2.23)

This equation relates the maximum output volt-
age not only to the light generated current I, but
also to the reverse saturation current and the shunt
resistor. Now, also the formula for V,. becomes
transcendent and requires numerical modeling to
find solution. The value for V. still depends on
the ratio I, /Ip but now Iy, is decreased by the pres-
ence of a finite R,;, whereas Ry is unimportant since
there is no current flowing through it that can cre-
ate a voltage drop (loss).

Both the ideal diode D and R, are now the com-
ponents that determine V,.: Suppose Ry, is not
very high and the device is in the dark. If we ap-
ply a positive voltage across the cell electrodes we
create a voltage drop across Ry, that is equal to
the voltage V; across the ideal diode D. The cur-
rent that can pass through the diode D at Vj is
determined by its IV characteristic?®. The sum of
the currents through D and R, yields the current
through the electrodes of the solar cell for a given
applied voltage.

Upon illumination, the current source generates
the current I;, some of which passes through the
diode where a voltage drop is generated that is big
enough to allow the rest of I to go through R, -
if the electrodes are open. The same voltage can be
measured with a voltmeter with high internal resis-
tor across the device electrodes and is then termed
open circuit voltage V..

Note that n which determines the shape of the
IV curve stands outside the logarithm in Eq. (2.23)
and has therefore a stronger influence than a varia-
tion of Ry or Iy. The latter controls the ”height”
of the IV curve of D. However, since Ry, can vary
considerably it can seriously decrease Vi if V,./Rsn
is not much smaller than I;,. We note that Iy can
be related to PL efficiency as discussed later in this
thesis.

Effect of Shorts

Organic solar cells have often values for series resis-
tance which are more than 3 orders of magnitude

28 There is no influence of R since R, can only affect the
voltage when there is a current flowing through it.

29Note that the IV characteristics of the diode D is not
the IV curve one obtains when measuring the entire device
(with Rgp and Rs)! For inorganic solar cells it is assumed
to be the Schottky diode characteristics - while for organic
cells it depends on many material and device parameters.
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larger. This means that currents measured in short
circuit mode still have to get through a large re-
sistor which can seriously limit the output current
particularly if also Ry is low. Moreover, since a
short across the electrodes represented by Rgspo in
Fig.2.13 represents a voltage divider in conjunction
with R, according to Eq. (2.24) R can actually
reduce V. if R, reaches values in the order of Rgpo.
Thus ”shorts” do not need to have very low resis-
tances to smaller V,. considerably - they just need
to approach the value of Rs which can be as big as
107Q) in some small area organic devices!

Rsh2

Vocs = e
Rs + Rsh2

Voe (2.24)

This also makes voltage measurements across the
device electrodes more critical. Voltmeters need to
have internal resistors larger than 107 €2 to exclude
effects on the circuit that lead to lower readings.

Analogously, recombination that takes place near
the electrodes - represented by R, may be more
effective in decreasing V,. than recombination in
the middle of the device if R is so high.

The Effect of Photoluminescence

Any type of recombination3® represents a less mech-
anism for the photoexcited charge carriers in a so-
lar cell. However, non-radiative recombination af-
fects the photoexcited charge carriers statistically
much faster than the unavoidable radiative decay
that does not require any semiconductor defects.
Hence, if there is only radiative recombination the
charge carriers have much better chances to reach
the electrodes and circumvent the radiative decay
by entering an external circuit.

If there is no external circuit (open circuit mode)
the charges accumulate at the electrodes to build up
V,e before they decay showing their maximum PL
efficiency. Indeed, it has been shown that the PL of
e.g. chlorophyll is about 3% in a living plant, and
30% if the chlorophyll molecules are separated from
the rest of the electron transport chain, which cor-
responds to operation under load and open circuit
mode, respectively [208, 234].

In other words, a highly fluorescent material can
have relatively low charge carrier mobilities and still
generate a high V. and good photocurrents. Ac-
cording to Ref. [234] radiative recombination ®py,
can be considered as a correction factor for the re-
verse saturation current Iy in the diode character-
istics

30Before passing through the external circuit.
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i
Iy = =2 (e7Fr7a — 1) (2.25)
®pr

Note that the Shottky equation remains un-
changed if the photoluminescence efficiency ®p;, =
1ie. 100%. Within this thesis we call Ip; the PL
independent reverse saturation current. Thus the
expression Eq. (2.23) to derive V,. can be written
as

T _
Voc _ nk ZTL(IZ V:)c/Rsh

q In1/®pr,

The reverse saturation current Iy = Iy /Ppy, can
be obtained experimentally by modeling of the IV
curve and gives indeed about 103 larger values for
e.g. silicon cells (Ppy, ~ 1074) than for cells using
organic semiconductors (®py, ~ 1072). Indeed the
more fluorescent porous silicon has been reported
to show lower I values being consistent within Eq.
(2.25). The higher PL (1071) in GaAs predicts V.
values of 1V under 1 sun which is also in good agree-
ment with the observations [234].

We note that non-radiative recombination losses
affect both Iy and the shunt resistor R,j,. For very
fluorescent materials the Iy is small and R, should
be high.

In fact, polymers and dyes with higher PL yield
appear to give high V,. values like PPV (1.2V),
MEH-PPV (1.3V) in contrast to poorly fluores-
cent materials like PIF (V,, < 0.02V) and HPc
(Voe <0.2V). So called non-fluorescent materials
may, however, still give reasonable voltages as long
as their optical and charge transport properties are
very good and the PL is not too low. For exam-
ple, the low PL of e.g Si (1072 to 10~%) is still high
enough to result in a Iy, /Iy allowing V. to reach
0.6V [234]. Similar considerations hold for the very
good photovoltaic performance of certain organic
material with relatively low PL efficiencies.

+1) (2.26)

The Upper Limit of V,.

In the previous Section we have discussed how
Rg, Rsp, and in particular Iy can affect the value
for V,.. In this Section we discuss whether there is
an upper limit for V,. and what might determine it.

We have seen that according to Eq. (2.26) the
voltage is higher the lower I and the higher I}, is.

In virtually all inorganic cells and many organic
ones I, scales linearly with the light intensity over
many orders of magnitude. Possible upper lim-
its with regard to excitation intensity may only be
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reached if the charge carrier density approaches crit-
ical values which would typically only occur at un-
realistic high excitation intensities.

What determines in practice the absolute value of
Iy in inorganic devices has been reported: major-
ity charge carrier and dopant concentration, charge
carrier diffusion lengths and recombination veloci-
ties [97].

Here we focus on a more general approach to find
the V,. upper limit so that it may be applicable to
the organic solar cell structures described in this
thesis.

Ideally the potential difference between the
ground state and the excited state of an electron
after photo-excitation can be regarded as a driv-
ing force i.e. maximum voltage. Thus the maxi-
mum photo-voltage that a semiconductor can de-
velop should increase linearly with the the excita-
tion energy. In other words, a 2eV photon should
be able to supply a voltage of 2V.

In practice, in both organic and inorganic semi-
conductors photoexcited electrons can decrease
their potential energy very quickly using the high
density of allowed states in the CB until they reach
the lowest unoccupied molecular orbital (LUMO).
Since the lost potential energy is usually converted
into phonons i.e. heat this process is called thermal-
isation. As a consequence the difference between
the HOMO and LUMO levels (the bandgap) can
be seen as a theoretical upper limit for V,.. Prac-
tice confirms that indeed inorganic solar cells made
of higher bandgap materials develop higher V. and
the maximum achieved V. has never exceeded the
width of the bandgap.

For organic solar cells, we also find higher V.
for higher bandgap materials. As discussed earlier
a high V,. may be favored by a lower reverse sat-
uration current Iy due to the frequently low non-
radiative recombination in these more fluorescent
materials. However, it has been observed for many
organic solar cells that a higher workfunction differ-
ence of the electrodes AW} can also increase V..
This is often explained by assuming that AW} in-
troduces a “built in field” across the thin semicon-
ducting layer that helps to extract the photoexcited
charge carriers.

Qualitatively, as it can be seen from Fig.2.4, a
larger AW} results in either a stronger tilting of the
semiconductor band for voltages < V,. or a stronger
bend bending near the electrode semiconductor in-
terface if there are enough charges to cancel the
field3! within a fraction of the bulk thickness. Thus,

31A gradient of a potential in space can be treated as a

CHAPTER 2. SOLAR CELLS - GENERAL

low Wy for the negative and high Wy for the posi-
tive hole collecting electrode often helps to increase
Voc. The drawback is that the use of low Wy ma-
terials such as Ca often requires the sublimation of
a protection layer on top because of the increased
tendency to form an oxide layer when exposed to air
that represents an extra obstacle for charge carrier
extraction.

On the other hand shorts may be avoided more
efficiently which also helps to develop higher volt-
ages at the electrodes. We note that in single layer
devices AW; > E, is not expected to increase V.
above I, since charge injection from the LUMO
and HOMO into the electrodes is limited.

In D/A cells®2, however, AWy > E, may result in
Voc larger that the “combined bandgap” Eyp4 since
the internal field at the D/A interface can assist
the extraction of the charges through the “high” ly-
ing electrode workfunction. V. larger than I, has
been observed in a laminated device as discussed in
Chapter 6.

As aresult of these considerations the upper limit
for V. in single layer devices is expected to be the
bandgap whereas in D/A cells AW} of the elec-
trodes or the bandgap - whichever is higher - deter-
mines the maximum photogenerated voltage.

In case of AW; > Eyp4 the built in field due
to the offset of LUMOs (ALUMO) and HOMOs
(AHOMO) between the two components has to
be large enough to provide the extra driving force.
Hence, the maximum V,. can be written as:

Voe <|LUMOA—HOMOp|+ALUMO+AHOMO
(2.27)
if only positive numbers are used.

Note that ALUMO+AHOMO has to be greater
than the exciton binding energy to split the excitons
in D/A devices.

The above formula can be written as

Voo < B,y + E,, — |LUMO, — HOMOp| (2.28)

Thus, it can be expected that the bandgaps of
the semiconducting components determine the (the-
oretical) upper limit of D/A cells provided the AW,
is large enough.

We note that the consideration of the unavoidable
radiative recombination losses already reduces the
upper limit for V,. in Si from the bandgap value
(1.1V) to about 0.8V [234].

field.
32In case of D/A devices the voltage relevant bandgap is
the difference between the LUMO of A and the HOMO of D.
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Summary

According to the described model a high V,. at a
given light intensity is expected if:

1. Iy is low. The reverse saturation current is of-
ten low if the PL efficiency is high, the bandgap
is high and the conductivity is low.

2. The shape of the IV curve is not too steep. The
dark current can then only be canceled by the
photocurrent at higher (V) voltages.

3. Rgy, is clearly larger than the DC resistor value
of the ideal diode D.

Note that not all requirements to obtain a high
V,e coincide with the requirements to obtain a high
short circuit current. For example, a large I, is
favored if the bandgap is small and the conductivity
is high. However, both V,. and I,. are high if R, is
small and Ry, is high.

2.4.4 Photocurrent
The Short Circuit Current I,

The current I, under short circuit condition (Ry, =
0 - see Fig.2.13) can be derived from Eq. (2.19) by
setting V' = 0. If we also consider the influence of
the PL as discussed above we can write:

ILflsh Id
——

_ I L/ops

= R. R.

IR
(e nkT/q — 1)

(2.29)

sc

From the ECD in Fig.2.12 can be seen that the
short circuit current is simply the light current I,
(photogenerated charge carriers/s i.e. number of
split excitons/s) reduced by the current through the
shunt I, and the diode D, Iy:

Lo=1I,— I, —1Iy (2.30)

This is the highest current that can be extracted
from a solar cell®3. The light current increases lin-
early with the illumination intensity. In order to ex-
tract a quantity that describes how efficiently pho-
tons are converted into charges in the external cir-
cuit, I, has to be related to light intensity. This
leads to the definition of the spectral response:

33Even if an external voltage is applied, only the photo-
sensitivity can be amplified - any current higher than I,
current originates in the external voltage source.
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Jse(N)
@A)

with ® being the light intensity per illuminated
area®! (W/m?) and J,. representing the current
density (A/m?) in short circuit mode.

The spectral response (SR) thus gives the cur-
rent in the external circuit per watt incident light
(A/W). This quantity is frequently used to char-
acterise the light sensitivity of photodiodes since
the product SR - Js. gives immediately the light
intensity3®.

For the characterisation of solar cells a quantity
that considers the actual fraction of the incident
photons that can be converted into electrons in an
external circuit is of higher interest:

SR()) =

(2.31)

number of electrons in external circuit

EQF =

number of incident photons
(2.32)

EQE stands for external quantum efficiency and
represents, together with the power conversion effi-
ciency 7, the most interesting parameter of a solar
cell. The EQE can be derived from the spectral
response considering that the energy of a photon
E, = he/X\ with h being Planck’s constant, ¢ the
speed of light and q the elementary charge using
the following formula?®:

EQE(N) = SR()) - he
qA
Note that the EQE gives higher values for shorter
wavelengths when compared with the SR spectrum.
This is because the spectral response relates to the
energy of photons whereas the EQE refers only to
the number of particles. Since the output current is
determined by the number of electrons that can be
“pumped” into the CB regardless of their energy,
the EQE represents a true measure for the photon
to current conversion efficiency in contrast to SR.
The EQE can be converted into the internal
quantum efficiency IQE if only the fraction of the
actually absorbed photons are considered:

(2.33)

__ BeEX
TR = TR T

with R(A) denoting the fraction of reflected light
and T'(\) the fraction of the transmitted light.

(2.34)

34The hardly used but accurate term is: irradiance.

35Light intensity measurements are an important applica-
tion for photodiodes.

36Note that hc/q = 1240WnmA~".
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The IQE is very helpful and frequently used in in-
organic devices to investigate the physical processes
in the semiconductor material. In contrast to inor-
ganic solar cells where the complete bulk absorbs
light and contributes to the photocurrent, organic
devices have typically large regions that act only as
optical filter.

In addition, interference effects would have to be
considered because of the very thin films compared
to inorganic cells. This makes the interpretation of
IQE spectra in organic cells only more speculative
rather than simpler and therefore generally less use-
ful at the present time. The EQE is therefore the
preferred quantity in the devices discussed in this
thesis.

The Optical Filter Effect

The region in the semiconductor that allows pho-
toexcited excitons to dissociate and the separated
charges to reach their respective electrons is often
called the ”active region” - see Fig.2.14. Thus, only
light absorbed in the active region can contribute
to the photocurrent. The layer that absorbs light
before it reaches the active region3” is the actual
optical filter.

Al

Organic g 4
film Optical Filter
ITO
Glass .
substrate .

o bbb
e e
e

Incident Light ﬁ

=

Figure 2.14: In organic devices very often only a
thin layer (active layer) near back electrode is elec-
tronically active (contributes to the photocurrent).
Depending on the thickness and absorption coeffi-
cient a significant fraction of photons can be ab-
sorbed in the semiconductor bulk (optical filter) be-
fore this region is reached. Figure from [63].

Fig.2.15 shows two scenarios for the formation of
an active region smaller than the bulk which can
lead to an optical filter effect:

37Electrode/polymer interfaces often act as dissociation
site but also polymer/polymer interfaces or impurities
(dopants, oxygen molecules) can act as such - see also Section
2.2.2.
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1. Exciton dissociation throughout the entire bulk
but small mobility of one charge carrier. Often
the mobility of the hole is considerably higher
than the mobility of the electron. Thus, free
electrons have to be generated close to the neg-
ative electrode for charge collection.

Even if the excitons have large diffusion
lengths, a considerable fraction of the pho-
togenerated excitons would dissociate too far
away from the negative electrode. Thus the
width of the active layer is determined by the
distance electrons can travel L. in the specific
material i.e. the electron mobility - see Fig.2.15
a).

2. Exciton dissociation occurs only near one elec-
trode interface. If exciton splitting occurs due
to a strong local field (band bending), excitons
that are generated outside the band bending
area have to diffuse into this region to supply
charges. Although small hole and electron mo-
bilities can still become limiting factors it is
usually the exciton diffusion length that deter-
mines the width of the active layer in this case
- see Fig.2.15 b).

l-—
I
|
\’: | A
ITO I Al ITO I Al
I I

L= active layer d = active layer

filter.ppt

Figure 2.15: Two scenarios that can lead to the for-
mation of an optical filter: a) exciton dissociation
occurs throughout the entire bulk but one charge
carrier (here the electron) can only travel a very
short distance before it recombines. b) exciton dis-
sociation occurs only near the (here negative, Al)
electrode due to a local high field. Thus a small ex-
citon diffusion length determines the width of the
active layer - provided the charge carrier traveling
distance is sufficiently high.

Only if the active region extends across the entire
bulk i.e. the bulk is thin enough, most of the disso-
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ciated excitons can generate a photocurrent so that
the EQE essentially follows the absorption features.

Due to short exciton diffusion lengths most or-
ganic cells have a bulk thickness that is consider-
ably larger than the active layer (to avoid shorts).
Thus these EQE spectra show a strong filter effect
resulting in EQE maxima at wavelengths where the
optical density is low and EQE minima where the
OD is too high to allow many photons to reach the
active region.

Such a spectrum is termed antibatic spectrum in
contrast to the symbatic spectrum that shows no
offset between absorption and EQE features [120].
Note that a symbatic spectrum can be obtained if
the device is illuminated through the other contact
- if it is sufficiently transparent.

In Section 3.2 we describe a method to estimate
how thick a semiconducting layer can be before it
shows the conversion losses due to the optical filter
effect.
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Figure 2.16: Effect of Ry, (ranging from 10% to
10792) on the shape of the IV characteristic. A large
Ry, can reduce both the fillfactor and V. but not
I.. The dashed curve is the dark characteristic at
105Q

2.4.5 Interpretation of IV Charac-
teristics

Inorganic Solar Cells

The higher charge carrier mobility in inorganic
semiconductors leads to sufficiently long diffusion
lengths which allow most charge carriers to reach
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the electrodes before they undergo intense recom-
bination - even though the devices are about 1000
times thicker. In addition R is typically more
than 3 orders of magnitude larger than R;. This
not only leads to a negligible term 1 + % in Eq.
(2.19) and Eq. (2.29) but also makes it much easier
to distinguish the effects of the two resistors in the
IV characteristics.

In addition the reverse saturation current I is
typically larger than in organic devices - probably
due to the higher PL efficiency in the latter - as
discussed in Section 2.4.3. The values for R, and
R, have been estimated from the IV curve data as
described in Section 2.4.2.

Fig.2.16 shows how the IV characteristic changes
if the shunt resistor varies between 10* and 107
Q assuming the shown?® values for R, Iy, Iy. If
Ry, > 10°Q the shape (FF,V,.) of the IV curves
remains virtually unchanged and the current shows
no significant field dependence for negative bias.

-2
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C Effect of Rsh ]
2w z
- or \ 7
$ 010 |
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L 10 i
-1 10'27\ I I | T T B R

-04 -02 O 0.2 04

1120fi0@ voltage (V)

Figure 2.17: Effect of Ry, (ranging from 10' to
10%Q) on the shape of the IV characteristics. V.
is virtually zero and Ry extends its “linearisation
effect” into the first quadrant. The photocurrent
(Isc — Ip) is too small to be visible on this scale.

However, clearly smaller Ry values have enor-
mous bad effects on the IV curve. The slope (field
dependence) in the third quadrant increases consid-
erably, V. approaches zero and the fillfactor reaches
its theoretical minimum of 0.25 (Ohmic - linear)3?

38The currents given in this Section are related to an area
of 1mm? - which is sufficiently close to our experimental con-
ditions (Ar 4mm?) to get a “feel” for the absolute numbers.
39 ower values than the one for ohmic behaviour may be
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very quickly. However, the short circuit current is
not affected since the current through the shunt can
be neglected if Ry << Rgy,.
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Figure 2.18: Effect of Rs; on the shape of the IV
characteristics assuming the same values for an in-
organic solar cell as above with Ry, = 10°Q. R,
reduces FF and the slope in the first quadrant when
it reaches the same order of magnitude as Rgp. R
can reduce the short circuit current but not V..
The slope in the third quadrant is still dominated
by Rsh-

Note that the reverse slope around OV or in the
third quadrant is equal to the value of Rg,. This
can easily be seen from the ECD - Fig.2.12. Under
reverse bias the diode D is blocking and R = Ry, +
R, only determine the voltage dependence of the
current (I = R7U). Since Ry is much smaller than
R}, it is only Ry, that determines the slope R~1.

Fig.2.17 shows how even smaller Ry, values af-
fect the IV curve. The slope in the third quadrant
increases even further and the “linearisation effect”
of R, extends to about 0.3 V in the first quadrant.
Note that V. is virtually zero. Note that the values
for Rg, > 10*Q that have been shown in Fig.2.16
do look exactly the same on this scale.

Fig.2.18 shows what happens if the series resistor
increases assuming the same parameters as above
and Ry, = 10%Q: While the slope in the third
quadrant remains unchanged the slope in the first
quadrant starts to decrease considerably when R
reaches the same order of magnitude as Rgp,. The ef-
fect of the large R4 even extends into the 3 quadrant

obtained if another diode (with reverse orientation) is formed
(=counterdiode).
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thereby decreasing the fillfactor to its minimum.

Moreover, if the two resistors have similar values
the IV curve is dominated by their ohmic character-
istics (the inverse slope in the 1 quadrant is equal to
R;) and the ideality factor or voltage dependence
of D may then have little influence. Note that -
in contrast to the effect of Ry - the short circuit
current can decrease but the open circuit voltage
can not be affected at all - since there is no current
through R, at V..
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Figure 2.19: Effect of R, (ranging from 107 to
101°€2) on the shape of the IV characteristics as-
suming typical dark and light currents for an or-
ganic solar cell. The effect of Ry, is qualitatively
the same as for the inorganic device in Fig.2.16 but
1000 times larger resistor values are required to give
the same shape.

Organic Solar Cells

Lower mobilities and smaller charge carrier concen-
tration lead to considerably smaller currents in most
organic solar cells. In fact, both the dark*® and light
currents are about 1000 times smaller (Iy ~ 1pA
and I, &~ 1nA) so that the light current in these
devices is about as big as the dark current in sil-
icon devices while the dark current is still about
1000 times smaller so that according to Eq. (2.22)
a similar V. is expected.

We note that the dark current may be related to
the fraction of radiative recombination so that high
PL-efficiency - as observed in many organic semi-
conductors - is expected to give a low dark current.

40The dark current I scales with I
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This is discussed in more detail in the Section about
Vee (Section 2.4.3).
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Figure 2.20: Effect of Ry, (ranging from 10% to
10%2) on the shape of the IV characteristics as-
suming typical dark and light currents for an or-
ganic solar cell. The effect of Ry, is qualitatively
the same as for the inorganic device in Fig.2.17 but
1000 times larger resistor values are required to give
the same shape.

Fig.2.19 shows the effect of a decreasing R, on
the IV curve using current values typical for organic
solar cells. In order to show the influence of only
Rsp, we assumed an unrealistic low value (1) for
R;.

Even lower values for Ry, are considered in
Fig.2.20. Note that the IV curve for values larger
than 105Q - like e.g. all curves shown in Fig.2.19 -
look exactly the same on this scale.

Both figures show qualitatively the same effect
of a decreasing R,,: a steeper slope in the third
quadrant and eventually reduction of V,.. However,
although the I;./I; ratio is exactly the same the
Ry, value has to be 1000 times higher to cause the
same effect. For example, an R, as low as 10°Q in
the inorganic cell (Fig.2.16) is necessary to decrease
Ve by 50% whereas a value of 103Q can show the
same effect in the organic device (Fig.2.19).

Fig.2.21 shows the effect of Ry with currents typ-
ical for organic cells and assuming R, = 10°Q.
Again, we observe the same effects as in for the inor-
ganic device upon increasing: decrease of the slope
in the first quadrant and reduction of I,.. How-
ever, the output current is 1000 times smaller and
the resistor value 1000 times higher - compare with
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Figure 2.21: Effect of Rs; on the shape of the IV
characteristics assuming the same values for an or-
ganic solar cell as above with Ry, = 10°Q. R,
decreases FF and the slope in the first quadrant if
it reaches the same order of magnitude as Rgp. Ry
can decrease the short circuit current but not V..
The slope in the third quadrant is still dominated
by Rsh-

Fig.2.18.

Fig.2.22 shows that - apart from high Ry and/or
Ry, values - a low light current can cause both a low
FF and a low V,.. Thus, IV curves should only be
compared if light intensities are similar and FF and
V,e values (mW/cm?) should be quoted together
with light intensity numbers.

In fact, IV curves of inorganic solar cells are usu-
ally measured under standard (AM1.5) conditions
to allow direct comparisons. The problem with
many organic solar cells is that they may not be
stable enough under such high light intensities and
that depending on the material, device type and
measurement condition, IV curves - particularly of
very inefficient devices - can vary significantly from

pixel to pixel or even over time?!.

As a guideline it may be said that the light cur-
rent should be at least 3 orders of magnitude higher
than the dark current before the fillfactor can be
regarded as light intensity independent and used
for direct comparisons. Otherwise, the potential fill
factor and V. for realistic conditions may be un-
derestimated considerably.

41'We note that unlike many IV curves the EQE spectra
are usually very well reproducible.
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Figure 2.22: Effect of I, on the IV characteristics of
an organic solar cell. The dashed curve is the dark
characteristic. It can be seen that low I, values can
result in a considerably smaller fillfactor and also
lower V. values compared to higher I;. numbers.

2.4.6 Space Charges & Traps

The comparatively low charge carrier mobilities in
most organic semiconductors*? in conjunction with
the need to drive high currents through the device
can lead to accumulation of charges in the semi-
conductor bulk. These excess charges build up a
space charge that creates a field which reduces the
throughput i.e. increases the transit time of charges
between the device electrodes. This phenomenon is
termed space charge limited current (SCLC).

Provided there are no traps, the total current (I)
through a semiconductor considering space charge
formation as a function of voltage (V) can be ex-
pressed as [138]:

V9 2
I'=qporp 7+ etz (2.35)
—_—— N——

SCLC

po is the density of the thermally generated free
carriers, p is the mobility, d is the semiconductor
thickness, € the dielectric constant of the semicon-
ductor.

As long as the density of the the thermally gener-
ated free carriers pg is dominant the current follows
Ohm’s law. Otherwise the current increases with
the square of the voltage according to the second
term in Eq. (2.35). This second term is known as

ohmic

42Typical values are below 10~ 4cm?2V —15~1
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Figure 2.23: Schematic log-log plot showing the
shape of the current-voltage characteristics for
space charge limited current with deep and shallow
traps.

the Mott and Gurney equation for trap free space
charge limited currents. The transition from the
ohmic to the space charge conduction here is very
smooth.

If the material contains shallow traps the res-
idence time inside the traps is shorter than the
charge carrier transit time. The space charge is
then composed of the mobile free carriers and those
carriers that are thermally freed from the shallow
traps. The trap free Mott and Gurney equation will
still be applicable, if the mobility u is multiplied by
a factor F defined as the proportion of free charge
carriers, giving an effective mobility:

teff = Fiu (2.36)

Once the applied electrical field is strong enough
to release the charge carriers from the traps, the
current will return to obey the trap free Mott and
Gurney equation - see Fig.2.23.

If the material contains deep traps the residence
time inside the traps is longer than the charge car-
rier transit time. The SCLC depends then on both
the density of traps and their distribution inside
the bandgap. The transition from the ohmic con-
duction to the trap free condition occurs sharper
than for shallow traps - see Fig.2.23.



Chapter 3

Single Layer Devices

3.1 Introduction

In its simplest form, an organic solar cell consists
of a single polymer layer sandwiched between two
different electrode materials as depicted in Fig.3.1.
Solar photons can enter the cell through the trans-
parent contact (ITO) and create excitons upon ab-
sorption in the organic film. Not all photons will be
absorbed in the thin film - some will be reflected by
the back contact and have another chance to be ab-
sorbed in the film before they can leave the device
again through the ITO layer.

A

organic film

ITO
glass

0302£i01

Figure 3.1: Device architecture of a single layer so-
lar cell as it is used throughout this thesis. The
organic film (dye, pigment, polymer) is sandwiched
between the transparent ITO covered quartz sub-
strate and a sublimed Al layer. The ITO and Al
electrodes are sometimes replaced by other mate-
rials in the cited literature. The thickness of the
organic layer is typically between 40 and 200nm.

3.1.1 Optical Properties of Organic
Photovoltaic Materials

Table 3.1 gives insight into the absorption proper-
ties of some important organic semiconductors. The
(half peak) absorption coefficient «; /5 are listed to-
gether with the wavelength range that exceeds this
value to give a “feel” for the spectral dependence of
the absorption.
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We have also calculated the percentage of ab-
sorbed photons ajg using «a;/, for a 10nm thin!
film. Note that the percentage of absorbed photons
in a 10nm film in the cited range would require in-
tegration of the absorption over the given range.
The quoted number for «;q is therefore somewhat
underestimated? if it wants to be interpreted as ab-
sorption in the given range.

PPV being the only precursor polymer in the list
has clearly the highest absorption coefficient fol-
lowed by its well known soluble derivative MEH-
PPV that has to accommodate also the bulky and
optically non active side-chains in the film. Inter-
estingly the absorption coefficient of MEH-PPV is
still twice as large as the other soluble polymers in-
dicating it can arrange its aromatic system in a very
compact fashion.

The metal-free phthalocyanine has virtually the
same «q/p regardless if eight bulky thio-alkyl
chains are attached (HPc(dye)) or nothing at all
(HPc(pig)) as in the insoluble version. The pery-
lene diimide pigments (Per(pig)), however, is some-
what stronger absorbing when compared with the
soluble derivative (Per(dye)). This is actually ex-
pected because the absence of bulky side chains in
the pigment should favour denser packing. In any
case, it appears as if the differences between absorp-
tion properties of dyes and pigments do not differ
tremendously.

On the other hand, the introduction of a metal
like Cu in the phthalocyanine core can lead to an
increase of the absorption. Pigments also tend to
have slightly broader absorption bands.

In Chapter 2 we have discussed this in context
with the exciton diffusion range and the importance
to reach dissociation sites. In single layer devices

110nm were chosen since this is the typical thickness of
the active layer i.e. exciton diffusion length - see Section 2.1.

2For example: 50% of aj /o would have to be added if the
absorption spectrum is approximated as being triangular.
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Table 3.1: Survey of the absorption properties of
various organic semiconductors. ;o is half the
value of the absorption peak in the visible. The
range parameter refers to the part of the absorp-
tion band that exceeds this value. «q¢ is the per-
centage of absorbed photons using /5 in a 10nm
film without and with (brackets) a fully reflective
rear contact.

material aq /2 range Q1o

- nm-™ nm %

PPV 0.017 320-480 16(29)
MEH-PPV 0.013  440-560 12(23)
CuPc(pig) [43] 0.012 570-740 11(21)
Per(pig) [133] 0.010 450-590 10(18)
Per(dye) 0.007 450-560 7(13)
CN-PPV 0.006 410-550  6(11)
MCP 0.006 370-510 6(11)
HPc(dye) 0.004 610-750  4(8)
HPc(pig) [68] 0.004  590-777 4(8)

such a dissociation site is typically the low work-
function electrode (Al)/semiconductor interface3.
Only if the organic material can be regarded as
good electron acceptor material, the high workfunc-
tion electrode (ITO)/semiconductor interface can
become active.

The absorbed fraction A as a function of layer
thickness d in Fig.3.2 and Fig.3.3 have been derived
using Lambert Beer’s law to express the fraction of
transmitted light T yielding:

T

—adr

A=1-—c¢ (3.1)

with « being the absorption coefficient (here
aq /2) and r=1 for the transparent rear contact or
r=2 for the fully reflective one.

It is helpful to know that the reciprocal of « gives
the layer thickness that is necessary to absorb 63%
(1-1/e) light. The layer can be half as thin if a
reflective rear contact is used - compare with Fig.3.2
and Fig.3.3.

However, interference and multiple reflections
have been neglected above. We note that interfer-
ence effects may be more important to consider in
double layer, blend or laminated device structures.
In these structures the active layer can either be

3Interestingly oxygen molecules that can also act as dis-
sociation site do not seem to increase the active layer signif-
icantly - see Chapter 2 and end of this Section.
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Figure 3.2: Percentage of absorbed photons in a
film for various absorption coefficients 0.005 < o <
0.04nm ™' as a function of film thickness.

placed in an optimal distance from the electrode
using a second layer as optical spacer material [213]
or the active layer can be made thick enough to al-
low a significant fraction of the visible light-wave to
enter the device.

100  o004nm’ |
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Figure 3.3: Percentage of absorbed photons in a
film for various absorption coefficients 0.005 < o <
0.04nm~! as a function of film thickness assuming
a reflective rear contact.

Since the active layer is usually located next to
the reflective electrode interface and not much more
than 10nm thick with a refractive index of about 2,
interference with the reflected waves is not expected
to cause dramatic changes of the exciton density in
a b0nm single layer structure. More information on
interference effects that may be used to optimise
reflection® and absorption properties in solar cells
- particularly in multi-layer structures (considering

4 Anti-reflection coatings like the SiO2, TagOs or MgFa
layer in silicon solar cells [162] may also be employed for
organic cells.
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also the about 100nm ITO film)- can be found in
Ref. [281, 282].

The inability to absorb more photons in the 10nm
layer represents a main loss mechanism in single
and double layer organic solar cells. According to
Fig.3.2 and Fig.3.3 even with the best absorbing
materials (a2 &~ 0.02nm™" - see Table 3.1) and
reflective rear contacts, 70-80% of the photons in
the absorption range are lost for the photovoltaic
conversion process if the active layer is only 10nm.

We note that 80% of the solar radiation on earth
is distributed over wavelengths ranging from 400
to 1200nm - see Table 8.3. Indeed, most currently
available organic semiconductors loose more than
60% of the (mainly) low energy solar photons be-
cause their bandgap is too large - independently of
the thickness of their active layer i.e. exciton dif-
fusion range. Thus, the development of new low
bandgap materials is highly desirable.

Fortunately, organic semiconductors have very
high absorption coefficients compared to their inor-
ganic counterparts so that the extremely thin active
layer of 10nm can still absorb more than 20-30% of
the light in the absorption range.

For example, the peak absorption coefficient of
pure silicon at room temperature is 0.0004nm ™! at
600nm °. Thus, a 10nm Si layer would only absorb
0.8% of light at 600nm - even with a reflective rear
contact.

3.1.2 Performance of Single Layer
Devices

A survey of the photovoltaic performance of various
single layer materials is given in Table 3.2. Blends
with a non conjugated polymer binder molecules are
treated as single layer here. PEDOT in conjunc-
tion with PPV here is heavily doped and therefore
treated as a conductive transparent electrode film
rather than a second semiconductive layer.

It can be seen that EQE values of 62 and 73%
have been achieved with voltages of 1.1 and 0.45V
many years ago. However, these cells have still some
way to go to become practically interesting since
e.g. illumination through the poorly transparent
indium electrode was required or sub-linear inten-
sity dependence of the photocurrent decreases the
actually achieved solar power conversion efficiency
down to 2.5% [164]. The recently published doped
pentacene cell in Ref. [224] shows a solar power
conversion efficiency of 2.4%.

5In fact, aug; varies over 3 orders of magnitude ranging
from 0.0000Inm ™! at 1000nm to 0.0lnm~! at 400nm [98].
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As can be seen from Table 3.2 cells using pig-
ments have reached the highest EQE, V,. and fill
factors. However, although they have been investi-
gated intensely in the past three decades and they
have replaced many inorganic photo-receptors in xe-
rograpy - they could not quite conquer the field of
commercial solar cells.

Even though some can now be processed - with
some effort from (acidic) solution [283] - or dis-
persed in binder materials [164] and thereby cir-
cumvent thermal sublimation, film formation is still
considerably simpler, cheaper and less harmful us-
ing dyes, polymers or liquid crystals which are sol-
uble in common and less harmful solvents. More
information on coating techniques - especially for
pigments can be found on page 295 in Ref.[29] and
in Ref. [268] as well as references therein.

3.1.3 Doping of Organic Photovol-
taic Materials

It is well known that molecular substances can
have a ”doping” effect on organic semiconductors
[268, 231]. It has been found - and we can confirm
this from our own experience - that often exposure
to ambient air of only a few seconds is required® to
obtain a photoresponse in hole transport materials
i.e. good electron donors’. This relates to mate-
rials like PPV, MEH-PPV, PTV, phthalocyanines,
merocyanines and porphyrins.

Note that in phthalocyanines, for example, it is
found that the influence of the central metal ions on
the photovoltaic performance strictly follows their
oxygen binding ability - since oxygen acts here as
dopant. It was found that the photovoltaic effi-
ciency of metal containing phthalocyanines follows
the following order [231]:

PcMg > PcBe > PcFe > PcCu > PcCo (3.2)

In other words: the easier they bind oxygen the
higher the photocurrent.

Dopants with even greater electronegativity than
oxygen, such as halogens, NOs, o-chloranil or 2,4,7-
trinitrofluorenone result in an even greater enhance-
ment of the photoresponse[43] in such hole trans-
porters.

STypically there are marked concentration effects: Ex-
posure over many hours might be required before the pho-
tocurrent reaches its maximum which is then followed by
slow decrease.

7Good electron donors have a high lying LUMO = small
electron affinity.
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Table 3.2: Survey of important performance parameters of various organic single layer solar cells. The
abbreviation for materials are listed in Chapter 1. Best parameters parameters are printed bold while
italic print marks devices discussed later in this Chapter.

EQE Ve FF  range device comments year
% \Y% % nm - -

73 0.45 33 400-800(?) In/HPc+polymer/NESA  pigment in polymer [43] 1981
62 1.1 33 400-800(?) Al/HPc+polymer/SnO2  pigment in polymer [43] 1979
77 77 7?7  400-800(?) doped pentacene pigment [224] 2000
33 1.2 25 400-800(?) Al/merocyanine/Ag pigment [43] 1978
14 0.7 39  400-800(?) Al/CuPc/Au pigment [43] 1981
3 0.6 34 400-800(?) Al/merocyanine/Au pigment [43] 1978
1 1.2 20 400-500 PPV polymer [168] 1994
0.7 0.32 25  400-700(?)  Cr/chlorophyll-a/Hg dye [43] 1975
0.5 1.0 23 400-500 Al/PPV+PEDOT/ITO polymer [8] 1998
0.15 0.85 25 400-800(7) Al/MgPc/Au pigment [43] 1974
0.1 0.7 25 400-750 Al/THPF/ITO polymer 2000
0.1 0.1 25  400-560 Al/LPPPT/ITO polymer 2000
0.09 0.5 27 400-570 Al/CN-MEH-PPV/ITO polymer [114] 1997
0.08 0.19 25  400-600 Al/Per/ITO dye 2000
0.07 0.7 25 400-570 Al/MEH-PPV/ITO polymer [196] 2000
0.05 0.37 25  400-750 Al/PTV/ITO polymer 2000
003 <002 25 400-650 Al/P3HT/ITO polymer [63] 2001(?)
0.015 0.1 25 400-650t  In/HPc/Au pigment [68] 1978
0.007  0.15 25 400-820 Al/HPc/ITO liquid crystal 2000
0.005 < 0.02 25 400-1000 Al/PIF/ITO polymer 2000

On the other hand, organic electron transporters
can be doped effectively with Hy, NH3 or phenoth-
iazine.

In general, the photocurrent is much more af-
fected by the presence of dopants than the dark cur-
rent. Although exciton dissociation should there-
fore occur throughout the whole film, optical filter
effects that indicate a thick electronically passive
layer are often found. We consider therefore that
excitons can dissociate at e.g. oxygen molecules
and increase the concentration of one type of free
charge carrier - while the other one is trapped in
the dopant within the inactive layer. This would
locally improve the charge transport properties but
does not add to the photocurrent.

A high photocurrent requires both the generation
of a free electron in the CB and a free hole in the
VB. In that way they can both meet after passing
through the external circuit. Consequently, molec-
ular doping can be seen as essentially different from
D/A blend (or laminated) structures since the lat-
ter allow both charge carriers to be free to travel
to the electrodes through their percolation paths.
Only then, the entire layer - and not only a layer
as thin as the exciton diffusion length (= 10nm) -
can become active. For more information on oxygen
doping see Chapter 2.

Since the presence of oxygen appears to enhance

the EQE in single layer devices we have exposed all
our single layer device samples to air for at least
3 days. Hence, different concentrations of water &
oxygen - due to different air exposure times of our
samples - should not have a significant effect on
our results. We note that the adsorption of water
molecules also affects the photovoltaic performance
[50].

3.1.4 Desired Properties of Organic
Photovoltaic Materials

A very interesting review of photovoltaic, fluores-
cence and redox properties of 60 semiconducting
molecules - most of which are (soluble) merocyanine
derivatives - is given in Ref. [204]. These devices
were structured like Al®/dye/Ag and reached quan-
tum efficiencies of up to 16%. In the following we
list the desired properties for photovoltaic molecules
as they have been identified in Ref. [204]. The list
is followed and complemented by comments found
in other studies.

1. The chromophoric® core of the dye must be es-
sentially planar and free form steric crowding

8A AlO203 layer on top of Al was considered.

9Chromophoric core = the pi conjugated part of the
molecule is responsible for the optical properties in the visi-
ble and near IR range.
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effects which tend to twist the dye, predispos-
ing it to photo-isomerisation or internal conver-
sion, instead of sensitisation by electron injec-
tion. Small groups projecting out of the plane
of the chromophore!? play a critical role in “in-
dexing” the packing of adjacent molecules to
obtain the desired aggregate structure.

2. The dye must be a stable material and a strong
absorber.

3. The performance of photovoltaic dyes can be
correlated with their chemical parameters. In
the configuration of Al/Al,O3/dye/Ag, the ad-
hesion of the dye to the Al surface is criti-
cal and can be analyzed by studying the chro-
matography of the dyes on the Al substrates.

The electron rich end of the dye molecule
should be chemisorbed at the Al surface. For
example, dyes with COOH groups have a much
stronger bond to the Al surface and result al-
most always in much higher photovoltaic quan-
tum yields.

4. The reduction potentials of the dues should be
more negative than -1.3V vs. SCE for efficient
electron injection through the AlyO3 barrier.

5. Dyes should not be subject to protonation or
deprotonation by ambient materials in the PH-
range from 3 to 10.

6. Dyes having central conjugated chains and
steric crowding are to be avoided since such
materials can readily degrade excitons to heat
by torsional internal conversion. High PL of
the isolated molecules in e.g. fluid solutions
signal the effect of less torsional stress and is
therefore preferable.

7. The quadrupolar charge distribution of e.g.
squaric acid dyes may pack into a “brick-
stone” i.e. J-aggregate structure which seems
to favour mobility of low energy excitons. Me-
rocyanines on the other hand pack in deck of
cards or stacks showing only up to 15% pho-
tovoltaic quantum efficiency in their main ab-
sorption band but up to 100%!" on the short
wavelength edge of the absorption band.

10Chromophore = coloured molecule

M Photovoltaic quantum efficiency numbers in Ref. [204]
consider transmission and reflection losses and are more
likely identical with the internal quantum efficiency (IQE)
- which gives higher numbers - rather than the usually used
EQE. This is discussed in Chapter 2.
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8. Low bandgap materials seem to have difficul-
ties to maintain a large negative reduction po-
tential i.e. alow lying LUMO level. This would
mean that low bandgap electron acceptors are
harder to find i.e. synthesise.

We are not aware that any of these early find-
ings have been proven wrong but many have been
confirmed, complemented and further elaborated as
can be seen from the following list of comments:

ad 1): The finding that a flat, rigid'?, aromatic
molecule favors close packing and good photovoltaic
properties - in particular high exciton mobility - has
been recognized in other publications [268, 267, 154,
245].

The importance of this point may become obvi-
ous by referring to the fact that C.Tang actually
included a claim in his patent regarding the use of
flat large aromatic molecules as photo-active mate-
rials in solar cells. In Ref. [154] it is stated that the
inter-planar distance should be short (=~ 3.5A) be-
tween photo-conductive molecules to achieve good
performance. We note that close packing also in-
creases the absorption coefficient. However, we also
want to emphasise that exciton mobility looses its
importance in e.g. blend structures - so that even
spheric molecules like C60 can act as excellent elec-
tron acceptor and transport materials.

ad 3): We note that COOH groups play indeed an
important role in bonding sensitiser molecules like
the ruthenium dye in electrochemical photovoltaic
cells to the TiOy surface [182].

ad 6): While PL in solution provides information
about the isolated molecule and its ability to dissi-
pate excitation energy through e.g. intra-molecular
vibrations, PL studies of organic films can provide
further insight into a material’s photovoltaic prop-
erties.

High PL in the solid state has been found to be
desirable since it means that the life time of exci-
tons is relatively long and allows excitons to diffuse
over longer distances. If there is little or no PL, this
would indicate that other - faster - decay channels
for excitons are present. These fast decay channels
reduce the time an exciton has to reach a dissocia-
tion site.

The effect of PL efficiency in the solid state on
the reverse saturation current and the theoretically

12Rigid molecules are preferred to flexible structures since
they have lower probability for those internal conversions
that dissipate the energy carrying species before transport
can occur.
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achievable open circuit voltage is discussed in more
detail in Chapter 2 and Ref. [234].

ad 8): If low bandgap materials tend to have
higher lying LUMO levels, then they are more suit-
able as electron donor (D) materials rather than
electron acceptors (A) - when used in combination
with another semiconducting component to form a
D/A system.

In fact the combination phthalocyanine & pery-
lene representing a system with a low bandgap elec-
tron donor and a high bandgap electron acceptor
works very well. The other possibility using a low
band gap electron acceptor with high bandgap elec-
tron donor gives indeed only very low photocurrents
(e.g. HPc+PIF in Chapter 5 or MEH-PPV+PIF
[202]).

R_ R
3 -
s S /
W
R R
- - n
LPPPT

Figure 3.4: Chemical structure of the polymer used
in this Chapter. It is ladder poly(para-phenylene
thienylene) or short: LPPPT. The bridge between
the phenylene-rings enforce a planar structure de-
spite the proximity of the thiophene and phenylene
units. R=-1,4-C6H4-n-C10H21 and n=20-25.

Hence, the conclusion is that a low bandgap ma-
terial in a D/A solar cell is likely to act as electron
donor and thus require a partner with high elec-
tron affinity to enable charge transfer i.e. exciton
splitting at their interface.

3.1.5 Electrodes

The workfunction and adsorption properties of elec-
trodes have a clear effect on the performance of or-
ganic solar cells. The latter has to do with band
bending due to equilibration of the workfunctions
with the Fermi-levels of the semiconductors upon
contact - as discussed in Chapter 2.

In the following Sections of this Chapter we have
always used the same combination of electrodes
(ITO and Al) to decrease the number of changing
parameters. Moreover, both electrodes have been
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proven to give more reliable and reproducible re-
sults than most other materials under laboratory
conditions.

However, higher open circuit voltages and some-
times higher photocurrents can be obtained using
electrodes like e.g. Au and Ca instead of ITO and
Al

3.2 LPPPT

It has been found that a poly(para-phenylene)-type
ladder polymer exhibits many interesting properties
such as high PL not only in solution (90%) but also
in the film (50%) enabling the fabrication of efficient
organic multi-colour LEDs [246] and even optically
pumped blue solid state lasers [279].

The unique performance of this polymer is likely
related to a very low concentration of electronically
active traps such as structural defects or impuri-
ties [96] and the high charge carrier mobility (up to
1073e¢m?/V's for holes at room-temperature) [128].
However, the bandgap of this polymer with 2.7eV
is too high to absorb a large fraction of the solar
spectrum.

A well established method to shift the absorp-
tion onset towards lower energies is the replacement
of benzene by electron rich hetero-arylene moieties
such as 2,5 thienylene units.

For example the bandgap of PPV could be low-
ered by about 0.5eV by replacing every benzene unit
with a 2,5 thienylene unit to give poly-thienylene
vinylene (PTV) [275, 137]. The reason for this ef-
fect is the lower aromatic resonance energy of the
thiophene building block when compared to that of
benzene. This results in a reduced m — 7* transi-
tion energy between the benzoid ground state and
the quinoid excited state.

Indeed by replacing every other phenylene unit
with a thiophene ring the structure of LPPPT - see
Fig.3.4 - the low bandgap version of LPPP could
be obtained. The bandgap in solution was lowered
by 0.45eV compared to LPPP - which means a red-
shift by about 85nm.

Both polymers exhibit a dominating 0-0 tran-
sition and an extraordinary small Stoke’s shift of
35meV (LPPP) and 17meV (LPPPT) [74]. The lat-
ter (small stokes shift) is a consequence of the geo-
metrically fixed, planar structure which allows only
minimal changes of the polymer geometry during
the transition from the ground to the excited state
i.e. photoexcitation [160].

We note that planarity of aromatic systems is
also suspected to favour charge and energy (exci-
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ton) transport as discussed in Chapter 2 and below.

The well resolved vibronic structure allows better
attribution of EQE features to absorption features
- which we were exploiting by studying thickness
effects in this special material.

Experimental

The chemical structure of the polymer used in this
Section is shown in Fig.3.4. LPPPT has been pro-
vided by and synthesised at the MPI-Mainz. De-
tails of the synthesis can be found in Ref [74].

LPPPT films were prepared by spin coating from
chloroform solution onto ITO covered quartz sub-
strates (12x12mm) after filtering (0.45pum). In or-
der to obtain a wide range of different film thick-
nesses, solutions with concentrations of 10, 15, 20
and 30 mg/ml have been prepared and spincoated
at 1600 and 3200rpm.

More details on the preparation of substrates and
the EQE/IV measurements can be found in Chapter
10.
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Figure 3.5: Features of the EQE spectrum of a thin
(33nm) LPPPT device do almost coincide with the
absorption features. The very thick (205nm) device
shows not only smaller absolute numbers but also a
distinct offset to the absorption i.e. strong antibatic
behaviour.

Results and Discussion
Absorption and EQE Spectra

Fig.3.5 shows the EQE spectrum of a thick and a
very thin LPPPT device when illuminated through
the ITO contact as well as the linear absorption
curve. The absorption spectrum shows two domi-
nant peaks at 535nm (2.32eV) and 495nm (2.51eV)
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and a shoulder at 460nm (2.70eV). The energetic
spacing of 190eV is constant and can be attributed
to the dominant vibronic (C-C) mode that has
been observed in the absorption of films of other
higher ordered polymers such as stretch oriented
PPV [108] or the methyl substituted ladder type
polymer comprising only benzene rings [197, 198].

The suppression of the rotational degree of free-
dom between adjacent benzene rings in the latter re-
sults in a particularly small Stoke’s shift, high photo
- and electro-luminescence quantum yields but also
in a clearly resolved vibronic structure in both PL
and absorption [238, 239, 197].

The EQE spectra of both the thick and the thin
device show roughly the same features (the vibronic
peaks 0-0 and 0-1); however, there are some differ-
ences:

e The EQE of the thinner device is almost “in
phase” with the absorption while the thick one
shows a clear red shift by 20nm.

e The EQE of the thicker device increases while
The EQE of the thin device decreases in the
shorter wavelength region.

e The second EQE peak (at 500nm) is virtually
as high as the first which is not the case for the
thick device.

e The EQE of the thinner device reaches values
that are about 5 times larger than those for the
thick one.

The peaks in the photoresponse of the thick cell
occur not exactly at wavelengths with absorption
maxima. In fact the second photoresponse maxi-
mum coincides with the absorption minimum be-
tween the two dominant vibronic peaks. This has
been observed in organic solar cells before and is
sometimes termed as antibatic behaviour [120] - see
also Chapter 2.

The peak shift'® can be quantitatively explained
with the so called optical filter effect[120]- see Chap-
ter 2.

Only if the bulk is thin enough, most of the disso-
ciated excitons can generate a photocurrent so that
the EQE essentially follows the absorption features.
This seems to be approached for the 30nm thin de-
vice since there is only a small peak offset left. In
the thick device only light which is absorbed less -
for example in the onset or the minimum between
the vibronic peaks in the absorption spectrum - can

Bbut not the shape of the EQE peak
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create excitons in the active region so that absorp-
tion maxima actually turn out as EQE minima and
vice Versa.

Assuming the filter effect** is the main factor that
determines the offset between absorption and EQE
peaks we can estimate the maximum thickness of
the organic film d,,: that can be used in single
layer devices without losses due to the optical fil-
ter effect. First we need to know the wavelength
Ae of the EQE peak in the onset of the antibatic
absorption spectrum. The optical density (OD) at
this position together with the OD at the absorp-
tion peak (Fig.3.5) and the film thickness dy of the
measured EQE spectrum can then be taken to get
and estimate for the optimal thickness dop. using:

t14

OD(Ae)

oD0n o (3.3)

dopt. =

This equation is solely based on Lambert Beer’s

Law:
) _

Io(N)

(with I, being the incident and I the transmitted
intensity) and the resulting simple relation:

70(()\)d — 1070D(}\) (34)

dx OD (3.5)

The error of the optimal thickness Ad,,:. due to
the error of the input variables is:

2
() - Care)- ()
* (%)2 (3.6)

Using the data for the 205nm thick device and es-
timated errors (OD(\.) = 0.0696+45%, OD()\g) =
0.22 + 2% and dy = 205nm £+ 5%) we obtain:

dopt = 65 + 30nm (3.7)

The large error of 30nm or 45% for OD()\.) is
due to the steep slope in the absorption onset and
the relatively broad peak in the EQE spectrum of
the thick device.

We obtain a considerably smaller error and value
for dop¢ using the data for the thinnest investigated
device (10nm): OD(A.) = 0.201 £+ 12%, OD(\g) =
0.22 £ 2% and dy = 33nm + 15%. Here we obtain:

dopt = 30 % 6nm(20%) (3.8)

148ee Section 2.4.4
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This is a more reasonable result considering that
we know already that do,p; has to be (slightly)
smaller than 33nm. Given that we are trying to
avoid the optical filter effect we can justify to use
the lowest number within the error bars and calcu-
late the mean in case of several results. This would
yield in our case:

dopt = (36 + 24)/2 = 30nm (3.9)

0.1

EQE (%)

D.05

a

O\||||\||||\||||\|| s
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wavelength (nm)

oroafot

Figure 3.6: The EQE of LPPPT at 536nm when
illuminated through ITO decreases according to
the layer thickness of 33,59,67,93,127,117 (dashed
line),163,168 and 205nm.

Generally, dop¢. may be regarded as an upper limit
of the exciton diffusion range for this material. The
actual value might be smaller if e.g. there is an
effect of other dissociation sites such as impurities
or dopants!® in addition to the electrode-polymer
interface.

We also need to consider the high electric field
across the thin layer due to the difference in
workfunctions of the electrodes (0.5V/30nm~ 2 -
10°Vem™2). Hence, we cannot be sure that the ex-
citon diffusion length is as long as 30nm but at least
we know that the absorbed light is most efficiently
used in a device with about 30nm thickness.

On the other hand, a relatively large diffusion
length in LPPPT is not surprising knowing that pla-
nar structures are expected to favour exciton trans-
port. In any case, the large value for d,,;. compared
to about 10nm for MEH-PPV devices makes this
material an interesting candidate for use in D/A
cells.

150xygen can act as such in electron donors
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Figure 3.7: EQE versus film thickness when illu-
minated (A=536nm) through ITO (circles) and Al
contact (squares). The solid line in the circles is a
fit with a polynom of 3rd order whereas the solid
line in the squares is a linear fit. The dashed line
illustrates a possible trend.

How the shape of the EQE spectra varies with
layer thickness is shown in more detail in Fig.3.6.
The antibatic behaviour of the 205nm thick device
gradually changes into a more and more symbatic
response by going to thinner cells. This also holds
true for the short wavelength range (400-500nm).
Only the 117nm thick device seems to behave dif-
ferently.

Optical interference effects between the incident
and the reflected beam from the Al rear contact
may be super-imposed here. In fact, numerical sim-
ulation using the described model and taking into
account interference effects showed that there is in-
deed a dip around this wavelength in the thickness
dependence curve of the EQE for such a device
[266].

We plotted the experimental data of the EQE
at 536nm versus thickness in Fig.3.7. The figure
clearly shows the trend to higher EQE for thinner
devices as well as the dip at 117nm.

The figure also shows the curve for EQE at 536nm
obtained upon illumination through the semitrans-
parent Al contact taking into account the transmis-
sion losses through the Al layer (Fig.3.8). We ob-
tain then even higher values than with illumination
through ITO. This is expected since there should
be no losses due to optical filtering!6.

16The slight increase of the EQE for thinner devices is
probably due to improved electric properties such as a
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Figure 3.8: Optical transmission spectrum of the
15nm thick Al layer i.e. electrode of the LPPPT
devices discussed in this Chapter.

Hence, this curve displays the maximum EQE
that is achievable for a single layer device of this
material using ITO/Al electrodes regardless of film
thickness or which side of the cell is illuminated.

Thus, we can expect that the strong increase
of EQE with thinner devices when illuminated
through ITO will slow down considerably when
reaching the trend line from the Al illumination
curve. The thickness at this point can be assumed
to coincide with optimal layer thickness dop:. As
expected in the described picture, the shape, peak
positions and absolute value of the EQE do not vary
considerably when illuminated through Al'7 - see
Fig.3.9.

IV Characteristics

The IV characteristics in the dark and under
monochromatic illumination (550nm) of the thickest
device (205nm) is shown in Fig.3.10. Even though
the open circuit voltage is relatively small (106mV)
this device shows a good rectification i.e. diode be-
haviour: The current that can pass through the de-
vice at 0.4V is about 15 times (=rectification ratio)
higher than at -0.4V.

Dark and light characteristics have virtually the
same shape i.e. lie on top of each other at this
scale. The parameter Id should not be confused
with the reverse saturation current I, which can
only be obtained via numerical modeling of the IV
curves. Id here is the actual current measured at

smaller series resistant.
17The small variation seen in this figure may well be due
to random errors in the measurement.
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Figure 3.9: EQE of the LPPPT films when illu-
minated through the semitransparent Al contact
(not corrected for the Al transmission) for differ-
ent thickness (same data as in Fig.3.7-full circles).
Shape and ratio of the features do not vary signif-
icantly with film thickness. The highest EQE was
obtained with a 93nm thick film.

V18,

With decreasing film thickness - see Fig.3.11 to
Fig.3.16, the rectification ratio also decreases un-
til the IV characteristics of the thinnest device -
see Fig.3.17 resembles more the characteristic of an
ohmic resistor (constant slope) with virtually no
rectification and only a small (&~ 30mV) open cir-
cuit voltage. The steep slope reveals a significantly
higher conductivity (under illumination and in the
dark) in comparison to the thick device.

A survey of parameters obtained from the IV

18For the suspected origin of Id see Chapter 10

Table 3.3: Survey of solar cell parameters obtained
from the IV curves and the EQE (at 536nm) for
LPPPT films of varying thickness.

d EQE Voc Id Rsh Rs
nm 1073% mV pA MQ MQ
32 132 28 33 16(17) 4.8(5.0)
59 8 105 31 83(200) 7.5(11)
67 77T 126 31 150(530) 6.3(9.5)
93 64 141 26 170(700) 7.5(10)
117 36 176 18  250(1400) -
122 52 120 38  200(500) 6.3(8.8)
185 26 99 27 250(600) 7.5(11)
205 15 106 10 - -
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Figure 3.10: IV characteristics of the 205nm thick
LPPPT device.

curves with different film thickness is given in Table
3.3. Although there might be a trend towards lower
dark currents with increasing thickness and increas-
ing V. it is not completely conclusive. However, a
correlation between dark current and V. seems to
emerge though if the data are plotted on a suitably
chosen scale - see Fig.3.18. The conductivity in the
dark seems to be high enough to reduce the open
circuit voltage.

Larger open circuit voltages appear to require a
shunt higher than about 80MS) here. However, the
table also shows that V. does not necessarily in-
crease for even higher shunts.

A very interesting result is that Rs does increase
relatively slowly (11k€2/nm) with film thickness
whereas the shunt increases more than 100 times
faster (1.5M{/nm) - see Fig.3.19. While the in-
crease of Ry can be qualitatively explained by the
fact that charge carriers have simply more semicon-
ducting material to travel through to reach the elec-
trodes, the distinct growth of the shunt is harder to
understand.

In Chapter 10 we have stated that recombination
losses somewhere between the dissociation site and
the electrodes can be associated with a small R,.

However, it is not obvious why the absolute num-
ber of recombinations should go up if the charges
travel through less material. It would be easier to
accept that the number of recombinations per sec-
ond increased since the charges need more time to
get out of the thicker semiconductor.

Fig.3.20 shows that the shunt also increases for
thicker films when measured in the dark - although
there seems to be some consolidation for d>60nm.
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Figure 3.11: IV characteristics of the 185nm thick
LPPPT device.

The thickness dependence of R, appears unchanged
in the dark with absolute numbers about 30% larger
than under illumination.

R is expected to decrease significantly with in-
creasing light intensity simply because more charge
carriers become available for the conduction pro-
cess. A considerable decrease of Ry is required to
allow both high voltages as well as high photocur-
rents and thus high power conversion efficiencies
[206, 214].

In Chapter 2 we have seen that the ratio Ry/Rgp
not only affects the fillfactor strongly but also the
output current in a solar cell. According to Eq.
(2.19) the current through a solar cell is reduced by
the factor g:

ﬂ =1+ Rs/Rsh (310)

In Fig.3.21 we have plotted 3 versus film thick-
ness. The figure shows that the factor g is close
to 1 for film thicknesses larger than about 60nm.
For thinner films the reduction factor can increase
from 1.04 (60-200nm) to at least 1.3 (30nm) in light.
Although this does not affect the photocurrent dra-
matically it indicates that there is an additional ef-
fect for devices thinner than 60nm in LPPPT.

In the preceding Section we have already seen
that with decreasing thickness the EQE is indeed
rising.

In order to see the effect of film thickness on the
shape of the IV curves, we have plotted the light IV
curves in a single graph - see Fig.3.22. The graph
illustrates clearly the distinct changes of slopes and
open circuit voltages.
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Figure 3.12: IV characteristics of the 122nm thick
LPPPT device.
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Figure 3.13: IV characteristics of the 117nm thick
LPPPT device.

The increasing Ry, can be recognized immedi-
ately from the decreasing slope in the 3 quadrant
(negative voltage range here) although there are ex-
ceptions in the expected order.

As we have seen in Fig.3.18 before the V. reaches
a maximum value for the 117nm thin layer and not
for the thickest device as it may be expected from
the flat slope in Fig.3.22.

In fact, Vo. of the 32nm device is as small as
28mV whereas the highest voltage in LPPPT is
176mV (117nm). Such a large difference cannot
be explained with the effect of the Ry/Rgp, - which
essentially works as a voltage divider. According
to Eq. (2.24) the value for Rs/Rs, = 0.3 for this
device can only account for a reduction of V.. by
about 30%. Hence, apart from a low shunt, there
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Figure 3.14: IV characteristics of the 93nm thick
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Figure 3.15: IV characteristics of the 67nm thick
LPPPT device.

must be another not yet known reason to cause the
low open circuit voltage in this device.

Fig.3.23 shows again the dark and light character-
istics of the ITO/LPPPT/Al device (59nm thick).
It also shows the fit with Eq. (2.19) that could be
applied for the region -0.1V to 0.4V using the fol-
lowing fit parameters:

1. ideality factor n=1.10
2. reverse saturation current Iy = 10pA

3. resistors in the dark: Rg, = 18-107Q, R, =

2.3-107Q

4. resistors under illumination (0.1mW/cm?):
Ry, =88-10"Q, R, = 1.8-10"Q and I =
1610pA
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Figure 3.16: IV characteristics of the 59nm thick
LPPPT device.
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Figure 3.17: IV characteristics of the 32nm thick
LPPPT device.

Note that the resistor values shown in this list
are somewhat different from the values shown in
Table 3.3. In the latter the numbers were derived
directly by taking the slopes of the characteristics
at OV (Rsp) and the highest voltages around 0.5V
(Rs) whereas in the former the formalism consid-
ered effects of n, Iy, I;,. The results for the shunt
are fairly similar and the values for Ry are about 4
times higher in the fit.

We consider the numbers for R, values which are
derived from the slope around 0.5V to be more ac-
curate than the value obtained from fitting the en-
tire curve since R really starts to dominate only at
higher voltages'®.

In any case, the comparison of these two methods
indicates that the error for R is much higher than
the one for R,;,. This is because of both the steeper
slope at higher voltages which results in stronger

19Unless the IV curve becomes clearly linear for higher
voltages the (inverse) slope can only represent a upper limit
of Rs - see Chapter 2.
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Figure 3.18: Open circuit voltage and dark current
seem to be “out of phase” when plotted versus film
thickness on the shown scales.

dependence and voltage fluctuations of the source
measure unit in the low mV range.

According to the discussion on the photolumines-
cence effects we can now take the reverse saturation
current together with the PL efficiency of LPPPT
of about 1.2% [35, 63] to obtain a value for the PL
independent component of the reverse saturation
current according to Eq. (2.25):

The value for Iy is close to the 0.091pA obtained
for the later discussed MEH-PPV. Thus, it can not
be ruled out here that Iy depends only or at least
predominantly on the PL efficiency. This would
then indicate that the maximum performance of
both materials LPPPT and MEH-PPV showing the
used PL efficiency has been closely approached in
these devices.

The higher EQE numbers of thinner devices
would possibly disappear if the optical losses like
the filter effect were considered or - in other words
- the internal quantum efficiency (IQE) was calcu-
lated.

A more detailed study comprising a higher num-
ber of samples and systematic IV analysis is nec-
essary to confirm this possibility and explain the
observed variation of V. with thickness.

Summary

In this Section we have found for LPPPT that:
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Figure 3.19: Series and shunt resistor as obtained
from the slopes in the IV curves under illumination
for varying film thickness.

e Thickness is an important parameter. The op-
timal thickness can be estimated from the ab-
sorption spectrum and an antibatic EQE spec-
trum.

e The EQE increases from 0.029% for the thick-
est (205)devices to 0.135% for the thinnest
(32nm) device.

e The highest EQE is almost twice as high as the
best i.e. thinnest (10nm) MEH-PPV device.

e The highest EQEs were achieved for the
thinnest cells where the optical filter effect has
virtually disappeared. Since the entire 30nm
layer contributes to the photocurrent - the ex-
citon diffusion length could be as high as 30nm
in this material - if the polymer/Al interface
has to be reached.

e Since LPPPT is a very large flat molecule but
without any other obvious outstanding struc-
tural properties the high EQE in this mate-
rial and the lack of an optical filter effect sup-
ports the suspicion that planar rigid structures
favour exciton diffusion.

e Although the EQE increases with thinner de-
vices without reaching a maximum in the ob-
served range (30-200nm) the V,. appears to
reach a maximum value at 117nm.

e Both shunt and series resistor increase with
increasing film thickness but R, grows more
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Figure 3.20: Series and shunt resistor as obtained
from the slopes in the IV curves in the dark and
under illumination for varying film thickness.

than 100 times faster (1.5M$/nm) than R, un-
der illumination (A = 536nm, 0.1W/cm?) for
an area of 4mm?.

e The PL efficiency is rather low (1.2%).

e The PL efficiency multiplied with the reverse
saturation current (12pA) gives approximately
the same number for LPPPT (0.12pA) as for
MEH-PPV (0.091pA). This is consistent with
a strong correlation between the IV curve i.e
the photovoltaic performance and the PL as
discussed in Chapter 2 and Ref. [234].

e Films of LPPPT which are thinner than about
60nm show a strong increase of EQE, more sim-
ilar Ry and R, values, a fast decreasing V.,
a fast decreasing Ry, in the dark. Hence, the
physics in these thin devices seems to be domi-
nated by other effects which are not yet under-
stood.

3.3 MEH

After the discovery of EL in conjugated polymers
[34] the next step towards inexpensive device man-
ufacturing was the design of a molecule with similar
semi-conducting properties but even easier proces-
sibility.

At that time PPV films could only be obtained
via spincoating a precursor solution and a subse-
quent heat conversion step at about 200C for 5 to
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Figure 3.21: Current reduction factor g as a func-
tion of film thickness in LPPPT - calculated using
the numbers under illumination.
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Already in 1991 researchers in Santa Barbara
(CA, USA) were successful at obtaining a PPV
derivative with branched saturated side chains
[124].  These bulky side chains allow solvent
molecules to penetrate into the space between the
polymer chains thus allowing device fabrication us-
ing simple spin-casting techniques ([32] and Refer-
ences therein). These side chains are also not con-
jugated so they do not alter the semiconducting or
electronic properties significantly.

This was the birth of MEH-PPV, probably the
worlds first soluble semiconducting polymer. Sin-
gle layer MEH-PPV cells have already been sub-
ject to photocurrent spectroscopy [120], impedance
and photo-voltage spectroscopy [121] as well as deep
level transient spectroscopy [92].

The availability of a soluble semiconductor not
only opened the way towards cheaper processing via
numerous coating methods - even inkjet printing?!
has already been reported [19] - but also made it
possible to investigate blends with other semicon-
ductors such as C60 while maintaining the advan-
tages of solution processing.

Photo-induced electron transfer from MEH-PPV
onto the fullerene C60 has been discovered and ex-
ploited in solar cells reaching EQE as high as 29%
for monochromatic light [278]. Shortly afterwards,
blends of MEH-PPV with its more electro-negative
derivative CN-PPV that also benefit from photo-

20Recently, another deposition method which can be ap-
plied for PPV such as laser-ablation has been found and in-
vestigated [240].

21 This technique could be used to fabricate not only com-
puter or video screens but also photosensitive CCD arrays.
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Figure 3.22: 3rd and 4th quadrant IV characteris-
tics of LPPPT devices under light. The numbers
represent the film thickness.

induced charge transfer with 6% monochromatic
EQE have been reported[112].

Here we investigate to what extent the thickness
(between 10 and 250nm) of the MEH-PPV layer
effects the photovoltaic properties.

Experimental

We fabricated ITO/MEH-PPV/Al photodiodes
with different thickness of the MEH-PPV layer
ranging between 10 and 250nm. MEH-PPV was
synthesised by H. Rost, at the Melville Laboratory
for Polymer Synthesis in Cambridge. information
on the synthesis can be found in Ref. [181, 124]
and references therein.

The MEH-PPV films were spincoated in air af-
ter filtering (5um) from chloroform solution (1 - 6
mg/ml) onto ITO coated glass substrates (Balzers).
Unless stated otherwise all devices where measured
when illuminated through the ITO contact. We
measured the thickness of the thicker films (50 to
250nm) with a profilometer (Dektak) after 2 days
drying in air in darkness which is necessary to ob-
tain films hard enough to avoid the profilometer
needle to scratch the polymer considerably. To-
gether with the absorption data we calculated the
absorption coefficient which we used in order to con-
firm the thickness of the thinner films.

More details on sample preparation and the used
setup can be found in Chapter 10.
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Figure 3.23: IV characteristics (solid lines) in the
dark and under illumination of a ITO/LPPPT/Al
device (59nm thick) and calculated curves (dashed
lines) using Eq. (2.19).

Results and Discussion
Absorption and EQE Spectra

Fig.3.25 shows the linear absorption of MEH-PPV
together with the EQE spectra for two different
thicknesses. The absorption spectrum reveals es-
sentially one broad feature with the peak at 505nm
(2.46eV). The onset of absorption is not very sharp,
starting at 600nm which corresponds to a bandgap
of 2.07eV.

According to Table 8.3 a sufficiently thick MEH-
PPV film can absorb about 28% of the solar radia-
tion. Note that the bandgap has been significantly
reduced with respect to the insoluble PPV.

For the EQE spectra of these two devices we
found that:

e The thickest (250nm) device shows an EQE
peak in the onset of the absorption spectrum
while the EQE peak coincides with the absorp-
tion peak for the thinnest (10nm) cell.

e The EQE of the thin cell increases again for
shorter wavelengths after reaching its maxi-
mum at the absorption peak whereas the op-
tical density continues to fall. Such behaviour
is unexpected for an otherwise symbatic EQE
spectrum and indeed in contrast to the results
in e.g. LPPPT where the 30nm device keeps
following the absorption.
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Figure 3.24: Chemical structure of the polymer
used in this Chapter. It is a poly(2-methoxy-5-(2-
ethyl-hexyloxy)-1,4-phenylene vinylene - referred to
as MEH-PPV.

e The EQE peak of the 10nm device is almost 5
times as high as for the 250nm cell.

The EQE values for thicknesses ranging from 10
to 250nm with some intermediate values are plotted
in Fig.3.26. All films show an increasing EQE in
the short wavelength range - although the slope is
flatter for medium thickness (35, 54nm) but higher
again for the 10nm film.

Apart from the raising EQE of the 10nm film,
all spectra show very similar features and trends as
observed in the LPPPT film - see previous Section.
The EQE increases clearly with thinner films.

However, if we apply Eq. (3.3) to estimate the
thickness of the active layer from the antibatic EQE
of the 35nm cell, we obtain:

dopt = 26 & Tnm (3.12)

which is 17nm higher than the value found for
PPV [113, 111]. The large error stems from the
uncertainty of the peak position of the 35nm film
in conjunction with the steep slope of OD which
results in a relative error of A\, = 22%. Note that
the 54nm film actually has its peak closer to the
absorption peak than the 35nm film. We consider
this mainly to be due to the low resolution of the
EQE scan (10nm) but also random errors related to
the photocurrent measuring process.

A plot of the EQE versus film thickness taken
at A =505nm shows how the efficiency increases by
nearly a factor 50 from 0.0014% for a thickness of
250nm to 0.064% for 10nm - see Fig.3.27.

The fact that the efficiency is highest in a layer
as thin as 10nm is particularly interesting in the
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Figure 3.25: EQE spectrum of a thick (250nm) and
very thin (10nm) MEH-PPV cell. Also shown is the
absorption of a 38nm MEH-PPV film.

view of other discoveries: For example, it has been
shown that non radiative energy transfer - in other
words - the transfer of an exciton from an excited
molecule to the metal electrode can generate surface
plasmons. The energy transfer onto these plasmons
represents an effective decay channel particularly if
the excitons are close (=20nm) to the metal film
[40]. More recently, effective photo- and electro-
luminescence quenching has been found in organic
films near (<20nm) metal electrodes [14, 15, 103].

Both these earlier findings would let us expect
lower EQEs in such thin films since the lost excitons
are believed to be transferred onto the metal where
their energy dissipates into heat rather than being
split into their constituent charges. Hence, the high
EQE in our thin devices may be affected by the
generation of surface plasmons but the gain of a
smaller filter effect and higher field due to the small
distance between the two electrodes seems to over-
compensate those quenching effects.
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Figure 3.26: EQE spectra for MEH-PPV devices

with thicknesses ranging from 10 to 250nm. Figure 3.28: TV light (solid line) and dark (dashed

line)characteristics of a 250nm thick MEH-PPV de-

vice.
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Figure 3.27: EQE versus film thicknesses for the
MEH-PPV devices ranging from 10 to 250nm. The
dashed line is a guide to the eye.

Figure 3.29: IV light (solid line) and dark (dashed
line)characteristics of a 210nm thick MEH-PPV de-
vice.
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Figure 3.30: IV light (solid line) and dark (dashed Figure 3.32: IV light (solid line) and dark (dashed
line)characteristics of a 54nm thick MEH-PPV de-

line)characteristics of a 35nm thick MEH-PPV de-
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Table 3.4: Survey of various solar cell parame-
ters obtained from the IV curves and the EQE (at
536nm) for MEH-PPV films of varying thickness.

d EQE Voc Id Rsh RS
nm % mV pA MQ MQ
10 0.064 650 31 200(2400) 7.5(8.0)
35 0.039 730 14 500(11000)  40(74)
38 0.047 730 16  400(12000) 14(23)
54 0.039 700 9 380(18000)  40(270)
210 0.004 500 6 1400(21000)  100(170)
250 0.001 420 7 2400(24000)  54(220)
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T T T T L T T T T | T Il' T ]
8k 1 —
210 - 38 4110 4
- s 35+
— C MEH-PPV ! fsa
< 110°F ;
c - .
2 I : i
; 01 OD ?-50 ______ w 210
© 210 pid ]
54 - ]
110°%38 P4 -
|_ | | | I. 11 1 111 1 | L1117
-2 -1 0 1 2
0315601 voltage (V)

Figure 3.34: IV characteristics under illumination
for different film thicknesses in MEH-PPV. The
numbers represent the thickness in nm.

Fig.3.29 to Fig.3.33 show the IV characteristics
for various film thicknesses in darkness and under il-
lumination (through ITO) with A =550nm at about
0.2mWem~2. The dark current I; is the actually
measured current at OV in darkness and should
not be confused with the reverse saturation current
which can only be obtained by fitting the IV curve.
For more information on the dark current which is
an experimental artifact see Chapter 10.

In contrast to the findings in LPPPT films the
IV characteristics in the dark for MEH-PPV do not
change their shape much for different thicknesses in
the negative voltage range (3rd quadrant). Apart
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from the thinnest device the IV curves for positive
voltages (1 quadrant)under illumination reveal two
different slopes. The slope at lower voltages is al-
ways steeper than the other. The latter also de-
creases with thickness while the other remains more
or less constant. The changes of the shape of the
IV curves under illumination can be assessed more
easily in Fig.3.34.
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Figure 3.35: V,. and I; in MEH-PPV versus film
thickness. The lines are guides to the eye.

Table 3.4 gives a survey of important cell param-
eters obtained from these IV curves plus the EQE
values at A =505nm. The R, and R, values were
taken from the inverse slopes around OV and the
steeper slope in the 1st quadrant. A rough compar-
ison with the table for LPPPT reveals that both
the shunts (Rs,) and Ry in MEH-PPV are gener-
ally about an order of magnitude higher and V.
by about a factor 6. The dark currents I; are only
slightly smaller than for LPPPT. However, the EQE
is reduced by a factor of 2-3 with respect to the lad-
der type polymer.

These results can be understood if we consider
the equivalent circuit diagram ECD - as discussed in
Chapter 2 qualitatively: Higher R, results in lower
photocurrents and a large shunt favours higher V..
The slightly smaller dark currents I; are also con-
sistent with the higher V,. in MEH-PPV.

In Fig.3.35 we have plotted V,. and dark current
versus film thickness. As in LPPPT there seems
to be an opposite trend between V,. and I;: For
similar film thickness the V. is smaller if I; is higher
and vice versa.

The series and shunt resistors are plotted ver-
sus film thickness in Fig.3.36. As in the LPPPT
films we find that the shunt increases much faster
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Figure 3.36: Series and shunt resistor versus film
thickness in MEH-PPYV cells. The lines are linear
fits.

(8M€Q/nm) than the series resistor (250k)/nm).
Considering the average size of Ry ~ 40M() in
MEH-PPYV the increase for a device with e.g. poly-
mer film thickness of 100nm is 25M¢2 which is about
60% is relatively small.

Very interesting and somewhat surprising is that
Rp, increases very quickly (350M€2/nm) and virtu-
ally linearly up to a thickness of at least 54nm. The
shunts in light and darkness are plotted in Fig.3.38.

However, for larger thicknesses we find consoli-
dation at around 23000M(2. We note that the dif-
ferences in dark currents around 0V for the thicker
films become less than 1pA which is close to the
resolution limit of the source measure unit. Thus
the shunts for these two thick films do contain a
large relative error and can therefore only give and
indication?2.

In Chapter 2 we have seen that the ratio Rs/Rsp
does not only affect the fill factor but also the out-
put current of a solar cell. According to Eq. (2.19)
the current through a solar cell is reduced by the
factor (3

B=1+ R./Ran (3.13)

In Fig.3.37 we have plotted 3 versus film thick-
ness. The figure shows that - unlike the situation
in LPPPT where we found a strong increase for
d< 60nm - 8 in MEH-PPYV is not much different
from 1 for thicknesses ranging from 10 to 250nm.
Hence, the Rs/Rg, ratio is small enough so that

22GSimilar considerations could apply for LPPPT and thick-
ness values larger than 120nm.
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Figure 3.37: Reduction factor 3 versus film thick-
ness in MEH-PPV under illumination (A = 550nm)
and in the dark.

reasonable fill factors should be possible for higher
light intensities.
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Figure 3.38: Shunt resistor of MEH-PPV devices in
the dark and under illumination versus film thick-
ness. The solid lines are linear fits while the dotted
line represents a possible saturation.

Fig.3.39 shows again the dark and light character-
istics of the ITO/LPPPT/Al device (59nm thick).
It also shows the fit with Eq. (2.19) that could be
applied for the region -0.4V to 1.2V using the fol-
lowing fit parameters:

1. ideality factor: n=4.54
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Figure 3.39: Experimental IV curves (solid lines)
in the dark and under illumination of a ITO/MEH-
PPV/Al device (38nm thick) and fits (dashed lines)
using Eq. (2.19).

2. reverse saturation current: Iy = 0.7pA (light),
Iy = 0.1pA (dark)

3. resistors in the dark: Ry, = 1130MS), R, =
1.3MQ

4. resistors under illumination: (0.2mW /cm?):
Ry, = 400MQ, R, = 2.0MQ2 and Iy, = 1720pA

Note that the resistor values shown in this list
are somewhat different from the values shown in
Table 3.4. In the latter the numbers were derived
directly by taking the slopes of the characteristics
at OV (Rgp) and the highest voltages around 0.9V
(Rs) whereas in the former the formalism consid-
ered effects of n, Iy, Ir,. The results for the shunt
are very similar but the values for R are about 10
times larger in the fit.

We consider the numbers for R, values which are
derived from the slope around 0.9V to be more ac-
curate since R really starts to dominate only at
higher voltages?3.

Note that in contrast to the fit for the LPPPT
device we had to choose two different values for Iy
in MEH-PPYV to obtain a reasonable fit.

According to the discussion on the photolumines-
cence effects in Chapter 2 we can now take the re-
verse saturation current Iy together with the PL ef-

23Unless the IV curve becomes clearly linear for higher
voltages the (inverse) slope can only represent a upper limit
of Rs - see Chapter 2.

51

ficiency of MEH-PPV of about 13% [63]) we obtain
a value for the PL independent component of the

reverse saturation current according to Eq. (2.25) -
of:

Iy =1Ip- ®pr, =0.7pA - 0.13 = 0.091pA  (3.14)

The value for Iy; is close to the 0.12pA obtained
for LPPPT. Thus, it can not be ruled out here that
Iy depends only or at least predominantly on the
PL efficiency. This would then indicate that the
maximum performance of both materials LPPPT
and MEH-PPV showing the used PL efficiency has
been closely approached in these devices.

A more detailed study comprising a higher num-
ber of samples and systematic IV analysis is nec-
essary to confirm this possibility and explain the
observed variation of V,. with thickness.

Summary

In this Section we have found for MEH-PPV that:

e Thickness is an important parameter. The op-
timal thickness can be estimated roughly from
the absorption spectrum and an antibatic EQE
spectrum.

e The EQE increases from 0.0014% for the thick-
est (250nm) devices to 0.064% for the thinnest
(10nm) device.

e The highest EQE efficiencies were achieved for
the thinnest cells where the optical filter ef-
fect has virtually disappeared. Since the entire
10nm layer contributes to the photocurrent -
the exciton diffusion length can be at least as
high as 10nm in this material - if the poly-
mer /Al interface has to be reached.

The maximum active layer was estimated to
be around 26+7nm which is an estimate for
the upper limit for the exciton diffusion length
in MEH-PPV.

e For similar thicknesses devices with lower dark
current I; shows higher open circuit voltages.

e Both resistors increase with increasing film
thickness, but R, grows more than 30times
faster (8.0MQ/nm) than R, (250kQ2/nm) un-
der illumination (A = 550nm, 0.2W /cm?) for
an area of 4mm?2.

e The PL efficiency multiplied with the reverse
saturation current (0.7pA) gives approximately
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the same number for MEH-PPV (0.091pA) as
for LPPPT (0.12pA). This is consistent with
a strong correlation between the IV curve i.e
the photovoltaic performance and the PL as
discussed in Chapter 2 and Ref. [234].

The following observations are in contrast to the
findings for LPPPT:

e V,. in MEH-PPV is generally about 6 times
higher and V. also tends to increase with thin-
ner films.

e The dark current in MEH-PPV is virtually
voltage independent for negative voltages and
the thickness range 30 to 250nm. Only the
10nm device shows clear dependence for (neg-
ative) bias larger than 0.6V.

e RR; is on average about 15 times smaller than
R, so that the output current reduction factor
[ is not very different from 1 for all thicknesses.

e The EQE of the thinnest MEH-PPV device fol-
lows the main absorption band but increases
again in the blue, while the absorption still de-
creases.

3.4 PTV

With an EQE of about 1% and V. of 1.2V, PPV has
shown some of the highest solar cell parameters for
polymers in single layer devices. Unfortunately, the
high bandgap (&~ 2.4eV) does not allow sufficient
absorption of photons in the visible range. This is
not only an obstacle for the application as photo-
detector material but also for the use in solar cells.

PTV

Figure 3.40: Chemical structure of Poly[3,4-bis-
(S)-(2-methylbutylthio) thienylenevinylene], PTV.
Here n =~ 120 (Mn)

With a bandgap of 2.4eV, only about 15% of
the solar light on earth could be absorbed in a

CHAPTER 3. SINGLE LAYER DEVICES

very thick film of PTV - see Table 8.3. The in-
troduction of alkoxy substituents could lower the
bandgap by about 0.4eV and lead to good solu-
bility in many solvents. One of these derivatives
(MEH-PPV) has been investigated in the previous
Section and showed broader wavelength sensitivity
but otherwise poorer photovoltaic properties than
PPV.

In this Section we investigate a molecule where
the benzene ring of MEH-PPV is replaced by a thio-
phene ring and the alkoxy by the stronger electron
donating thioalkyl chain. Note that replacement of
carbon atoms with sulfur in a conjugated systems
generally decreases the bandgap. Thus we obtain a
polythiophene (PT) derivative with ethylene link-
ages PTV - see Fig.3.40.

If we compare PTV with poly-thiophene deriva-
tives, we find that the introduction of ethylene link-
ages between the thiophene rings should lead to a
more rigid structure with less rotational disorder
and lower aromatic character?* and therefore higher
electron delocalisation. Hence the bandgap should
be even lower than in many PTs.

Moreover, the side-chains are chiral and can
therefore induce interesting optical properties such
as the ability to turn the plane of electromagnetic
waves (optical activity) by means of aggregation of
the main chains into chiral superstructures. This
has already been observed for other semiconduct-
ing polymers [156].

Experimental

PTYV has been synthesised via the McMurry reduc-
tive polymerisation by Francesca Goldoni, Univer-
sity of Technology (Eindhoven, The Netherlands).
Details of the synthesis, solvatochromic effects and
circular dichroism (a bisignated sigal has been ob-
served for this polymer) can be found in Ref.[90, 91].
The molecular weight of the polymer is high but
also shows strong polydispersity (Mn = 38600, Mw
= 146680). The number of repeat units can there-
fore be calculated as 120 (Mn) and 470 (Mw).

The polymer was spincoated from chloroform
solution (15mg/mljonto pre-etched ITO coated
quartz substrates with 2000rpm in a laminar flow
box.

Absorption and photocurrent measurements were
performed in air. More details on the preparation of
substrates, devices and the EQE/IV measurements
can be found in Chapter 10.

24Directly linked aromatic rings tend to twist
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Results and Discussion
Absorption and EQE Spectra

Fig.3.41 shows the EQE spectrum of an ITO/PTV
(70nm)/Al device when illuminated through the
ITO contact as well as the linear absorption curve.
The absorption spectrum shows features of the vi-
bronic structure - similar to the ones observed in
solution[90]. The low bandgap suggests well or-
dered regions with extended conjugation along the
polymeric backbone. The onset of absorption is at
around 720nm which corresponds to a bandgap of
1.73eV. According to Fig.8.3 a sufficient thick layer
of a material with such a bandgap can absorb about
42% of the solar light (ranging from 300 to 720nm).

0'15_|||| LI TTTT |||||_0'5
04 T
2 01p . 8
~ E —» 403 2
o - 10, 3
w Q.05 » _50'22.
- Jo1 2
et ] ~

Ol vt by Ly g T 0

400 500 600 700 800
wavelength (nm)

oridmo

Figure 3.41: The EQE of a 90nm thick PTV de-
vice is very low in the main absorption region but
reaches values similar to MEH-PPV in the blue
range.

The EQE spectrum as shown in Fig.3.41 does not
reveal any response in the region of the main ab-
sorption band (not even at the absorption onset)
but reaches its maximum EQE at around 0.07%
around 400nm. This number is very similar to peak
EQEs of good single layer materials such as MEH-
PPV (see Ref.[196]) or other soluble polythiophenes
[202] but clearly lower than the 1% found in PPV
[168]. Such a behaviour, neither a symbatic re-
sponse nor a clear sign of an optical filter effect is
rather unusual.

A possible explanation may have to consider the
special optical properties (optical activity) due to a
chiral superstructure®® or simply be the result of a

25 A bisignated circular dichroism spectrum was found for
aggregates in solution [90]
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combination of two extrinsic charge generation pro-
cesses such as a photoactive Al/polymer interface
and the presence of exciton dissociation sites such
as oxygen distributed within the bulk.
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Figure 3.42: The semi logarithmic plot of the EQE
spectrum of the same device as in Fig.3.41reveals
that the photoresponse starts in fact with the onset
of light absorption and increases nearly by a factor
of 10 every 100nm. We found that EQE oc A™* fits
very well for A > 480nm

The EQE plotted on a logarithmic scale -
Fig.3.42- reveals a nearly single exponential increase
of the EQE starting from the absorption onset at
720nm. The photoresponse covers the full visible
range with virtually unequivocally correlated EQE
values distributed over 4 orders of magnitude. The
photocurrent increases by about an order of mag-
nitude when illuminated with e.g. 500nm instead
of 600nm. As a consequence, this device can be
used as a colour or wavelength detector for a wave-
length range as wide as 400 to 800nm (the full visi-
ble range). For comparison: Tada et al. had to use
the photoresponse of a thick and a thin layer of a
poly thiophene derivative (Poly(3-hexylthiophene)
to obtain a colour sensor with similar sensitivity
but much narrower spectral range (550 and 630nm)
[243].

IV Characteristics

The IV characteristics in the dark and under
monochromatic illumination (420nm) is shown in
Fig.3.43. Even under the low illumination intensity
(0.05mW /cm?) the device develops an open circuit
voltage of 370mV with a fill factor of ~ 30%.
Another interesting result is that despite the rea-
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Figure 3.43: IV characteristics of the PTV device in
the dark (dashed line) and when illuminated with
A =420nm (solid line).

sonable V. and relatively good fill factor, this de-
vice shows no strong rectification ratio since there
is no clear off state current. It looks more as if a
counter-diode has been formed with a even lower
breakthrough voltage than in forward bias. This
has probably to do with the low bandgap that is
more likely to lead to low interface barriers for
both forward and reverse bias. From the slopes
in Fig.3.43 we have extracted the following resistor
values:

o light: R, = 200M(2 and R, =3000MS2

e dark: R, = 200MS2 and Ry, =6400M¢S2

The series resistor is about 10 times higher than
in MEH-PPV or LPPPT - possibly because of the
lower light intensity here. A study of R, as a func-
tion of light intensity would be desirable as part of a
future project. The smaller difference between the
shunt in dark and light compared to LPPPT and
MEH-PPV may also be due to the lower illumina-
tion intensity here.

We note that the R, values taken from the first
(around 0.45V) or the third quadrant (counter-
diode, around -0.25V) are virtually identical.

Fig.3.44 shows a double logarithmic plot of the
same IV characteristics as in Fig.3.43. There are
two different slopes fitting the dark characteristics
in the positive bias voltage range: For voltages up to
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Figure 3.44: A double logarithmic plot of the dark
characteristics. Ohm’s law seems to fit for lower
voltages while the I oc V* relation may be due to
charges released from deep and/or shallow traps.

0.2V, current and voltage obey Ohm’s law of direct
proportionality.

For voltages larger than 0.2V up to 1V we find
an I oc V* relationship. According to the Mott-
Gurney equation [138, 231] for trap free space
charge limited current the current through the
diode obeys:

v
I x 7 (3.15)
for low voltages and
V2

for high voltages

However, the presence of deep and/or shallow
traps can lead to an even stronger dependence in
a limited range of V before returning to obey the
trap free equations above. The range from 0.2 to 1
V in Fig.3.44 may display the trap dominated re-
gion.

Summary
In this Section we have found that:
e A semiconducting polymer with a bandgap

as small as 1.76eV can be used to built a
ITO/polymer/Al cell.
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e The EQE is very low at long wavelengths but
very sensitive to the illumination wavelength
and obeys EQE o« A\'/? between 480 to 720nm.
This enables direct determination of the wave-
length of incident light from the photocurrent
using the spectral response curve. Thus, this
device can be used as colour sensor covering
the full visible range.

e The cell shows a relatively good fill factor for
a single layer polymer cell of about 30% with
an open circuit voltage of 370mV

e The device shows low breakthrough voltages
for both negative and positive voltages. Thus
it can be used to amplify positive and negative
voltages.

e The EQE reaches 0.07% at 400nm.

e The EQE spectrum is neither antibatic nor
symbatic - possibly due to the optical activity
in conjunction with a chiral superstructure

e Resistor values derived from the IV curves
at 0.05mW/cm? are: R, = 200MQ and
R, =3000MS2 and in the dark: Ry = 200MS)
and R, =6400MSQ

3.5 PIF

Up to now, all polymers that have been discussed
in this Chapter can be used as electron donors be-
cause of their small ionisation energy i.e. high lying
HOMO level. Fig.3.45 shows the chemical structure
of a polymer (PIF) that has the potential to be both
a low bandgap absorber as well as an electron ac-
ceptor with respect to many other polymers.

The short distance between the fairly large re-
peat units causes a twisting angle of 33° [210]. The
distinct twist between the monomer units and the
short but bulky side chains allow for plenty of space
between the molecules so that it dissolves readily in
many common solvents.

Despite the distortion of the conjugated backbone
this molecule can still have a very low bandgap
thanks to the large 7 system of the single repeat
units. The quinoid character was expected to lead
to relatively high electron affinity which would clas-
sify this material as an electron acceptor with re-
gard to the majority of other conjugated polymers.

In this Section we will discuss the absorption and
photovoltaic properties of ITO/PIF/Al devices.

95

Figure 3.45: Chemical structure of poly indeno fluo-
rene, referred to as PIF. The quinoid character, the
large 7 - system and the bulky side chains make this
material a candidate for a low bandgap electron ac-
ceptor. n = 20-25.

Experimental

PIF has been synthesised by H. Reisch and U.
Wiesler at the MPI in Mainz, Germany. Details
about the synthesis can be found in Ref. [210].
The polymer was spincoated from chloroform solu-
tion (8mg/ml) onto pre-etched ITO coated quartz
substrates at 2000rpm in a laminar flow box. Ab-
sorption and photocurrent measurements were per-
formed in air. More details on the preparation of
substrates, devices and the EQE/TV measurements
can be found in Chapter 10. The thickness of the
organic layer was about 30nm.

Results and Discussion
Absorption and EQE Spectra

Fig.3.46 shows the absorption spectrum of PIF to-
gether with the EQE of an ITO/PIF/Al device
(20nm thick). The absorption peak is at 800nm
whereas the onset of absorption is around 1100nm
which corresponds to a semiconductor bandgap of
1.13eV. A sufficiently thick device of a semiconduc-
tor with this material can absorb 77% of the direct
solar radiation on earth - see Fig.8.3.

Note that the bandgap is virtually identical to the
one of crystalline silicon. Thus, this might be the



56

0005]_ TTTTTTT IIIIIIIII|IIIIIIIII|IIIIJ_
C —;0.3 a
0.004F[ i =
— N E o
2 0.003] Jo2 2
I = o
L E 1]
T 0.002} E
w 401 F
0.001} 1 =~

0 IIIIIIIII|IIIIIIIII|IIIIIIIII|II :0

400 600 800 1000

pre wavelength (nm)

Figure 3.46: EQE and absorption spectrum of a
PIF device when illuminated through ITO and mea-
sured in air. The whole bulk is active since we
observe a symbatic behaviour. The photoresponse
covers the same range as commercial silicon pho-
todetectors (400-1100nm)

first photodiode based on a soluble semiconductor
that covers the same spectral range as commercial
silicon photodiodes. Organic semiconductors with
very low bandgaps often lack photo-stability.

However, with this material we did not observe
any signs of photo-degradation before or during the
measurements where the polymer was exposed to
light intensities of up to 0.2mW /cm? for several
minutes in air. Although these intensities are still
relatively low, the device was working and could
serve, for example, as photo-detector at such inten-
sities.

The EQE spectrum closely follows the absorption
indicating that the entire bulk contributes to the
photocurrent. The absolute EQE numbers (0.003%
at 800nm), however, are about an order of magni-
tude lower than in e.g. MEH-PPV.

A semi logarithmic plot - see Fig.3.47 - confirms
that the photoresponse coincides very well not only
with the peaks but also with the onset of absorp-
tion. The EQE is again higher for the shorter wave-
lengths. We want to note here that the error of the
EQE spectrum between 400 and 500nm can be as
high as +50%. This is because the signal to noise
ratio is very low due to the low emission intensity
of the QTH-lamp and the low EQE of PIF in this
region.
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Figure 3.47: The semi logarithmic plot of the same
data as in Fig.3.46 shows that absorption and EQE
are very much “in phase” even at the onset at
1100nm

IV Characteristics

The dark and light characteristics of the same PIF
device are shown in Fig.3.48. Despite a significant
I, there is neither a significant V. nor a reason-
able rectification ratio. Both the dark and the light
characteristics appear almost symmetrical and on
top of each other at the scale shown.

Note that the current through this device is about
10 times higher than in MEH-PPYV so that the slope
around 0V is actually very steep i.e. the material
is very conductive already without applying a volt-
age. Thus, the relatively few photogenerated charge
carriers cannot change the shape of the dark char-
acteristic significantly.

From the slopes in Fig.3.49 we have extracted the
following resistor values:

e light: Ry = 1.7TMQ, R, = 5.7MQ (negative volt-
age range) and R, =66M()

e dark: Ry = 1.TMQ, R, = 5.7TMQ (negative volt-
age range) and Ry, =83M{)

Note that according to the discussion in Chapter
2 all R, values obtained from the slope in the IV
curve can only represent upper limits. The values
are considerably smaller than in e.g. MEH-PPV
which may indicate either partial shorts due to pin-
holes or high conductivity due to dopants or rather
low barriers in the pathway of the charges. The lack
of a reasonable V. is most likely related to the low
shunt resistor.



3.6. THPF

1 10 _| T 1 1 1 1111 T rrrr 1 1111 _]
L 010°f
= C ]
o C ]
5 o Voec<20mV 1
‘-’_1 10-?3_ Isc =190pA _f
o Id =116pA .
E A = 800nm 7
-2 10'?_ [ B R ‘ Lrr g 1T

-1 0] 1

0715603 V0|tage (V)

Figure 3.48: IV characteristics of the PIF device
(32nm thick). Dark and light curve coincide on this
scale. The device was illuminated at A=800nm

The extraordinary low bandgap among today’s
polymers (1.13eV) may well lead to low elec-
trode/polymer - interface barriers for both injection
and extraction of charges and therefore lead to the
formation of a counter-diode as in the low bandgap
polymer PTV. Such a steep slope with a low V.
seems to occur more often in electron transport
materials particularly if they have a low bandgap
[150, 64].

In Fig.3.49 we plotted the dark curve of Fig.3.48
on a double logarithmic scale. The IV curve follows
the Mott-Gurney equation (Child’s Law) for trap
free materials (I oc V'2?) between 0.1 and 1V.

Summary

In this Section we have found that:

e The conjugated polymer PIF with a bandgap
as low as 1.13eV can be used to manufacture
a photovoltaic cell with a photoresponse cover-
ing the same range as a commercial crystalline
silicon based solar cells.

e The EQE of this material reaches 0.003% at its
absorption peak (800nm)

e There is only little rectification and a negligible
Voe (smaller 20meV) - most likely due to the
low shunt resistor.

e Resistor values derived from the IV curves
at 0.2mW/cm? and A = 800nm are: R, =

o7

current (A)

1 IIIIIII‘

0714005

voltage (V)

Figure 3.49: The IV curve (filled circles) fits the
Mott and Gurney equation (Child s law) for trap
free materials (I oc V2, solid line) and shows no
ohmic behaviour as expected for such low voltages
(I « V, dashed line). There are also no clear
signs for deep or shallow traps. The steep slope i.e.
strong voltage dependence of the current around 0V
seems to occur more often in electron transport ma-
terials.

1.7TMQ,Rs = 5.7MQ (negative voltage range)
and Ry, =66MQ and in the dark: R, =
1.7TMQ,Rs = 5.7TMSQ) (negative voltage range
and R, =83M¢)

e Child’s law for trap free materials fits the IV
characteristics between 0.1 and 1V

3.6 THPF

In this Section we are going to investigate a polymer
with a molecular structure which has a number of
interesting peculiarities - see Fig.3.50: A dialkoxy
substituted phenylene ring is coupled via a triple
bond to a thiophene with a pyrazine fused to it.
Moreover, two fluoro substituted phenylene rings
extend the the conjugated system further.

The triple bond does not break the conjugation
in these poly-ynes?S; in fact, extended conjugation
has been found in both organic and organo-metallic
poly-ynes [142]. The large and electron rich 7 sys-
tem should be reasonably flat and therefore result
in a particular low bandgap - see below.

26The term -yne denotes the triple bond.
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Figure 3.50: Chemical structure of the polymer
THPF used in this Chapter. n ~ 22

In addition, the introduction of the fluoro substi-
tuted phenylene could increase the electron affinity
significantly and make it - together with the low
bandgap - an interesting candidate as electron ac-
ceptor in D/A solar cells. However, the spatial sep-
aration from the thieno-pyrazine via the phenylene
could weaken their effect to some extent.

From the comparison with a derivative that lacks
the fluor atoms, we know that their effect on e.g.
the bandgap is negligible - which is consistent with
the findings for MEH-PPV and its cyano substi-
tuted analogue®”.

In any case, low bandgap acceptor materials are
particularly promising for the use in D/A solar
cells but still very hard to find among polymeric
semiconductors. More information on organic and
organo-metallic poly-ynes can be found in Refs.
[141, 146, 147, 184).

Experimental

THPF has been provided and synthesised by
M. Khan, University Chemical Laboratory (Cam-
bridge, UK). Details of the synthesis can be found in
Ref. [143]. The polymer was spincoated from chlo-
roform solution (16mg/ml) onto pre-etched ITO
coated quartz substrates with 2000rpm in a lami-
nar flow box.

Absorption and photocurrent measurements were
performed in air. More details on substrate, device
preparation and the EQE/IV measurements can be
found in Chapter 10.

27Cyano (CN) groups are like fluor atoms strong electron
withdrawing and therefore often used to increase the electron
affinity of an organic compound.
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Results and Discussion
Absorption and EQE Spectra

Fig.3.52 shows the linear absorption spectrum to-
gether with the EQE spectrum of a 110nm thick
ITO/THPF /Al cell. The onset of absorption is at
720nm (1.72eV). A sufficiently thick layer with this
bandgap can absorb about 48% of the direct solar
radiation on earth - see Fig.8.3. The absorption
spectrum shows a dominant peak at 620nm and a
shoulder at 680nm.
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Figure 3.51: The EQE of an ITO/THPF /Al device
reaches 0.15% around 400nm. However, in the main
absorption range (500-700nm) the efficiency is only
0.003% which is an order of magnitude lower than
in analogous MEH-PPV cells.

The EQE exceeds values of 0.1% at 400nm which
is more than twice as much as typical MEH-PPV
devices. The shape as well as the absolute num-
bers with the considerably high peak EQE around
400nm resemble the EQE spectrum found in the
PTYV device. Note that in both materials the EQE
in the main absorption band is considerably lower
than near 400nm.

Unlike the results in PTV devices, the semi log-
arithmic plot - see Fig.3.51 - shows no exponen-
tial dependence on the wavelength for THPF. The
plateau around 600nm makes an application as
colour sensor clearly more difficult. In addition, the
shoulder in the EQE curve at 700nm might indicate
the presence of the optical filter effect.

IV Characteristics

The IV
shown in Fig.3.53.

characteristics of the same device is
The IV curves show ohmic
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Figure 3.52: A semi logarithmic plot of the EQE
spectrum in Fig.3.52 reveals that the EQE follows
the absorption - although some signs of an internal
filter effect are visible.

behaviour between -1 and +1V but develop
a reasonable open circuit voltage of 600mV
(at A =552nm, 0.2mW/cm?) and 700mV (at
A =440nm, 0.06mW /cm?). We can also see that
the EQE can be doubled by increasing the reverse
bias voltage by 1V.
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Figure 3.53: IV dark (dashed line) and light charac-
teristics (solid lines - shown here for two excitation
wavelengths) of the THPF device. The behaviour
is ohmic.

From the slopes in Fig.3.53 we have extracted the
following resistor values:

99

o light: R, < 6300MQ (A =552nm),R, <
1400MQ (A =440nm) and Ry, =6300MQ
(A =552nm), Ry, =1400M€ (A =440nm)

o dark: R, < 17000MS2 and R, =17000MS2

Note that according to the discussion in Chapter
2 all R, values obtained from the slope in the IV
curve can only represent upper limits. This is par-
ticularly important here since the voltage range is
probably not large enough to exceed the onset of the
diode breakthrough voltage - so that both the shunt
and the series resistors are equal here. However, R,
could be considerably smaller.

The values are somewhat higher than in e.g.
MEH-PPV which indicates the absence of signifi-
cant shorts through pinholes and thus account for
the good open circuit voltage.

Note that the shunt (and the upper limit for Ry)
at the wavelength with the lower light intensity is al-
most 5 times smaller as is the short circuit current.
Considering that the OD for the two wavelengths
is roughly the same (0.51 at 440nm and 0.37 at
552nm) the higher conductivity at lower light in-
tensity is rather surprising.

However, the unusually big difference between
the EQE in the main absorption and around 400nm
suggests that there may be other wavelength depen-
dent effects dominating. This would require further
investigation preferably involving light intensity de-
pendent EQE/IV for different wavelengths in future
studies.

Summary

In this Section we have found for ITO/THPF/Al
devices:

e The EQE is relatively low (0.003%) in the main
absorption band (500-700nm) but reaches more
than 0.1% around 400nm.

e The photo-responsive range covers a broad
wavelength range (400 to 800nm).

e A relatively high open circuit voltage of up to
700mV.

e The EQE can be doubled by applying a reverse
bias voltage of 1V.

e Resistor values derived from the IV curves
at 0.2mW/cm? and A = 552nm are: R, <
6300MS2 and R, =6300MS) and in the dark:
Ry < 17000MSQ2 and R, =17000MS2
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3.7 Per

The most frequently used perylene pigments are
diimides and bis imidazoles of perylene-3,4,9,10-
tetracarboxylic acid. They show good light and
water fastnesses and are best known for their use
as colourants for automobile paints and plastics.

HOHOA
N A
IaVaat

Per

Figure 3.54: Chemical structure of the soluble pery-
lene diimide (Per) used in this Section.

Also photo-conducting properties of perylenes
have been recognized as early as 1972 when Re-
gensburger and Jakubowski studied the xerogra-
phic behaviour of a number of perylenes in bi-layer
devices[218]. Their motivation to investigate these
molecules were likely driven by the fact that many
perylene diimides are strongly absorbing in nearly
the entire visible range and that they were avail-
able. We note that perylene bis-imidazole absorb
at longer wavelengths relative to those of perylene
diimide due to the extended m-conjugation[154].

Later it was discovered that charge separation in
perylenes primarily takes place at an interface with
a hole accepting molecule unless the exciton decays
non-radiatively to the ground state [154], [244].

Furthermore, it has been found that the photo-
sensitivity of perylenes is higher, the more planar
the molecule is [154].

The following formulation can be found in claim
17 of Chin Tang’s Patent on a multi-layer or-
ganic photovoltaic device which underlines the im-
portance of size?® and planarity of photovoltaic
molecules in general - not only perylene derivatives
[245]:“...materials comprising a compound contain-
ing a generally planar polycyclic nucleus having a
surface area of at least about 40 square A and a
width of at least about 5 A.” In this basic patent
he also mentions that electron-acceptor compounds
should have at least 7 aromatic rings and 8 for elec-

28The actual perylene structure (4 aromatic rings fused
together around a central ring) measures about Tx6A
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tron donors to avoid shorts due to pinholes in the
about 40 to 50nm thin films.

Following these guidelines, he managed to fabri-
cate one of the best organic solar cells until today
using a double layer comprising two large and flat
aromatic molecules such as a perylene bis-imidazole
together with a copper phthalocyanine [244].

Interestingly at least one device in the patent was
even better than in Ref. [244]: A NESATRON?/
diimide-perylene/Ag device with V,.=440mV, Ise =
3.0V, FF = 0.6 and a power conversion efficiency as
high as 1.0% under AM2 conditions. The particular
diimide perylene used in this cell had a phenyl ring
coupled to both nitrogen atoms.

However, in order to fabricate thin film solar cells
with pigments, energy intensive and expensive ther-
mal sublimation has to be employed since their sol-
ubility in common solvents is very low.

Only very recently (1998), chemists at Xerox
have found a method to process many hetero
cyclic pigment classes from solution to facilitate
cheaper manufacturing [283]. In this Lewis-acid
pigment solubilisation (LAPS) process, the pig-
ments are mixed with a solution of a Lewis-acid in
nitromethane. The solubilisation involves coordi-
nation of the acid with the pigment molecules’ het-
ero atoms to form a soluble electron donor-acceptor
complex which is later removed by washing. Unfor-
tunately this method does not work for all pigments
and the acid might attack the pigment and/or the
electrode material causing other complications.

In this Section we investigate a photovoltaic cell
using a perylene derivative (a dye) that allows for
simple processing via spincoating from solution.
Other soluble perylenes have been reported, most
of which also exhibit photoluminescence efficiencies
around 100% in solution [69].

We note that in the meanwhile also soluble pery-
lene containing polymers are available [217]. One
has already been employed successfully in LED
structures to produce white light by means of exci-
tation energy and charge transfer from a blue emit-
ting ladder type polymer in a blend [246].

Experimental

The perylene dye has been purchased from Synthec
(Germany). Details of the synthesis can be found in
Ref.[60]. The polymer was spin-coated from chlo-
roform solution (8mg/ml1)3® onto pre-etched ITO

29NESATRON is a brandmark for a material with similar
properties as ITO - mainly used in the 1970s

30 According to Ref [60] up to 70mg(!) can be dissolved in
1ml.
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coated quartz substrates with 2000rpm in a lami-
nar flow box.

We obtained very tractile films of reasonable
thickness (about 100nm) - with no spin marks but
the surface appeared rough in contrast to the shiny
surface of e.g. MEH-PPV films. Absorption and
photocurrent measurements were performed in air.
More information on sample and device preparation
can be found in Chapter 10.

Results and Discussion
Absorption and EQE Spectra

Fig.3.55 shows the EQE spectrum of a 40nm thick
ITO/Per/Al cell when illuminated through the ITO
as well as the linear absorption curve. We find vir-
tually no antibatic behaviour so that the two main
features can be found in both spectra: A dominant
peak at 495nm and another peak at 540nm. In ad-
dition, the EQE reveals another local maximum at
370nm.
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Figure 3.55: The EQE of this Per device follows the
absorption spectrum closely reaching numbers com-
parable to MEH-PPV but covering a larger spectral
range.

The lack of an optical filter effect upon illumi-
nation through ITO in this 40nm thick device is
consistent with the assumption that perylene can
be regarded as n-type semiconductor: N-type semi-
conductors form an rectifying i.e. active interface
with ITO rather than Al which is expected to re-
sult in a symbatic EQE spectrum when illuminated
through ITO - regardless of the actual exciton dif-
fusion length.

Further confirmation of the n-type nature of this
particular organic dye could be obtained from field
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effect measurements following the argumentation in

Ref. [134]. In the same reference a very similar
perylene diimide has been classified as n-type semi-
conductor by means of the symbatic response®! and
field-effect-transistor IV curves.
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Figure 3.56: The semi logarithmic plot of the data
in Fig.3.55 reveals an onset of the photoresponse
even before the onset of absorption (as determined
by our absorption setup). Photo-thermal deflection
(PDS) measurements may be useful to investigate
this further.

The EQE reaches about 0.08% which is about
twice as high as MEH-PPV cells with the same
thickness. This is still between one and two orders
of magnitude smaller than the values for perylene
diimide pigments published in Ref. [245]. Thus,
the same side chains that facilitate solubility pre-
vent the molecules from close packing as in pigment
films. Hence, strong inter molecular interaction
seems to favour efficient charge transport and/or
exciton generation.

The logarithmic plot in Fig.3.56 reveals that the
onset of the EQE spectrum does not exactly co-
incide with the onset in the absorption at 620nm.
Significant photoresponse can already be found at
about 700nm. Photoresponse before the absorption
onset has also been found in THPF - earlier in this
Chapter. Both materials have electron withdraw-
ing groups that are expected to lower the LUMO
to make them stronger electron acceptors - see also
Chapter 2.

3lwhen illuminated through SnO»
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IV Characteristics

The light and dark characteristics of this device is
shown in Fig.3.57. We found very large currents in-
dicating high conductivity and a rectification ratio
of about 20 at £1V. Note that similar to the pre-
viously described PTV and PIF devices there is a
relatively small negative breakthrough voltage indi-
cating the presence of a counter-diode.

From the slopes in Fig.3.57 we have extracted the
following resistor values:

e light: R; = 0.9MQ and R, =50MS)

o dark: Ry, = 0.9MS2 and R, =60MSQ2

Both the series and the shunt resistors are more
than an order of magnitude smaller than in e.g.
MEH-PPV or LPPPT. This would probably ac-
count for the relatively small V. and the high pos-
itive dark current. The value for the series resistor
has been taken from the slope in the negative volt-
age range - since the slope there is smaller than the
one in forward bias representing the “lower” upper
limit for R,.
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Figure 3.57: IV dark (dashed line) and light

(A =550nm, solid line) characteristics of the Per
device. A clear rectification for voltages above 1V
is observed.

We note that the formation of crystals has been
observed in Per/P3HT blends but also to a smaller
extent in single layers [62, 63]. Crystal formation
is a known problem with dye films and can lead to
pinholes and partial shorts - which might be - at
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least partly - responsible for the high conductivity
here.

In addition, the dark and the light characteris-
tics have similar shapes even in the negative bias
region. This means that the EQE cannot be in-
creased by increasing the negative bias voltage as
in MEH-PPV or THPF. Note that photocurrent
multiplication as large as 10 000 times has been
observed in other perylene diimides sandwiched be-
tween Au electrodes [133].

Summary

In this Section we have found that:

e A soluble perylene (Per) derivative can be used
to fabricate an ITO/Per/Al solar cell from
solution avoiding the usual high temperature
sublimation steps hitherto used for perylene
derivatives.

e The EQE reaches up to 0.08% which is twice as
much as comparable MEH-PPYV devices but 10
to 100 times less than the best pigment devices.
Hence, compact packing of molecules (as with
pigments or using the LAPS method) seems to
be required to obtain the best efficiencies.

e The Per/ITO interface is the “active” inter-
face which is consistent with the n-type semi-
conducting properties of other known perylene
derivatives.

e The V,. (190mV) of the dye device is somewhat
smaller than in pigment devices (280-530mV) -
although different illumination conditions and
electrode material have to be considered.

e The EQE onset appears to be significantly be-
fore the absorption onset which requires further
clarification in future studies.

e A counter-diode has been formed similar to
PTV and PIF devices.

e Resistor values obtained from the slopes in the
IV curves are:

— light: Ry = 0.9MS and R, =50MS
— dark: Ry = 0.9MQ and R,;, =60MSQ

3.8 Ter

As we have mentioned earlier, there is some evi-
dence that large polycyclic aromatic hydrocarbons
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Figure 3.58: Chemical structure of the soluble ter-
rylene derivative, Ter, investigated in this Section.

are likely to give good photovoltaic conversion effi-
ciencies - see e.g. Ref. [245].

The reason for that may be found in the possibil-
ity of a more compact arrangement of the molecules
in the thin films that leads to the following list of
advantages:

e The relatively undisturbed 7 system of planar
molecules favours exciton and charge transport
as well as a low bandgap.

e The higher molecular density makes the occur-
rence of pinholes i.e. shorts more unlikely.

e The higher concentration of w - electrons per
unit volume increases the absorption coeffi-
cient.

Well-known examples for large polycyclic aro-
matic hydro-carbons are phthalocyanines and
perylenes. The “pure” perylene structure can be
regarded as two peri-condensed naphthalene com-
pounds. Theoretically three or more naphthalene
compounds can be condensed together to form a
series of oligo-rylenes leading to a rylene-polymer.
Such a polymer i.e. large rylene should have a van-
ishing bandgap indicating the possibility of intrinsic
electrical conductivity (metallic behaviour) accord-
ing to theoretical predictions - see Ref. [145] and
references therein. In fact a decreasing bandgap has
been found for a series of increasing rylene units:
terrylene (& 620nm or 2.02eV), quaterrylene (=
800nm or 1.58¢V) and pentarylene (=~ 950nm or
1.32eV) [145].

The cited bandgaps have been obtained for thin
films after thermal sublimation. These oligo-rylenes
were also amenable to spectroscopic measurements
in solution (1,4 dioxane) thanks to substitution with
four tert-butyl side chains [145].

We note that such a terrylene derivative has
played an important role in nano-science where sin-
gle molecule spectroscopy was possible even at room
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Figure 3.59: The EQE of a Ter-device shows a very
broad spectral response (UV to near IR) reach-
ing high numbers in the short wavelengths range
(around 1%).

temperature [153, 71]. In the foreseeable future,
the application of, for example, heat to a single
molecule and thereby the initiation of an optically
detectable chemical reaction affecting the PL of a
single molecule may lead to optical data storage on
a molecular scale.

In this Section we investigate the photovoltaic
properties of this well soluble terrylene diimide
derivative as active material between ITO and Al.

Experimental

The terrylene has been synthesised by Stefan Becker
at the Max Planck Institut (Mainz, Germany). De-
tails of the synthesis can be found in Ref. [16].

The polymer was spin-coated from chloroform so-
lution (6mg/ml) onto pre-etched ITO coated quartz
substrates with 1600rpm in a laminar flow box. We
note that the solubility (< 1mg/ml in Chloroform)
of the quaterrylene of the same series (same side-
chains) was not sufficient to produce continuous
films via spincoating.

Absorption and photocurrent measurements were
performed in air. More details about the sample i.e.
device preparation and the IV/EQE measurements
can be found in Ref. Chapter 10.

Results and Discussion
Absorption and EQE Spectra

Fig.3.59 shows the EQE spectrum of an ITO/Ter
(= 15nm thick) /Al cell when illuminated through
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Figure 3.60: The IV dark (dashed line) and light
(solid line, A = 650nm, 0.28mW /cm?) characteris-
tics of this Ter device could only be recorded for a

very small voltage range due to the steep slope i.e.
high conductivity (330k€2).

the ITO as well as the linear absorption curve. The
absorption spectrum of the Ter film is very broad
(410 to 700nm) and featureless apart from a little
dip at 630nm.

The EQE spectrum resembles the spectrum ob-
served in PTV with no clear antibatic peak in the
absorption onset but reaching the highest EQE in
the UV range with the local absorption minimum.
In fact the EQE is surprisingly high for a single
layer cell with values above 0.01% throughout the
visible spectrum reaching about 4% in the UV.

However, since the IV curve suggests a very con-
ducting and/or strongly pinhole dominated and
therefore partly shorted film, we have to take into
account that the EQE might be affected here by
small fluctuations in the voltage applied by the
source measure unit. For example, a voltage change
of 1mV can lead to an increase of current of 3nA
equivalent to change in EQE of nearly 1% here.

Generally, both the HOMO and the LUMO is ex-
pected to become lower with increasing 7 system i.e.
the terrylene should be a better electron acceptor
than the perylene.

IV Characteristics

The light and dark characteristics of this device is
shown in Fig.3.60. The very steep slope that should
represent the shunt resistor (here only 330k2) sug-
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gests that the device is considerably shorted via pin-
holes in the only 15nm thin film. This is not sur-
prising considering the observations of crystal for-
mation even to a larger extent than in previously
investigated related molecule Per [64]. The partial
shorts would also explain the lack of a detectable
open circuit voltage 10mV.

However, upon illumination the current at OV
changes from +1000pA to - 97pA. The positive dark
current is most likely an artifact related to a slight
ground potential of the source measure unit. Note
that an offset of only 1mV would change the cur-
rent by about 3nA here. IV curves with very high
conductivities and small open circuit voltages tend
to be observed more often in electron conductors
like PIF and others [150, 64].

Summary

In this Section we have found that:

e A soluble terrylene derivative can be used to
produce a photocurrent. The EQE around
500nm is even in the same order of magnitude
as in e.g MEH-PPV reaching higher values of
up to 1% around 400nm.

However, since we could not obtain a de-
tectable V,. we believe the device performance
may be affected by local shorts due to the for-
mation of crystals causing a resistance of only
about 900kQ2. As a consequence, the IV and
EQE characteristics of this particular device
have therefore to be interpreted with caution.

3.9 Single Layer Devices -
Summary

In Table 3.5 we have listed the most important so-
lar cell parameters for the different organic semi-
conductors investigated in this Chapter. Many
of these materials will be investigated further in
blend and/or double layer devices in the subsequent
Chapters.

Where possible, we have chosen a device with a
“typical” characteristic. The EQE value of the Ter
device has to be treated with caution since the de-
vice showed non-ideal IV and EQE characteristics.

The list shows that only devices with shunt re-
sistors above 100M€) and dark currents under 30pA
do develop a V. larger than about 200mV. We also
have to consider that the values for R; are only
upper limits and that the actual values could be
considerably smaller.
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Table 3.5: Survey of photovoltaic parameters of the investigated organic semiconductors. The number in
brackets are obtained from the dark characteristics. d stands for the thickness of the organic layer. EQE
values were taken at peak wavelength.

material d EQE V,. I Ry, R, comment
~ nm 1073% mV pA MQ MQ -

Ter 15 4000 0 1000 0.9(0.9) 0.9(0.9) dye
THPF 110 100 600 6 6300(17000) 6300(17000) polymer
LPPPT 59 85 105 31 83(200) 7.5(11) polymer

Per 40 80 190 825  50(60) 0.9(0.9) dye
PTV 90 70 370 0.8 3000(6400) 200(200) polymer
MEH-PPV 35 45 730 14 500(11000)  40(74) polymer
PIF 30 3 0 116  66(83) 1.7(1.7) polymer

Hence, a suspected correlation of the EQE with
the series resistor or the ratios between R, and Ry,
cannot be ruled out here.

The list also reveals that both polymers and dyes
give peak EQE values of approximately the same
size ranging from 0.04 to 0.10% - with MEH-PPV
being near the lower end in terms of the photo-
current but on the high end with respect to the
open circuit voltage.
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Chapter 4

Double Layer Devices

4.1 Introduction

In the previous Chapter we have found that the
main losses in single layer structures are due to
short exciton diffusion lengths and recombination
of the excited charge carriers. The short exciton
diffusion length causes a very thin active region of
the device whereas recombination losses before and
after charge separation can reduce the shunt resis-
tor considerably.

D

ITO
glass
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Figure 4.1: Device architecture of a double layer
photovoltaic cell. The electron acceptor A and elec-
tron donor D are sandwiched between the transpar-
ent ITO contact and an Al layer.

With the introduction of an electron acceptor
layer between the active material and the nega-
tive electrode (Al), both the exciton diffusion range
and the poor shunt resistor can be improved - see
Fig.4.1.

Provided the offset between the HOMO and
LUMO levels of both materials upon contact are
sufficient to split excitons, the separated charges
can travel to the respective electrode with very
small chances of meeting a recombination partner.
The active region is now extended to the exciton
diffusion length of both materials.

Moreover, the use of two different semiconduc-

tors allows tuning of the absorption spectrum for
e.g. maximum coverage of the spectrum of the light
source. The latter is not only desired for optical
photodetectors but also essential if high solar cell
efficiencies are required.

In fact, absorption of photons from 300 to
1000nm is required to utilise 70% of the solar ra-
diation on earth. Only about 22% of the solar radi-
ation can be exploited with a single layer material
like MEH-PPV.

One of the first organic double layer solar cells
is the one reported by Tang in 1985 [244]. He
sublimed two pigment films, a copper phthalocya-
nine and a perylene derivative on top of each other,
sandwiched between an ITO and Ag contact, and
obtained one of the hitherto most efficient organic
photovoltaic devices. The separation of the charge
carriers resulted in a higher shunt and low series
resistor such that the fillfactor was comparable to
commercial Si photodiodes.

Since the absorption of the perylene derivative
and the Cu-phthalocyanine complement each other
very well, the device showed a good EQE over
the full visible range. The open circuit voltage at
AM1.5 condition (75mW /cm?) was 450mV.

Although a rough similarity to the P/N junction
in inorganic solar cells can often be drawn, care has
to be taken using such comparison. However, in
both cases equalisation of the Fermi-levels occurs at
the interfaces between semiconductors and/or met-
als. In both organic and inorganic solar cells the
equalisation of Fermi levels leads to a significant
potential gradient that can drive the photoexcited
charge carriers (minority carriers) through the rest
of the bulk towards the electrodes.

However, as discussed in Chapter 2 the nature of
doping in organic semiconductors can be very dif-
ferent from the usual doping in inorganic materi-
als. Although, the Fermi-levels are still important
the offset of the valence band (VB) and conduction
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band (CB) at the interface after equalisation of the
Fermi-levels is a crucial factor for the function of
these devices. This is largely because there are ex-
citons in organic devices that need to be split at the
first place.

Thus, a device with sufficient VB/CB offset can
split excitons and separate charges efficiently if both
materials are e.g. p-type conductors. As a con-
sequence, it is more appropriate to speak about a
D/A -rather than P/N junction in case of organic
solar cells. Note that the term heterojunction is also
found in the literature but we prefer D/A junction
in this thesis since a junction between two differ-
ent semiconductors does not necessarily lead to the
required splitting of the excitons.
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Figure 4.2: Band energy diagrams for a D/A dou-
ble layer device in short circuit mode. Left: the
built-in field due to AWy of the electrodes leads
to tilted bands if only few free charge carriers are
present. Right: For higher charge carrier concen-
tration the bands can remain flat in the bulk but
blocking contacts may be formed

The figure on the left in Fig.4.2 shows the band
energy diagram for a double layer device with a low
concentration of free charge carriers. The difference
of workfunctions of the electrodes AW, can cause
the bands to tilt, as shown, which creates a constant
field across the bulk. Although band bending at
the electrodes can still occurs, it may considered
insignificant in such devices!.

The figure on the right in Fig.4.2 shows the situa-
tion for a device with a concentration of free charge
carriers that is high enough to compensate the built
in field due the electrode workfunctions within a
fraction of the layer thickness. As a consequence,
accumulation and depletion of charges near the elec-
trodes can cause distinct band bending?.

According to this picture the driving force i.e.

1Here we have also neglected the band bending at the
D/A junction.

2We have drawn the formation of blocking contacts,
ohmic contacts are more likely to form using Au and Ca
instead of ITO and Al.
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Voe is mainly determined by the offset at the D/A
junction although the increased built in field (tilted
bands) can help to transport charges through the
bulk [223].

In Table 4.1 we have listed D/A double layer
devices from the literature. The device with *
has been measured at only 0.015 mW/cm? so
that significantly higher values for V,. may be
achieved if measured under intensities in the order
of 0.5mW /cm?.

The table shows that the highest efficiencies have
been achieved with insoluble molecules (pigments).
Pigments have been successfully used as photo-
receptors and charge transport media in colour
copying machines and related devices (Xerography)
replacing many inorganic materials?.

However, the prospect of easier processing by
e.g. spin or blade coating from non-acidic solution?,
lamination or even inkjet printing, makes soluble
molecules technologically more interesting. The ta-
ble also shows that technically pigments can already
be replaced by polymers, dyes and even liquid crys-
tals but at the expense of lower efficiency.

We note that only recently, a modification of the
double layer device, the laminated device structure
(see Chapter 6), allowed semiconducting polymers
to exceed in performance values for the best pig-
ment devices [94].

Both Pcs and Per pigments show very high sta-
bility, good absorption and good photo-conductive
properties which makes them the probably most in-
vestigated photovoltaic materials in the past [268,
43, 29, 154, 231, 267].

On the other hand, the easier processible soluble
derivatives have attracted the interest of researchers
more recently - driven by the fast progress of poly-
mer based devices and the discovery of outstanding
electronic properties of liquid crystalline (LC) ma-
terials [228, 226, 227, 184, 253, 254, 255, 259, 260,
262, 1, 2].

Although the successful synthesis of perylene
dyes has been reported already 18 years ago [209],
phthalocyanine dyes and polymers of both have
only been synthesised in the more recent past - see
Refs above.

We note that many other molecules that have
been proven suitable as photo-active pigments in so-
lar cells, may also be of utmost interest to be chem-
ically modified so that they can be used as dyes, lig-

3In 1993 more than 90% of the xerographic photo-
receptors were made of organic photo-conductors [154]

4Recently a method was found to dissolve certain pig-
ments in acids [283]. Although, this simplifies film deposi-
tion, the use of acids introduces other problems.
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Table 4.1: Survey of performance parameters of various organic double layer solar cells. The abbreviation

for materials are listed in Chapter 1.

Polymers and dyes in this table were processed from solution

whereas pigment films have been formed by thermal sublimation. The EQE for devices marked with

+

was estimated from the information given in the respective papers. Per denotes the soluble perylene

derivative while Perl,2 and 3 refer to different perylene pigments. Best parameters are printed bold
while results discussed in this Chapter are printed italic.

EQE V. FF range materials comments year
% \Y % nm D/A -

30" 0.5 65 400-800 CuPc/Perl pigment/pigment [244] 1985
23 0.5 =30 400-7004+ HPcl/Per2 pigment/pigment [131] 1990
23 0.3*  40* 400-600 PEDOT/PEOPT/C60 polymer/pigment [213] 1998
9 0.8 48  400-560 PPV/C60 polymer /pigment [111] 1996
6 1.0 60 400-620 PPV/Per3 polymer /pigment [113] 1996
~3t 1.0 23 400-620 PPyV/P3HT polymer/polymer [242] 1997
2 1.0 51  400-590 PEDOT/PPV/Per polymer/dye [9] 1999
0.6 0.12 25 400-800 CuPc2/Per dye/dye [200] 2000
0.4 0.35 20 400-850 HPc/Per3 liquid crystal(dye)/pigment [199] 1999

uid crystals or polymers in solar cells. Among those
should be mentioned: squaraines, quinacridone,
azulenium, but also charge transfer complexes like
PVK:TNF [154] and certainly the large number of
different merocyanines and azo pigments [154, 29].
Many dyes are commercially available from suppli-
ers for the copy industry (Xerography) like Syn-
thec/Synthone in Germany but also laser dye man-
ufacturers like Kodak.

The following we list some ideas that have been
published to improve the performance of double
layer photovoltaic structures:

1. It has been shown that the device efficiency of

a double layer (PEOPT/C60) is strongly con-
nected to the geometry and optical field distri-
bution [213].
Choosing suitable electrodes and thicknesses of
the involved layers in such a device allows to
optimize the optical field taking into account
interference effects at the active interface and
thus enhance the exciton concentration within
a layer with thickness comparable to the short
exciton diffusion length.

2. F. Zhu and J. Singh have published an opti-
cal analysis method to optimise the structure
of multi-layer thin film solar cells with respect
to the thickness of the layers and the electrode
materials [281, 282]. Their model takes into
account multiple reflections of multi-junction
structures composed of absorbing and non ab-
sorbing materials.

They have applied their analysis on e.g.
glass/ITO/p/i/n/rear-contact where p,i, and
n stands for the doped and intrinsinc layer of
amorphous silicon. Their method may be of
interest for application on organic multi-layer
structures to maximise the effects of the inci-
dent radiation.

3. Another possibility to optimise organic double
layer cells is to place the material with the
higher bandgap (e.g. a perylene derivative)
next to the transparent (ITO) contact and the
lower bandgap material (e.g. a phthalocya-
nine) behind. Although, a higher workfunc-
tion material than Al might then be required to
avoid the formation of blocking contacts, such
structure can show better efficiencies than the
reverse order of layers [268, 187].

As possible reasons® for such an improvement
may also be considered: longer exciton diffu-
sion lengths in the high bandgap material or
simply lower thermalisation losses of the pho-
toexcited carriers in the first layer.

5We note that in Ref. [187] Foerster energy transfer fa-
cilitating exciton diffusion to the active junction is given as
explanation for better performance in these devices.



70

CHAPTER 4. DOUBLE LAYER DEVICES

Glass

T 070dr02.cdr

Figure 4.3: The figure shows the chemical structure of the two organic semiconductors (HPc, Per3)

and the architecture of the double layer device structure.

Charge separation typically occurs at the

HPc/Per3 interface so that electrons and holes can travel individually without a high chance to meet a
recombination partner. Thus, only the exciton diffusion range determines the width of the active region
in such a structure. One device has been heated and slowly cooled in order to obtain the alignment of the
discotic molecules of HPc, as shown here, which is expected to affect the charge and exciton transport
properties. The characteristics (IV, EQE) of this device were compared with the figures of a non-heated

reference cell.

4.2 The Dye/Pigment Double
Layer Device (HPc/Per3)

As mentioned above the small exciton diffusion
length in most organic semiconductors represents a
serious limitation for double layer structures. More
recently researchers have discovered not only long
diffusion lengths (several 100nm) for excitons, but
also particularly high mobilities (0.1-0.5cm?Vs™1)
for charges in discotic liquid crystalline materials
[1, 57, 21].

It is the strong intermolecular interaction of the
flat disc-like molecules which acts as driving force
to induce a higher degree of order. The forma-
tion of such a highly ordered phase requires a cer-
tain degree of mobility of the molecules themselves
which can be found in the liquid crystalline phase
(mesophase).

Indeed, PR-TRMC studies have revealed that
both solid (crystalline) and mesophases of many
discotic molecules allow have higher charge carrier
mobilities than in most pigments or polymers [57].
The same study revealed also that the crystalline
phase of the same liquid crystalline materials shows
even higher numbers than the mesophase of a given
material. Our own studies of HPc in single layer de-
vices are consistent with these improved transport
properties at room temperature- see Chapter 3.

In practice liquid crystalline molecules had plenty
of opportunities to rearrange themselves during pu-
rification steps (e.g. column chromatography, re-
crystallisation) or simply during the last synthe-
sis steps which typically involves solutions. More-
over, materials with transition temperatures <=
40° may have seen sufficiently high temperatures
during their storage or transport period prior to
their use. The decreased motion (vibrations) of the
molecules at lower temperatures i.e. the solid phase
allows even closer packing and even less disorder
once the molecules have arranged themselves.

Although the PR-TRMC studies seem very con-
clusive there are also signs for poorer transport
properties in the crystalline phase. For example,
alkoxy substituted metal free phthalocyanine shows
very high PL (50%) at low temperatures (4.2K)
which is considerably quenched at the transition to
the mesophase (372K) [21]. This quenching effect
is interpreted as increased mobility of the excitons
in the mesophase so that they can now reach more
nonradiative decay sites ©.

In other words it is a priori not clear whether
or not the effort to orient the columns perpendic-
ular to the electrodes pays off in terms of photo-

6We note that breaking the conjugation(reducing the ex-
citon diffusion length) of PPV chains by the introduction of
acetylene units has also increased the PL]|
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voltaic performance. One advantage of liquid crys-
talline phases is that they are self-repairing and can
thereby minimise defects that can act as recombi-
nation sites. In any case, already the high solubility
that allows simple spin-coating like normal dyes - is
technologically very interesting.

After characterisation of a number of mesogenic
phthalocyanines - see Chapter 7 we found that only
one compound, HPc, forms a liquid phase while all
the others started to decompose before the isotropic
liquid can be formed. The particularly high mobil-
ity of the molecules in the liquid phase allows the
formation of the perpendicular arrangement at the
transition to the discotic phase as observed for HPc
in Chapter 7 or for a similar derivative in Ref.[152].
HPc, is also soluble enough to allow spin coating
from solution and sufficiently viscous to form excel-
lent films on the ITO substrates despite the rela-
tively low molecular mass compared to polymers.

During the transition from the solid to the liquid
phase the surface tension leads to the destruction of
the continuous thin film. As a consequence, instead
of a thin film, much thicker droplets which are sur-
rounded by areas of no or very little material are
created. Hence, subsequent sublimation of the Al
top contact inevitably results in a shorted device.
In order to avoid these shorts the electron acceptor
Per was sublimed prior to the deposition of the Al
top contact.

Thus, this device may in fact be regarded as a
hybrid between a single layer device (ITO/Per3/Al)
and a double layer device (ITO/HPc/Per3/Al) with
varying thickness of both organic layers. Hence, it
is not possible to probe the effect of alignment via
comparison with a pristine device directly”.

However, such a device has not been investigated
yet and it should at least be possible to see to
what extent the two materials can contribute to the
photocurrent® in such a hybrid structure.

After spin-coating HPc onto ITO, we heated the
phthalocyanine until it forms an isotropic liquid
(clearing point =292°C) and cooled it slowly down
to room temperature - according to the procedure
described in Chapter 3. After that we sublimed a
thin layer of Per3 as electron acceptor and transport
layer. The double layer device was then completed

"Note that according to Ref.[57] see Table 7.2 the dif-
ference of charge carrier mobilities in HPc at the solid to
mesophase transition is only very small. Also the exciton
diffusion length is likely much longer than the layer thick-
ness - see Chapter 3 and Ref.[21]. Thus a dramatic change
in performance is not expected even if a non hybrid double
layer could be fabricated.

8Such a distinction is possible since Per3 does not absorb
around 650-850nm but HPc does.

by the sublimation of an Al layer as top contact.
Then we compare the external quantum efficiency
(EQE) of this device with the same device architec-
ture which has not been heat treated.

Experimental

Films of HPc have been fabricated in air by spin
coating from solution onto indium tin oxide (ITO)
coated glass substrates. HPc was dissolved in
chloroform (30mg/ml) and filtered with 0.1mm
PTFE-filter. One HPc film on ITO was heated to
292°C (20°C /min) under a constant nitrogen flow
and slowly (5°C/min until 270°C, then 20°C/min)
cooled down to room temperature using a hot stage
(Linkam).

The transition into the liquid phase as well as
the formation of a few linear defects - see Chap-
ter 3 (visible with crossed polarisers) has been ob-
served simultaneously under the microscope (Vick-
ers) which has been adapted for temperature-
dependent polarisation microscopy. Exposure to
the illumination source (tungsten) has been min-
imised to avoid photo-degradation effects. The Al
top contact was obtained through thermal evapora-
tion. The thickness of the HPc film after spincoat-
ing was 450nm and the Per3 film was about 20nm.

Current- voltage curves and photocurrents were
measured using a Keithley 237 source measure unit.
Monochromatic illumination was provided by the
output of a tungsten lamp dispersed by a Bentham
M300 single-grating monochromator. Quantum ef-
ficiencies were determined by normalisation with a
calibrated silicon photodiode at the sample posi-
tion. The sample was kept under vacuum (< 1075
mbar) during the measurements. Reflection losses
were neglected for all measurements. Absorption
spectra were taken with a UV-Vis spectrometer (HP
8453).

Results and Discussion
Absorption and EQE Spectra

Fig.4.4 shows that - for the pristine device - illu-
mination through ITO results in an EQE spectrum
with maxima where the absorption is low and EQE
minima at absorption peaks. This suggests that
a considerable part of the HPc layer absorbs light
but does not contribute to the photocurrent (opti-
cal filter effect). The thickness of the active layer
can be estimated using Eq. (3.3) and gives about
180 4+ 90nm. This value is in good agreement with
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Figure 4.4: EQE and optical density of the pristine
(solid lines) and the heat treated (dashed lines) de-
vice. Illumination through ITO.

the 200 4= 80nm obtained from the measurements of
the single layer HPc - see Eq. (7.2).
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Figure 4.5: IV-characteristics in light at 570nm and
0.19mW /cm? of the heated device and the pristine
device.

Fig.4.4 shows also that the heat treated device
only reaches about 1/10 of the EQE of the pristine
device. The heated device using the same mate-
rials and structure was heated until it turned into
a liquid at 292°C and slowly cooled down to room
temperature to obtain the perpendicular orienta-
tion of the discotic molecules. Interestingly the ab-
sorption spectrum of the heated device is broader
in the range where HPc absorbs only (650-850nm).

Upon illumination through the semitransparent
Al contact (transmission about 2%) the EQE of the
pristine device follows the features of the absorption
spectrum (not shown here, see [199]). This is ex-
pected in this device since the Per3 layer is rather
thin (about 20nm) so that a filter affect due to a
passive Per3 layer can not be very strong.

If we consider the transmission losses of the Al
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contact the EQE reaches up to about 1%. This
number is not very different from the EQE obtained
in double layer structures containing at least one
polymer layer - see Table 4.1. The photo-response
spectrum of this device is very broad. The V.
is 350mV which is slightly smaller than in devices
made of insoluble molecules.

The low OD of the heated device is expected since
droplets have been formed leading to very thick but
also very thin layers. The latter dominate the ab-
sorption spectrum leading to the shown low OD
numbers. The redistribution of oscillator strength
into the low energy region may be due to the high
ordered phase of HPc.

IV Characteristics

The IV curves in vacuum for both the pristine and
the heated device are shown in Fig.4.5. The pristine
device shows only little rectification but an V. of
350mV.

The heated device shows higher currents for small
voltages and also little rectification. The V.. is only
about 50mV. In addition the heated device reveals
a stronger voltage dependence in both reverse and
forward bias. This may be explained by the for-
mation of a “counter”’-diode in conjunction with a
vanishing HPc layer for parts of the device.

We note that the shape of the IV curves can
be changed considerably upon exposure to air ap-
proaching the shape of the pristine device [199]. In-
creased conductivity of the thick HPc droplets may
here increase the contribution of HPc. However, the
parts of the device which contain only Per3 seem to
be responsible for the low V,.. Interestingly the
photocurrent of the heated cell reaches a maximum
after about 4 hours exposure to air [199].

Summary
In this Section we have shown that:

e A layer of discotic liquid crystals can be used
to manufacture a working D/A double layer
photovoltaic device.

e Heat treatment to align the discotic columns
perpendicular to the electrodes could not im-
prove the efficiency.

o The efficiency (EQE) of the pristine device is
between 0.5 and 1% which is about 30 times
smaller than comparable devices using only
pigments. The V,. was 350mV - similar to typ-
ical pigment devices.
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4.3 The Dye/Dye Double
Layer Device (CuPc/Per)
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Figure 4.6: Chemical structure of the two dyes used
in this section: A perylene tetracarboxylic acid-bis
imide with aliphatic side chains (Per) and a copper
phthalocyanine with polar side chains (CuPc).

The D/A double layer cell reported by Tang who
sublimed insoluble CuPc and perylene derivatives
onto ITO with a silver top electrode is still one of
the most efficient organic solar cells [244].

In this Section we investigate a double layer solar
cell using soluble derivatives (see Fig.4.6) of Tang’s
pigments. That way we could circumvent the ther-
mal sublimation process and simply manufacture
the device at room temperature via spincoating.

The essential differences to Tangs pigments are
the polar side chains attached to the phthalocya-
nine structure and the short but bulky aliphatic
side chains of Per. Since these side chains are not
electronically active, we might expect that these
molecules would have very similar electronic prop-
erties to those in Ref. [244]. These side chains do
alter the mechanical properties since they prevent
aggregation in solution although they do not induce
liquid crystalline phases here.

However, they are also likely to change the in-
termolecular arrangement in the solid (film) which
can affect both charge and exciton transport and
the optical properties of the films. Indeed, we have
found that the absorption coefficient at the absorp-
tion maximum of HPc is about 20% smaller than in
typical phthalocyanine pigment films.

Experimental

The chemical structures of the two dyes used in
this section are shown in Fig.4.6. Per and CuPc
are commercially available (Synthec, Aldrich). The

double layer device (Fig.4.1) was fabricated by spin
coating onto an ITO/quartz substrate from a so-
lution containing 30mg/ml CuPc in distilled wa-
ter followed by 10min annealing at 150 °C in air.
Per/chloroform solution (30mg/ml) was spin coated
on top of the CuPc layer with subsequent sublima-
tion of the Al electrode. The Per film was about
60nm thick and the CuPc film 15nm. The CuPc
solution is not very viscous despite the high concen-
tration and did not only give very thin films with
moderate quality. The device was prepared in air
but measured after 1 hour in vacuum.

Results and Discussion
Absorption and EQE Spectra

Fig.4.7 shows the EQE spectrum together with the
optical absorption spectrum of the dye-based dou-
ble layer cell. Because of the very thin CuPc layer
(15nm) the optical density is less than 0.1 at wave-
lengths where Per does not absorb (650-800nm).

However, even though only about 10% of the inci-
dent photons around 700nm are absorbed the EQE
spectrum is almost constant between 450nm and
720nm. The EQE roughly follows the absorption
spectrum suggesting the absence of significant filter
effect.

The EQE around 700nm seems to be enhanced
compared to the rest of the spectrum. This indi-
cates that unlike the 15nm thin CuPc layer the Per
layer can not facilitate dissociation of all absorbed
photons. Hence, the thickness of the active region,
which is the exciton diffusion range of both the Per
and the CuPc layer, is likely shorter than the 60nm
thick Per film.
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Figure 4.7: Linear optical absorption and EQE of
the double layer device.

A more efficient device may be obtained by re-
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ducing the thickness of Per and increasing the thick-
ness of CuPc. The highest EQE would then be ex-
pected when both layers are as thick as their respec-
tive exciton diffusion lengths. Note that the fairly
symbatic response spectrum indicates that the exci-
ton diffusion length of CuPc is possibly higher than
15nm. We also note that the CuPc film also con-
tains NaT ions which may affect the electronic prop-
erties.

IV Characteristics

The (IV) characteristics in the dark and under illu-
mination are shown in Fig.4.8. This device devel-
ops a relatively low open circuit voltage of 120mV.
V¢ for other double layer devices at comparable in-
tensities is typically a few hundred mV. Although
there is only little rectification for all shown curves
certain features are interesting: The linear IV char-
acteristics for small positive voltages indicates that
the series resistant affects the shape and FF in this
region. It even extends into the negative voltage
range so that the EQE at 0V is directly affected
and reduced by resistive losses.
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Figure 4.8: IV characteristics in the dark and

under illumination at 610nm and an intensity of
0.25mW /cm?.  The thickness of the CuPc layer
was about 15nm and the Per layer was about 60nm
thick.

An analysis of the slopes at -0.3V and +0.5V
gives values of Ry,=1.4-107Q and R,=0.7-107.
Although the R, is not unusually high® the shunt
is relatively low. In Chapter 2 we have seen that
the effect of the series resistor becomes important
if the shunt is not at least an order of magnitude

9We found values around 0.2107Q2 in MEH-PPV devices
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higher. The reason for a low shunt resistor can be
recombination at the interface or local shorts.

We note that Per tends to form crystals that may
easily penetrate the thin CuPc film and thereby
favour a lower!® R,;. The small shunt compared to
R may also be responsible for the low V,.. More-
over the hyper-linear increase of current for negative
bias suggests the presence of a diode with reverse
polarity (=“counter”-diode).

We note that according to the IV curve the EQE,
judged from the difference between dark and light
characteristics, can be more than doubled if a small
negative bias voltage is applied. This can be used
if the device is used as a photo-diode with a broad
spectral response - or as solar cell with e.g. Ca
instead of Al electrodes.

Summary

In this Section we have found that:

1. A whole new class of organic semiconductors -
small soluble organic molecules (dyes) - can be
used to built double layer photovoltaic cells.

2. The efficiency of dyes in these first studies is
about an order of magnitude lower than e.g.
polymer devices and about 30 times lower than
the pigment double layer structures.

3. Both R, and Ry, appear to play an important
role as limiting factors in these devices. The
surprisingly high R, for a double layer struc-
ture may be due to larger intra-molecular bar-
riers (hopping distance is increased by the in-
sulating side chains) that limit both the charge
and exciton transport in the investigated mate-
rial. Thus, further studies that focus on reduc-
ing R, by e.g. doping are necessary to estimate
the potential of these molecules.

4. The device shows a very broad spectral re-
sponse for a solution processed cell. This may
be exploited if used as a photodiode - where
the sensitivity can also enhanced by at least a
factor 2 by applying a small bias voltage.

5. The exciton diffusion length of Per is smaller
than 60nm whereas the number for CuPc is
likely larger than 15nm.

10Also the Nat ions may contribute to the higher
conductivity.



Chapter 5

Blend Layer Devices

5.1 Introduction

In the previous Chapter we have seen that the in-
troduction of an electron acceptor (A) i.e. electron
transport layer between the negative electrode (Al)
and the electron donor material (D) can increase
the EQE with respect to single layer architectures!.

In such double layer structures exciton dissocia-
tion takes place at the D/A interface. At the same
time the acceptor material transports the electrons
to the negative electrode (Al) while the hole accep-
tor provides a pathway for the holes to the positive
electrode (ITO). Both are spatially well separated
so that mutual recombination of the photoexcited
charges during their journey out of the device is
reduced.

In addition, the thickness of the active layer can
be increased compared to single layer structures
since excitons created within their diffusion length
from both sides of the D/A interface can now con-
tribute to the photocurrent. Furthermore, the spec-
tral range of the photoresponse can be greatly in-
creased if the absorption spectra of the components
(D and A) complement each other.

In this Chapter we discuss another D/A-device
architecture: Blends i.e. mixtures of donor and ac-
ceptor materials (Fig.5.1). Since both blend and
double layer structures use two materials that can
form a charge separating D/A interface they share
many advantages over single layer devices - for ex-
ample: separate charge transport and a thicker ac-
tive layer.

However, the main advantage of the blend device
over double layers is that the active layer can be
considerably thicker than the sum of the exciton
diffusion lengths in the D and A material as long
as the blend comprises an interpenetrating network

1Note that not everything could be improved, for exam-
ple, the open circuit voltage is generally higher in single layer
devices than in double layers.
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Figure 5.1: Solar cell architecture comprising a
blend of two organic semiconductors as used in this
Chapter. Thicknesses of the blends vary between
20 and 120nm.

with domains not larger than twice the exciton dif-
fusion length. The latter is typically only about
20nm (2x10nm).

If we consider both the spectral dependence of
the absorption as well as the absorption coefficient
of the majority of presently available organic semi-
conductors, the layer thickness has to be at least
150nm of the pure material to approach 100% ab-
sorption over a broader wavelength range.

Even with a very low bandgap, a single layer can
only use about 7% and a double layer about 14%
of the incident light - assuming an exciton diffusion
length of 10nm in the constituent material(s).

Consequently, since blends could have active re-
gions as thick as necessary to absorb most light,
they have the potential to utilise 15 times more
photons then typical single layer structures and 7
times more than double layer devices.

However, blend devices have also drawbacks as
can be seen from the following list:

1. If processing from solution is desired, blends
require high solubility of both components?

2Note that double layer have similar restrictions: they
require at least one component to be insoluble in the other
components solvent or high thermal stability in order to use
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2. For maximum performance, blends require a
defect-free interpenetrating network for effi-
cient percolation of charges to the electrodes
i.e. phase separation on a scale near or smaller
than the double exciton diffusion length in the
respective material.

3. Despite the larger active region, most blends
tend to develop lower open circuit voltages
than single layer structures - for reasons which
are not well understood to date.

4. The random network of a blend device bene-
fits strongly from a driving force that directs
the separated charges from the D/A interface
to the respective electrodes. The difference
between the workfunctions of the electrodes
and/or an externally applied electric field (bias
voltage) can represent such a driving force.

As a consequence, blends generally show
stronger field (voltage) dependence of the pho-
tocurrent which often decreases the fill factor
and may cause lower V,.. Double layer struc-
tures, on the other hand, are less dependent
on external fields and do therefore not always
benefit from an extra driving force.

In Table 5.1 we give a survey of the four key pa-
rameters for solar cell efficiency in various blend
structures extracted from our own results and from
literature.

Note that already two of these parameters (sen-
sitivity range, open circuit voltage) reach i.e. even
surpass the numbers of their silicon counterparts
using the blend architecture. However, the EQE
of the best organic cell (29%) is yet only a third
and the best fillfactor in blends (44%) about 50%
of typical commercial silicon solar cells. The blend
of MEH-PPV with the hardly soluble C60 could
only be accomplished in a very strong solvent (1,2
dichlorobenzene). Since C60 is virtually insoluble in
most known solvents we regard it as pigment within
this thesis - in contrast to the C60 derivative in Ref.
[278] which is readily soluble in more common sol-
vents and therefore rather a dye than a pigment.
The table also illustrates that there are problems
to realise all of these performance parameters in
the same device.

In the following list we will comment on many of
these structures in order to point out specific nov-
elties and strengths®:

thermal sublimation for film deposition.
3Here we follow the historical order
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e The first report on D/A solar cells with con-
jugated polymer blends has been reported by
Halls et. al. [112]. Blends comprising an elec-
tron accepting (CN-PPV) and an electron do-
nating (MEH-PPV) polymer have shown EQE
values of up to 6% which boosted the EQE with
respect to single layer cells by about two orders
of magnitude.

The EQE of the single layer structures is
0.001% (CN-PPV) and 0.04% (MEH-PPV) re-
spectively. Phase separation on the scale of
10-100nm was demonstrated and a V,. of 0.6V
with fill-factors of 25% were obtained. The low
fill-factor is most likely due to the a relatively
small shunt that also causes the field depen-
dence of the light current.

However, the shunt must be large enough to
allow the device to develop the relatively high
open circuit voltage (0.6V). Another problem
here is the higher polarity of the electron trans-
porting CN-PPV that favours it’s accumula-
tion on the positive ITO electrode* during the
spincoating process [114].

e The highest EQE values (29%) among blend
devices have been achieved with a blend be-
tween MEH-PPV and a soluble C60 (Fullerene)
derivative as electron acceptor sandwiched be-
tween ITO and Al [278]. Photoexcited charge
transfer from the polymer donor to the C60
is about 1000 times faster® than radiative and
nonradiative recombination[83]. Thus the D/A
interface between MEH-PPV and C60 serves as
an efficient exciton dissociation site.

Under high monochromatic light intensities
(20mW /cm?) this device develops a V. of
0.68V using ITO and Al electrodes but - inter-
estingly - only little more (0.82V) with Ca in-
stead of Al. Unfortunately, “internal resistive”
losses® do not allow the use of thicker devices
to circumvent the 40% transmission and reflec-
tion losses at the absorption maximum in these
devices. The MEH-PPV /C60 blends also show
the field dependent photocurrent that leads to
low fill-factors (here still only about 30%) typ-
ically encountered in blend devices.

Despite the mentioned obstacles for further im-
provement, the achieved performance with the

4Molecular dipoles on the ITO surface attract the polar
CN groups.

5Radiative and nonradiative decay of singlet excitons oc-
curs typically between 100 and 1000ps [102].

SProbably related to charge and exciton transport prob-
lems through the C60 network.
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Table 5.1: Survey of performance parameters of various solar cells comprising at least one organic com-
ponent in a blend. The abbreviations for materials are listed in Chapter 1. Best parameters are printed
bold while results of this work are in italic.

EQE Ve FF range materials comments year
% \% % nm - -
29 0.5 ~25  400-550 MEH-PPV+C60 polymer+dye [278] 1995
23 04 ~33 400550 MEH-PPV/C60 polymer-+pigment [83] 1998
12 0.5 26 400-640 MEH-PPV+CdSe polymer+nanocrystals [102] 1996
11 0.35 41 400-620  P3HT+Per polymer-+dye [65] 2000
6 0.6 25 400-600 MEH-PPV+CN-PPV  polymer+polymer [112] 1995
1.8 0.9 23 400-500 PPV+MWNT polymer+nanotubes [3] 1999
1.0 0.1 25  400-800  HPc+Per liquid crystal+dye [200] 2000
0.7 0.4 44  400-600 MEH-PPV+Per polymer+dye [62] 1999
0.4 0.2 25  400-850  PTV+Per polymer+dye 2000
0.4 0.12 25 400-900 PTV+Ter polymer+dye 2000
0.2 0.6 25  400-800 PTV+THPF polymer+polymer 2000
0.02  <0.01 25 400-1000 PTV+PIF polymer+polymer 2000
0.0007 <0.01 25 400-1100 HPc+PIF polymer+liquid crystal 2000

C60 cells was sufficient to stimulate commercial
interest in organic solar cells. We note that a
further breakthrough towards economically at-
tractive organic devices has been achieved with
the introduction of the laminated device struc-
ture - see Chapter 6.

e Blends of MEH-PPV with CdSe nanocrystals”,
sandwiched between ITO and Al, have also
been used to fabricate solar cells. The devices
show EQE values up to 12%, V. of 0.5V and
again the strong field dependence leading to a
fillfactor no larger than 0.26 [102].

These nanocrystals turn out to be good elec-
tron acceptors with the extra advantage that
their absorption properties can be tailored by
varying their size during the synthesis; for ex-
ample, upon changing their diameter from 6 to
2nm, the energy gap can be increased from 2.0
to 2.6eV. Apart from the small shunt resistant
that causes the field dependence, charge trans-
port between the nanocrystals seems to be the
limiting factor in these cells.

e More recently, blends of MEH-PPV and a pery-
lene dye (Per) as electron acceptor have been
investigated. The IV characteristics show that
a fill-factor as high as (44%) can be achieved
in blends despite the relatively low V. of 0.4V
and an EQE of about 1% [62]. Phase sensitive

"Both can be dissolved i.e. dispersed in chloroform

AFM images revealed the formation of a large
electron conducting network consisting of very
long (um) Per crystals in addition to phase sep-
aration on a scale of 50nm upon annealing.

The surprising fact that the formation of such
large crystals does still allow the device to per-
form reasonably well, opens new possibilities
- particularly with respect to the use of non
polymeric semiconductors such as dyes which
are prone to form crystals in the solid state.
Indeed blends with 2um long nanotubes have
been made - see below.

A blend between a polymer (PPV) and multi-
wall carbon nanotubes (MWNT’s) has been
investigated with respect to its photovoltaic
properties in Ref. [3]. Although the MWNTs
were as long as 2um (and only 10nm in di-
ameter) and show relatively high conductiv-
ity (8S/cm) the devices developed the highest
open circuit voltage in our list of blend devices
(0.9V) instead of the expected shorts in the
only about 200nm thin films.

This confirms the feasibility of fabrication of
working solar cells using materials containing
or forming large crystals - consistent with the
results and conclusions in Ref. [62] as men-
tioned above. The EQE however, is only about
twice as high as in the pure PPV device. This
small but significant improvement is considered
to be due to the high workfunction of the nan-
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otubes (5.1eV) and/or the increased interface
area due to the formation of an interpenetrat-
ing network.

e The first D/A blend between two dyes with one
showing liquid crystalline properties at room-
temperature has been published [200] and will
be discussed in detail in this Chapter.

e Blends with the low bandgap semiconductor
PIF allowed for the first time to extend the
spectral response of an organic D/A blend be-
yond the 1000nm range. The EQE however
is yet only modest (0.02%) and in one case
(EQE=T - 107%%) even smaller than the sin-
gle layer device. Both devices will be discussed
later in this Chapter.

For all these blend structures discussed above,
strong photoluminescence quenching has been
found, ranging from a factor of 5 for MEH-
PPV+CN-PPV blends to a factor of 10* for MEH-
PPV+C60 blends. This indicates that the vast ma-
jority (over 80%) of photoexcited excitons can reach
a dissociation site (D/A interface) within their dif-
fusion length and dissociate before they can recom-
bine under the emission of light (PL).

Hence, the dominant loss mechanism has to be
on the way of the charges to their respective elec-
trodes. The charge transport to the electrodes can
be affected by:

e inter-molecular barriers (e.g. long distances for
the hopping process)

e intra-molecular barriers (e.g. distortion of con-
jugation along the polymer backbone by e.g.
twisting of aromatic units)

e super-molecular structural defects (e.g. “dead
ends” of aggregates in blends)

e formation of blocking contacts at the electrodes

e charge carrier traps that can lead to recombi-
nation or built up space charges that limit the
current

Large flat aromatic molecules like perylenes,
phthalocyanines or ladder-type structures® like
LPPPT have a good chance to overcome the prob-
lems described in the first 3 points in the list above.

8Polymers that are planarised through bridges between
i.e. aromatic units are said to resemble a “ladder” along
their backbone.
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It is also noteworthy that low bandgap materials
are more likely to form non-blocking (ohmic) con-
tacts with metals simply because the workfunction
of the electrode material is less likely to lie within
the bandgap. On the other hand, trap levels in the
bandgap of a low bandgap polymer are likely rela-
tively close to both the HOMO and the LUMO so
that they can facilitate fast i.e. efficient recombina-
tion representing “deep traps”.

In this Chapter we investigate the photovoltaic
properties of blends comprising the materials dis-
cussed in Chapter 3.

The specific combinations of semiconducting ma-
terials has been chosen with the aim to accomplish
both charge transfer which would indicate a D/A
interface and a extended photoresponse covering at
least the visible range (400-800nm).

With the exception of Per (2.1eV, 600nm)
all components have low bandgaps ranging from
1.77eV (700nm) to 1.12eV (1100nm)and most of
them are flat aromatic molecules. We note that
HPc also exhibits liquid crystalline properties as
discussed in Chapter 7.

5.2 HPc+Per

In this Section we explore the possibilities to form
a D/A blend network in a photovoltaic device using
the two small soluble molecules (dyes) Per and HPc
- see Fig.5.2.

Both molecules have been investigated in both
single and double layer devices earlier in this thesis.
Although there are reports of dye doped® polymers
[276] and and mixtures of D/A pigments [264, 251],
we are not aware of any reports of photovoltaic D/A
blend structures using solely dyes before this work.

The reason for the lack of published work on this
interesting subject in literature is presumably re-
lated to difficulties in synthesising of soluble semi-
conducting molecules with the desired optical and
electronic properties. Presently, various soluble
derivatives of pigments (dyes) with promising pho-
tovoltaic properties can be purchased from suppli-
ers that specialise in chemicals for xerography e.g.
Syntec/Synthone in Germany.

Two well soluble small molecules like Per and
HPc are likely to mix on a molecular level to
form a solid solution rather than showing phase

9Note that mixtures containing less than about 10% by
weight - sometimes even more - of the guest material are
often regarded as “doped” materials in the field of organic
semiconductor devices.
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Figure 5.2: Chemical structure of the two dyes

investigated in this Section: A perylene tetracar-
boxylic diimide with aliphatic!! side chains (Per)
and a metal free phthalocyanine with aliphatic side
chains (HPc).

segregation'? as usually observed between poly-
mers. Such an intimate mixture may then be re-
garded as a “new” material rather than a blend with
a large D/A interface.

However, it is not clear a priori to what extent
percolation paths are present in such solid solutions.
Charge carriers might be able to find their way to
the respective electrodes via intermolecular hopping
between like molecules even if they are not always
in direct contact with each other.

Our hope was that these specific dyes would allow
sufficient percolation of charges through molecular
clusters (small aggregates) since both show strong
aggregation as individual components. We know
that Per has a tendency to form crystals during
spincoating from solution or upon heat treatment
[62] while HPc is liquid crystalline at room temper-
ature and forms even aggregates in solutions that
quench the PL - see Chapter 7.

However, we did not know if the dyes still prefer
to form aggregates with like molecules'? and if the
size of the aggregates would be on a suitable scale.
Too large aggregates for example would quench ex-
citons before they reach the D/A interface whereas
too small aggregates may not provide percolation
paths. In the following we try to shed light on these
questions.

12Phase segregation in dyes often happens at higher con-
centrations resulting in the formation of crystals.

13They might aggregate with the other material and/or
form exciplexes.
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Experimental

PL efficiency measurements were performed using
an integrating sphere coupled to a CCD spectrom-
eter (Oriel) via a liquid light guide. Details of the
procedure can be found in Ref. [169].

Images were recorded using an atomic force mi-
croscope (NanoScope IITa Dimension 3100) oper-
ated in the tapping mode which is located at and
provided by Cambridge Display Technology (CDT).
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Figure 5.3: The absolute photoluminescence effi-
ciency of the Per+HPc blend film on a quartz sub-
strate plotted as a function of composition. The
excitation wavelength was 488nm (1.0mW light in-
tensity). The line shown represents a guide to the
eye. HPc does not fluoresce in the film due to ag-
gregation (m-stacking).

The 1:1 (weight) blend device was fabricated by
spin coating onto an indium tin oxide (ITO) coated
quartz substrate from chloroform solution contain-
ing 30mg/ml HPc and 30mg/ml Per followed by
sublimation of the Al electrode. IV characteristics
and photocurrent measurements were done in vac-
uum (< 10~ 5mbar).

The chemical structure of the dyes investigated
in this Section are shown in Fig.5.2. Per was used
as received from Synthec (Germany) while HP¢ has
been synthesised and purified by G.G. Rozenberg
and A. Lux as reported elsewhere [165].

The liquid crystalline properties of HPc are dis-
cussed in Chapter 7 and have been published in
Ref. [199]. We note that a double layer device with
a sublimed perylene derivative is discussed in Chap-
ter 4.
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Figure 5.4: AFM images (phase contrast) of a 1:1 (by weight) blend of HPc and Per. Left: Scan size is
2x2 microns. Right: Scan size is 200x200nm. The lack of contrast suggests that there are no crystals or
aggregates between about 20-1000nm. Thus possible aggregates can only be smaller than about 20nm.

Results and Discussion
PL-Quenching

Photoexcited excitons can decay either radia-
tively showing photoluminescence (PL) or dissipate
their energy via direct conversion into heat. Fig.5.3
shows that in a film of 100% Per about 7% of the
excitons decay under emission of light. This ratio
can be considerably decreased upon the addition of
HPc. For example, a 50% Per blend shows virtually
no PL indicating that most excitons are affected by
the presence of HPc. The photoexcited excitons can
undergo several processes:

e recombination at the interface

e energy transfer to the material with the lower
bandgap followed by radiative or nonradiative
recombination

e charge transfer (exciton splitting) at the inter-
face

We consider the last process (charge transfer) to
occur in these devices since we found enhanced pho-
tocurrents in the blend compared to devices made of
the single components Fig.5.6. Moreover, the inter-
face of similar phthalocyanine and perylene deriva-
tives has been recognized as the active site for ex-
citon dissociation elsewhere [244, 267].

We note that the PL quenching shown in Fig.5.3
for Per+HPc is more than one order of magnitude
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Figure 5.5: Linear absorption and EQE of the blend
device.

higher than in the 1:1 (by weight) blend between
MEH-PPV and CN-PPV [112]. Since the aggre-
gates in the latter are between 10 and 100nm, the
strong PL quenching in our dye blend is consistent
with the formation of aggregates on a scale <20nm.
In fact, if the dyes do not form aggregates at all, the
blend may be regarded as a solid solution (= blend
on a molecular scale) rather than a phase segregated
mixture.
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Figure 5.6: EQE of the HPc+Per blend device and
the single components. The blend show clearly en-
hanced EQE over the entire range indicating the
presence of a D/A interface and percolation paths
to the electrodes.

Absorption and EQE Spectra

The EQE and optical absorption spectrum of the
1:1 (by weight) HPc+Per blend cell are plotted in
Fig.5.5 showing that the cell is able to utilise light
from the entire visible spectrum. The absorption
band between 600nm and 850nm corresponds to
HPc whereas Per starts to absorb at around 650nm
reaching its peak at 500nm.

From the fact that the EQE spectrum follows the
absorption features we can infer that most of the
bulk of the cell contributes to the generation of the
external current. The EQE spectrum reaches its
peak (= 1 %) at around 500nm which exceeds the
EQE of a double layer cell made with very similar
materials (Chapter 4) by a factor of 2. The onset of
the EQE is around 900nm as in the single layer and
double layer devices comprising these components.

IV Characteristics

The (IV) characteristics in the dark and under il-
lumination are plotted in Fig.5.7. The open circuit
voltage is 110mV and the fill factor 25 percent un-
der these conditions. Both the dark and the light
current depend highly on the applied field. The de-
vice shows little rectification in the depicted voltage
range.

A voltage and light dependent device like a photo-
diode can be formed if exciton splitting occurs (here
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Figure 5.7: IV characteristics of the HPc+Per blend
in the dark and under illumination with light at
650nm and an intensity of 0.25mW /cm?. The thick-
ness of this device was about 70nm.

at the D/A interface) and the built in field drives
the separated charges through percolation paths to
the different electrode materials.

Indeed, both the light and the dark IV curves in
Fig.5.7 show a weak but significant diode behaviour
under forward bias. However, the experiment re-
veals a strong linear voltage dependence under neg-
ative bias. Thus we conclude that the shunt is too
small which may be the case for the following rea-
sons:

1. A short has been formed through a pinhole that
results in a shunt resistor approaching the value
of the series resistor.

2. There is significant recombination of the sepa-
rated charges during their journey through the
fine interpenetrating network

Since we did not find any pinholes under the AFM
and the device is not particularly thin (70nm) we
may exclude the presence of shorts due to pinhole
formation.

Instead, the formation of a very fine network
may account for the observed strong PL quench-
ing, the enhanced photocurrents and the high se-
ries resistor'®. Hence, the separated charge carriers
have many opportunities to recombine at this large
but presumably not very conducting D/A interface.

14Which is caused by the “fine” percolation paths.
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This loss mechanism could be assisted by the pres-
ence of trap levels in the bandgap.

Summary

In this Section we have found that:

e Photovoltaic devices with a photoresponse
ranging from 400 to 800nm can be built us-
ing a blend between two soluble derivatives of
a perylene diimide and a phthalocyanine.

e The high solubility of both molecules appears
to facilitate the formation of a large D/A in-
terface - possibly even a solid solution - that
enables efficient exciton splitting.

e Such a very fine interpenetrating network
(<20nm )is probably also responsible for the
small shunt resistor since it offers increased
possibilities for recombination during the jour-
ney of the separated charges.

e The small shunt may be the main reason for
the relatively low V,. of 110mV and fill-factor
(0.25).

5.3 HPc+PIF

Experimental

Fig.5.8 shows the chemical structure of the organic
semiconductors used for the device fabrication in
this Section. The liquid crystalline properties of
HPc are discussed in Chapter 7 and have been
published in Ref. [165]. PIF has been synthe-
sised by H. Reisch and U. Wiesler at the MPI in
Mainz, Germany [210]. HPc has been synthesised
by G.G. Rozenberg and A. Lux, Melville Labora-
tory for Polymer Synthesis, Cambridge (UK) as re-
ported elsewhere [165].

We note that a double layer device with a sub-
limed perylene derivative is discussed in Chapter 4
of this thesis and published in Ref. [199].

The ITO/HPc+PIF(1:1 by weight)/Al devices
were fabricated by spin coating onto an ITO coated
quartz substrate from chloroform solution contain-
ing 30mg/ml HPc and 10mg/ml Per followed by
sublimation of the Al electrode. More details about
preparation of substrates and the setup can be
found in Chapter 10.
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Figure 5.8: Chemical structure of the two organic
semiconductors investigated in this Section: A
poly-indenofluorene with short aliphatic side chains
(PIF) and a metal free (M=H,;) phthalocyanine
(HPc) with thio-alkyl side chains (R = CjoHas).
While HPc is very flat, the short distance between
the repeat units of PIF causes a 33° distortion be-
tween adjacent indenofluorene moieties [210].

Results and Discussion
Absorption and EQE Spectra

The EQE and optical absorption spectrum of the
HPc+PIF blend cell are plotted in Fig.5.9.

The features around 440, 680 and 720nm are due
to the HPc absorption whereas the peak at 800nm
can be found in the absorption of PIF - see also
Chapter 3. Both components have a small absorp-
tion coefficient around 550nm. However, since the
absorption onset is indeed around 850nm for HPc
and at 1040nm for PIF, the broad peak in the in-
frared (1040nm) is probably due to enhanced ag-
gregation of PIF in the presence of HPc rather than
poor background correction or interference effects in
the absorption measurement. Another reason why
the latter can be ruled out is that we observe a sig-
nificant photocurrent in the absorption onset.

We point out that the absorption range of this
device is larger than the range of the spectrometer
using a silicon based CCD array.

The EQE spectrum follows the absorption fea-
tures very well indicating that the entire bulk - in-
volving both components - contributes to the gen-
eration of the external current. However, the EQE
does not reach more than 6.5-10~%% which is lower
than in devices comprising the pure components
only: 3-1073% in HPc as well as in PIF - see
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Figure 5.9: Linear absorption and EQE of the
HPc+PIF blend device.

Fig.5.10.
The following reasons may be considered to ex-
plain such low external quantum efficiencies:

1. Pinholes in the device that can cause shorts
when filled with e.g. Al during the sublimation
of the electrode.

2. A defect-rich charge transport network in the
blend. Such defects could be “dead ends”, iso-
lated areas, accumulation of a homolayer on
the wrong electrode. In addition, the blend
ratio of 1:1 (weight) may be far from the per-
colation threshold'®.

3. The offset between the LUMO and HOMO lev-
els between PIF and HPc is not larger than the
exciton binding energy'® which is required to
separate the charges i.e. to enable photoex-
cited charge transfer at the D/A interface.

4. The formation of new recombination channels
for the photoexcited species upon mixing the
two components.

ad 1): Shorts caused by e.g. pinholes in the or-
ganic film can be ruled out since the IV character-
istics shows very low currents in the dark - even
under bias voltage (Fig.5.11).

ad 2): In MEH-PPV+CN-PPV blends the EQE
values are at least two orders of magnitude higher
than the devices made of the single components -

15which is difficult to estimate here
162 0.4V according to Ref. [56, 168, 12]
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Figure 5.10: EQE of the HPc+PIF blend device and
the single components. The blend shows a signifi-
cantly lower EQE than each component - indicating

that there is no charge transfer between HPc and
PIF.

despite serious network defects such as the forma-
tion of a homolayer of CN-PPV!7 near the wrong
electrode (ITO) [114].

In addition, network defects such as “dead ends”
cannot account for EQE numbers lower than the
single components because extra exciton splitting
should always lead to enhanced photocurrents com-
pared to the single layer. This is like introducing
oxygen in a single layer device using a hole transport
material - see Chapter 2. Molecular oxygen would
be the electron acceptor with probably no percola-
tion path at all - and is still better than the oxygen
free material. Hence insufficient network formation
cannot easily be blamed alone for the poor perfor-
mance of the HPc+PIF blend.

ad 3): The quinoid structure of PIF and the
known donor properties of phthalocyanine deriva-
tives suggest that the difference between the HOMO
and LUMO levels of HPc and PIF should be suffi-
cient to allow charge transfer. However, since both
materials do not show enough PL we cannot test for
PL quenching and have therefore no indication that
excitons are split at the interface between these two
molecules.

ad 4): In fact, the combination of low bandgaps
in both components and the (probably) different
electron affinities may bring the LUMO of PIF rel-

17The more polar CN-PPV is attracted by the polar ITO
surface.
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Figure 5.11: IV characteristics in the dark (dashed
line) and under illumination with light at 700nm
and an intensity of 0.35mW /cm?. The thickness of
this device was about 40nm.

atively wide into the middle of the HPc bandgap.
PIF with its low LUMO may then capture an elec-
tron to act as a “deep trap” and allow recombina-
tion with a hole in the HOMO of HPc (electron back
transfer).

The mirror process, photoexcitation of an elec-
tron from the HPc directly into the LUMO of PIF
may then account for the new absorption band
around 1100nm. Note that a pure PIF film does
not absorb wavelengths longer than about 1000nm
- see Chapter 3 and [221]. Recombination via this
“deep trap”, PIF, could then even outnumber the
extra photoexcited charge carriers if exciton split-
ting actually occurs at the PIF/HPc.

IV Characteristics

The (IV) characteristics in the dark and under illu-
mination are plotted in Fig.5.11. The dark current
is small and relatively independent of the voltage
in both forward and reverse bias in the depicted
range'®. Upon illumination the device generates a
small but significant photocurrent that can be in-
creased considerably (up to 15 times) by applying
an electric field. We can identify a threshold (=
0.5V) under negative bias where the photocurrent
enhancement seems to begin. The device, however,
does not develop a significant open circuit voltage

18This rules out the presence of a short - as discussed
above.
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(<10mV).
The device also shows only little rectification in
the depicted voltage range.

Summary

In this Section we have found that:

e A working photovoltaic device comprising a 1:1
blend with low bandgap dye and a low bandgap
polymer has been built.

e The device shows a photoresponse in a wave-
length range as wide as 400 to 1100nm which
is virtually identical to commercial photo-
detector systems based on silicon.

e The blend between such low bandgap materials
with different electron affinities may open new
decay channels for the photoexcited species
that lead to EQEs that are lower than in de-
vices with only the single component. This
may be seen as a first hint for the lower lim-
its of the size of the semiconductor bandgap in
organic solar cells.

e The EQE can be tremendously increased by
applying -2V bias voltage.

54 PTV+Per

Experimental

The chemical structure of the organic semiconduc-
tors discussed in this Section are shown in Fig.5.12.
Per was purchased from Synthec (Germany) while
PTV has been synthesised by F. Goldoni, Univer-
sity of Technology (Eindhoven, The Netherlands).
Details of the synthesis, solvatochromic effects and
circular dichroism can be found in Ref. [90].

We note that single layer devices with both com-
ponents are discussed in Chapter 3 of this thesis.

The 1:1 (weight) blend device was fabricated by
spin coating onto an indium tin oxide (ITO) coated
quartz substrate from chloroform solution contain-
ing 15mg/ml PTV and 8mg/ml Per followed by sub-
limation of the Al electrode. More details about
preparation of substrates and the EQE/IV setup
can be found in Chapter 10. The thickness of the or-
ganic layer was measured with a Dektak profilome-
ter and found to be 80nm.
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Figure 5.12: Chemical structure of the two organic
semiconductors discussed in this Section: A poly-
thienylene vinylene with chiral aliphatic side chains
(PTV) and a perylene diimide with aliphatic side
chains (Per).

Results and Discussion
Absorption and EQE Spectra

The EQE and optical absorption spectrum of the
1:1 (by weight) PTV+Per blend cell are plotted in
Fig.5.13. The two peaks around 500nm correspond
to the absorption of a single Per layer whereas the
shoulder at 650nm is due to an absorption maxi-
mum of PTV. The relatively strong and broad band
between 800 and 1000nm is most likely an artifact
and probably related to the low signal to noise ratio
that affects the background correction.

However, since we find a significant photocurrent
down to about 900nm, there must be some absorp-
tion in that region. We note, that we find a more
pronounced - and probably real feature with a fine
structure in the absorption onset of the PTV+Ter
device discussed in a later Section of this Chapter.

The EQE reaches 0.44% in short circuit mode
and 8% under 3V negative bias. The EQE spec-
trum follows the main absorption bands. Since the
EQE values for single layer devices made of the pure
components PTV - see Fig.5.14 are clearly lower,
we can assume that charge separation takes place
at the PTV/Per interface. Interestingly, the EQE
spectrum of the blend extends further into the in-
frared than the EQE of the single components. This
indicates that there is a long absorption tail in the
blend film.

We consider that the presence of the rigid and
planar Per molecules may favour a more planar
arrangement of the PTV molecules which are ex-
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Figure 5.13: EQE of the PTV+Per blend device
with 0 and -3V bias and its absorption spectrum.

pected to form a chiral superstructure'® in the pure
film. Such a more planar molecular arrangement
may then lead to a lower bandgap due to increased
conjugation compared to the pure PTV molecule.
In addition enhanced aggregation or even crystalli-
sation may take place due to the flatter alignment
which has been suggested to be responsible for en-
hanced exciton splitting leading to enhanced pho-
tocurrents in the absorption onset in MEH-PPV
[120].
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Figure 5.14: EQE of the PTV+Per blend device
with 0,-1.5 and -3V bias and the single layer device
efficiencies at 0V.

because of the chiral side chains [90]
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IV Characteristics

The IV characteristics in the dark and under illu-
mination are plotted in Fig.5.15. The open circuit
voltage is 150mV and the fill factor 0.25. The dark
current is very low and virtually field independent
over a wide voltage range as observed in many D/A
blend devices. The light current, however, is highly
field dependent following Ohm’s law between +3
and -3V.

What is remarkable here is that the shunt of the
dark IV curve decreases by at least?? 3 orders of
magnitude from 1.3 - 101°Q to 1.3 - 107Q upon illu-
mination with light while there is no indication for
a significant decrease of Rj.
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Figure 5.15: IV characteristics of the PTV+Per

blend in the dark and under illumination with light
at 550nm and an intensity of 0.15mW/cm?. The
thickness of the organic film is 80nm.

From the observation that photoexcitation re-
duces predominantly the shunt rather than R, we
consider that a new recombination channel near the
D/A interface opens under illumination. The low
shunt can also explain the moderate open circuit
voltage (150mV).

The relatively high EQE (despite the low shunt)
suggests efficient exciton splitting at the D/A in-
terface. The linear dependence of the photocurrent
shows that the current is not trap limited. The
ohmic IV characteristics of the light IV curve does
not allow any rectification. We note that the recti-
fication ratios under light are also low for other or-
ganic semiconductor blends MEH-PPV/CN-PPV,

20Note that the ohmic characteristics as obtained for the
light IV curve represents the sum of both Rs and Ry as
discussed in Chapter 2 so that Ry is possibly even smaller
than 1.3 -107Q.
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MEH/CdSe and MEH/C60 mixtures with low C60
ratios [112, 102, 83].

In any case, the strong field dependence of the
photocurrent can be used to increase the photo-
sensitivity i.e. EQE by a factor of 20 (reach-
ing about 8%) by applying either -3V (photodiode
mode) or +3V (photo-resistor mode).

Summary

In this Section we have found that:

e The external quantum efficiency of a photovol-
taic device comprising a 1:1 blend between a
small soluble perylene derivative (Per) and a
poly-thiophene derivative (PTV) is consider-
ably higher than the EQE of the pure single
layer devices.

e Thanks to the low bandgap of PTV the photo-
voltaic cell shows a very broad photoresponse
surpassing the visible wavelength range.

e The EQE can be increased by a factor of 20
(reaching 8%) by applying a negative or posi-
tive voltage of 3V.

e The distinct difference between the dark and
the light IV characteristics makes it possible to
operate this device not only as a photo-diode,
solar cell but also as light dependent resistor
(photo-resistor).

e In short circuit mode the solar cell reaches an
EQE up to 0.4% with V. of 150mV

e The shunt resistor decreases by at least 3
orders of magnitude upon illumination with
monochromatic (550nm) light of 0.15mW /cm?.

5.5 PTV4Ter

Experimental

The chemical structure of the organic semiconduc-
tors used in this Section are shown in Fig.5.16. PTV
was synthesised by F. Goldoni at The University of
Technology (Eindhoven, The Netherlands). Details
of the synthesis can be found in Ref. [90]. Ter was
synthesised by S. Becker at the MPI (Mainz, Ger-
many). More information about the synthesis of
various perylene-; terrylene-, quaterrylene-, deriva-
tives including polymers can be found in Ref. [217].
Single layer devices comprising the pure com-
pounds have been investigated in Chapter 2.
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Figure 5.16: Chemical structure of the two organic
semiconductors discussed in this Section: A poly-
thienylene vinylene with with chiral aliphatic side
chains (PTV) and a terrylene diimide (Ter) with
aliphatic side chains.

The 1:1 (by weight) blend device was fabricated
by spin coating onto an ITO coated quartz sub-
strate from chloroform solution containing 15mg/ml
PTV and 6mg/ml Ter followed by thermal subli-
mation of the Al electrode. The thickness of the
organic film is 32nm. More details about prepara-
tion of substrates and the setup can be found on
Chapter 10.

Results and Discussion
Absorption and EQE Spectra

The optical absorption spectrum and EQE at 0V
and -1.5V of the 1:1 PTV+Ter blend cell are plotted
in Fig.5.17. Both PTV and Ter have very similar
absorption spectra with features at 600 and 660nm
and the onset at 750nm. The spectrum of the blend
in Fig.5.17 shows qualitatively the same features
but they are much more pronounced than in the
single compounds - see Chapter 3.

Also interesting is the occurrence of a broad ab-
sorption band between 780 and 1100nm where none
of the single components absorbs at all. We note
that we have observed a similar absorption band in
the PTV+Per blend as discussed in the previous
Section in this Chapter. The band here is different
from the one in PTV+Per in that the band here is
stronger and structured.

In fact, the same data plotted on an energy scale
(Fig.5.18)reveal a constant energetic spacing typi-
cal for vibronic modes. We found peaks at 1.237,

87

TTTTTTTTT IIIIIIIII|IIIIIIIII IIIIIII_
3E . J0.2 8
—~ 1 §
S ok ] o
w -1.5V ] )
] E —01 3
= 7 1]
Ll 1B ] =3
e - e
E OV (x20) 1
Oﬁ—llllllllllllllllllll |:0
400 600 800 1000

ar22no6

wavelength {(nm)

Figure 5.17: EQE of the PTV+Ter (32nm thick)
blend device with 0 and -1.5V bias and its absorp-
tion spectrum. The EQE at 0V is multiplied by 20
for clarity.

1.320, 1.402, 1.485, 1.567, 1.649, 1.732 which corre-
spond to an energetic spacing of 83meV. The two
main peaks are at 1.878 and 2.043eV with a spac-
ing of 165meV - which is 83 times 2. We consider
that these two peaks reflect the 0-0 and 0-1 vibronic
transition with the 0-0 peak being the dominant fea-
ture.
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Figure 5.18: Linear absorption of the PTV+Ter
blend versus energy. Two vibronic modes can be
found: 165meV and 82meV.

A similar vibronic mode of 50meV in addition
to the dominant C-C mode of the polymer back-
bone (180meV) has been found in the absorption
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spectrum of the well defined poly-phenylene deriva-
tive (m-LPPP). Both the occurrence of such well
resolved vibronic structures and a dominant 0-0
transition have only been found either in small
molecules or well ordered conjugated polymers like
m-LPPP and PPV [198, 197, 163]. The latter had
to be especially synthesised [109, 110] or stretch ori-
ented [108] to obtain the required degree of order
i.e. maximum conjugation length?.

However, regardless of the vibronic structure such
a band in the absorption onset may be caused by

e.g.:

1. The introduction of sub-bandgap levels via un-
intentional doping by e.g. the presence of im-
purities.

2. Interference effects in the thin film.

3. Aggregation effects.

Since the band is very strong and does usually not
appear in films of comparable optical properties we
consider the first two possibilities (doping, inter-
ference) to be very unlikely. However, they could
be ruled out by performing photo thermal reflec-
tion (PDS) measurements as part of a more detailed
study of these types of blends.

We believe it is more likely that the = — 7 in-
teraction of the large planar Ter molecules favours
a more planar (less disturbed) molecular arrange-
ment of the PTV molecules thus leading to longer
effective conjugation lengths and enhanced aggre-
gation and the observed vibronic structure in the
polymer. Although this could explain the obser-
vation of both the well structured absorption spec-
trum and the broad absorption band around 900nm
further structural investigation - such as the one
mentioned above - are desirable to confirm such a
possibility.

From the fact that the EQE spectrum follows es-
sentially the absorption features we can infer that
most of the bulk of the cell contributes to the gen-
eration of the external current. However, in the
range between 400 and 500nm the EQE with OV
increases despite the local decrease of absorption in
this range.

We note that we found the same effect in the
PTV+Per blend discussed in a previous Section. In
fact the pure PTV single layer shows a monoton in-
crease of EQE with shorter wavelengths despite a
local absorption minimum at 420nm - see Chapter

21Djifferent lengths of conjugated segments on a polymer
chain smear out the absorption spectrum - unless they are
all longer than the effective conjugation length.
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Figure 5.19: EQE of the PTV+Ter blend device
with 0 and -1.5 bias voltage and the single layer
device efficiency of PTV at 0V. EQE data for the
pure Ter film may not be representative due to the
formation of shorts - see Chapter 3.

3. In other words, photons carrying higher ener-
gies contribute more efficiently to the photocurrent
already in the pure PTV (containing oxygen and
water) than photons with lower energy. Hence, al-
though we cannot identify the exact nature of this
effect, we consider that the PTV component is re-
sponsible for this effect.

Another interesting observation is that photons
absorbed in the low energy absorption band con-
tribute to the photocurrent the more, the higher
their photon energy (Fig.5.19). In fact, 1.55eV
(800nm) photons are almost 100 times more effi-
cient in contributing to the photocurrent than pho-
tons with only 1.38¢V (900nm). Under negative
bias voltage the sensitivity to photon energy de-
creases considerably in both the high energy (400 to
600nm) and the low energy range (800 to 900nm).

IV Characteristics

The IV characteristics in the dark and under illumi-
nation are plotted in Fig.5.20. The device develops
an open circuit voltage of 120mV upon illumination
with light at 600nm.

The dark current is low and stays virtually con-
stant under negative bias whereas the light current
depends strongly on the applied field. Similar to
the PTV+4Per device discussed earlier, the photo-
sensitivity can be enhanced by a factor of 20 by



5.6. PT'V+THPF

1.5 10-?_| T T | T L | T T T | LI I_
1107L  Voc=120mV 3
8: Isc =2180pA ]
< 5107 1d =1.4pA =
- D: 1
E 010 C .
3-510°F E
1107 F 3
-1.5 10'? Lo v b1y R B
-2 -1 0 1 2

0726f01 Vonage(V)

Figure 5.20: IV characteristics of the PTV+Ter

blend in the dark and under illumination with light
at 600nm. The thickness of this device was about
32nm.

applying a voltage of -1.5V.

Note that strong electric field dependence depen-
dence of the photocurrent under negative bias is
often observed in blend devices - especially if the
open circuit voltage is relatively low (< 300mV at
typical light intensities around 0.2mW cm?). This
has probably to do with a tendency towards low
shunt resistors in blends since separated charges
have more opportunities to recombine within the
large D/A network.

In contrast to the PTV+Per cell the PTV+Ter
device shows some rectification in the dark but vir-
tually none under illumination.

Summary

In this Section we have found that:

e The external quantum efficiency of a device
comprising a 1:1 blend between a soluble terry-
lene derivative (Per) and a soluble polythieny-
lene vinylene derivative (PTV) is considerably
higher than in the pure PTV device.

e The device shows a photoresponse exceeding
the visible wavelength range (400-900nm)

e The photoresponse can be increased by a factor
of 20 reaching 2.4% at 670nm by applying a
negative voltage of 1.5V.
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e The device can operate as a photodiode, solar
cell and a photo-resistor.

e The EQE reaches up to 0.4% with an open cir-
cuit voltage of 120mV.

e We find little rectification (5 at + 1.8V) in the
dark but virtually none under illumination.

e The absorption of the blend shows a sharp vi-
bronic mode (165meV) with a dominant 0-0
transition indicating high molecular order i.e.
long effective conjugation of the PTV in the
presence of Ter.

We also found an extra absorption band at low
energies (1.2 to 1.8eV) with a vibronic mode
(83meV).

5.6 PTV4+THPF

Experimental
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Figure 5.21: Chemical structure of the two organic
semiconductors discussed in this Section: A poly-
thienylene vinylene with chiral aliphatic side chains
(PTV) and a fluorinated poly-yne, THPF.

The chemical structure of the organic semicon-
ductors discussed in this Section are shown in
Fig.5.21. PTV was synthesised by F. Goldoni at the
University of Technology (Eindhoven, The Nether-
lands). Details of the synthesis can be found in Ref.
[90]. THPF was synthesised by M. Khan, Imperial
College London. The synthesis has not been pub-
lished yet but some information about D/A interac-
tion in fluoro-substituted phenylene containing or-
ganic and organo-metallic poly-ynes can be found in
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Ref. [141]. The average molecular weight is 15440
corresponding to n=22 repeat units [142].

Single layer devices comprising the pure com-
pounds have been investigated in Chapter 3 of this
thesis.

The 1:1 (by weight) blend device was fabricated
by spin coating onto an ITO coated quartz sub-
strate from chloroform solution containing 15mg/ml
PTV and 16mg/ml THPF followed by sublimation
of the Al electrode. The organic film has been mea-
sured with a Dektak profilometer and found to be
50nm thick. More details about preparation of sub-
strates and the setup can be found in Chapter 10.

Results and Discussion
Absorption and EQE Spectra

The EQE and optical absorption spectrum of the
1:1 (by weight) PTV+THPF blend cell are plotted
in Fig.5.22. Both components have very similar ab-
sorption spectra with features at 600 and 660nm -
see also Chapter 3. They do not absorb light with
wavelengths longer than 800nm. Since there is no
photocurrent beyond 800nm we consider the band
around 900nm to be an artifact or due to interfer-
ence effects.

The low bandgap of THPF shows that the triple
bond is not breaking the conjugation of the back-
bone - thus charge transport along the backbone
should be efficient. A sufficiently thick layer of such
a blend can absorb 54% of the solar radiation on
earth - see Table 8.3.
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Figure 5.22: Linear absorption and EQE of the
PTV+THPF blend device. The thickness of the
organic film is 50nm.

As observed in the pure PTV device and other
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PTV blends the EQE increases for shorter wave-
lengths and reaches values greater than 0.1%
around 400nm.

The semi logarithmic plot of the EQE (Fig.5.23)
shows clearly that the photoresponse actually starts
at around 800nm and increases over more than four
orders of magnitude when reaching shorter wave-
lengths. The blend shows about 10 times higher
numbers than in the pure PTV device but only lit-
tle (2x) more than in the pure THPF cell. The
EQE numbers between 800 and 900nm are not sig-
nificant due to the low signal to noise ratio in this
region so that the actual bandwidth of operation of
this device is 400 to 800nm.

However, the small improvement of the EQE
compared to the pure THPF device may be ex-
plained in that charge separation is not particu-
larly effective at the interface between those two
molecules. This would mean that THPF is not a
very strong electron acceptor as expected because
of the electron withdrawing fluor atoms that couple
to the conjugated system.

It may be that the rather long distance between
the fluor atoms and the conjugated polymer back-
bone - they are separated not only by the thiophene
but also the pyrazine and phenyl units - weakens
the electronic effect. Such a weak effect of the fluor
atoms is also consistent with the observation of an
unchanged bandgap?? regardless whether the fluor
atoms in this particular systems are present or not
[142].
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Figure 5.23: EQE of the PTV+THPF blend device
and the single layer device efficiencies at 0V.

22The bandgap in both systems was found to be around
1.7eV (730nm) in solution.
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IV Characteristics

The IV characteristics in the dark and under illu-
mination are plotted in Fig.5.24. This device devel-
ops a relatively high open circuit voltage (550mV)
which is close to the difference in workfunctions of
the electrodes. Similar open circuit voltages have
been observed for e.g. MEH-PPV+CN-PPV blend
devices under comparable conditions [112].

Indeed, the open circuit voltage in blend devices
appears mainly to be determined by the workfunc-
tion of the electrodes and increases only very little
with light intensity [102]. The IV characteristics re-
semble the curves obtained for blends of PTV with
Per and Ter of the previous Section but with the ex-
ception that the (light) currents are lower and V..
is higher.
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Figure 5.24: 1V characteristics of the PTV+THPF
blend in the dark and under illumination with light
at 550nm and an intensity of 0.2mW/cm?. The
thickness of this device was about 50nm.

The shunt - calculated from the slope in the 3
quadrant - decreases considerably (from 101°Q to
6-108Q). Note that the (inverse) slope of the ohmic
IV curve in Fig.5.24 equals Rs; + Rs,. There is no
significant rectification in the investigated range (-
3V to +3V).

Another result often found in blends is the low
dark current even under higher negative bias voltage
- as opposed to the rather voltage dependent light
current.

Summary
In this Section we have found that:

e The external quantum efficiency of a device
comprising a 1:1 blend between THPF and a
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polythiophene derivative (PTV) is about two
times higher than the EQE of the more effi-
cient single material device (THPF).

e The device shows a photoresponse covering the
entire visible wavelength range (400-800nm).

e The photoresponse can be increased by a factor
of 4 by applying a negative voltage of 2V.

e Thanks to a linear IV curve the device can op-
erate as a photodiode, solar cell and a photore-
sistor.

e The EQE reaches up to 0.2% with V,. of
550mV which is close to the difference of work-
functions of the electrodes.

o We find some rectification (5) at £1.8V in the
dark but virtually none under illumination.

e The dark current is very small and voltage in-
dependent in contrast to the photocurrent.

5.7 PTV4PIF

Experimental

The chemical structure of the organic semiconduc-
tors used in this Section are shown in Fig.5.25. PTV
was synthesised by F. Goldoni at the University of
Technology (Eindhoven, The Netherlands). Details
of the synthesis can be found in Ref. [90]. PIF has
been synthesised by H. Reisch and U. Wiesler at
the MPI in Mainz, Germany [210].

Single layer devices comprising the pure com-
pounds have been investigated in Chapter 3 of this
thesis.

The 1:1 (weight) PTV4PIF blend device was fab-
ricated by spin coating onto an indium tin oxide
(ITO) coated quartz substrate from chloroform so-
lution containing 15mg/ml PTV and 8mg/ml PIF
followed by thermal sublimation of the Al electrode.

The thickness of the organic film was determined
with a profilometer (Dektak) and found to be 55nm.
More details about preparation of substrates and
the setup can be found in Chapter 10.

Results and Discussion
Absorption and EQE Spectra

The EQE and optical absorption spectrum of the
1:1 PTV+PIF blend cell are plotted in Fig.5.26.
The broad absorption band at 600nm stems from
PTV whereas the peak at 800nm with the band
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PTV

1105fi05

Figure 5.25: Chemical structure of the organic
semiconductors discussed in this Section: A poly-
thienylene vinylene with chiral aliphatic side chains
(PTV) and a poly indenofluorene (PIF).

between 900 and 1100nm is due to the absorption
of PIF - see Chapter 3.
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Figure 5.26: Linear absorption and EQE of the
PTV+PIF blend device. The thickness of the or-
ganic layer is 50nm.

The onset of absorption of PTV is around 790nm.
Since the absorption spectra of the low bandgap
material PTV and the very low bandgap semicon-
ductor PIF complement each other, this device can
utilize light with wavelengths ranging from less than
400 to up to 1100nm.

A sufficiently thick layer of such a blend can ab-
sorb 77% of the solar radiation on earth which is
comparable to commercial silicon based photode-
tectors and solar cells - see also 8.3. As observed in
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both the pure PTV and the pure PIF device as well
as other PTV blends the EQE increases for shorter
wavelengths reaching its maximum around 400nm

(0.014%).
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Figure 5.27: EQE of the PTV+PIF blend device
and the single layer device efficiencies at 0V.

The semi logarithmic plot of the EQE (Fig.5.27)
reveals that the photoresponse of the blend really
starts at 1100nm. From the symbatic photore-
sponse we can exclude charge separation at the
ITO/blend interface. The figure also shows that the
EQE of the blend is higher than both pure compo-
nents only around 600nm.

Thus, we can conclude that photo-induced charge
transfer takes place at the D/A interface but there
must be another decay channel present that causes
the device to lower its performance - possibly wave-
length independent.

An alternative?® and more likely possibility to ex-
plain the partial enhancement of the blend com-
pared to the single layer is the presence of partial
shorts i.e. a low shunt resistor. This would be con-
sistent with the results of the IV measurements -
see following Section.

IV Characteristics

The IV characteristics in the dark and under illu-
mination are plotted in Fig.5.28.

Although the device shows a more than signif-
icant photoresponse we believe that the device is

23 Another possibility is that the organic layer of PIF device
was close to its optimal thickness - whereas thickness effects
of the double layer here are not investigated or optimised.
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Figure 5.28: IV characteristics of the PTV+PIF
blend in the dark and under illumination with light
at 550nm and an intensity of about 0.2mW /cm?.

partly shorted by e.g. pinholes for the following
reasons:

1. The dark current?® is relatively high (more
than 20 times higher near OV than in the other
blend devices discussed in this thesis). Also the
current is relatively voltage dependent in both
the dark and under illumination which results
indeed in a low shunt resistor Ry, = 4 -107Q.

We note that Ry = 10°Q (derived from the
slope in the first quadrant).

2. The open circuit voltage is expected to reach
about 0.5V (the workfunction difference be-
tween the electrodes), but is much lower here
(~10mV)

Fortunately, the shunt resistor is still high enough
to avoid complete cancelling of the photogenerated
current so that at least a qualitative evaluation of
this blend is possible.

A double logarithmic plot of the dark IV curve
reveals tree distinct slopes (regimes)- see Fig.5.29.
The first slope is clearly Ohmic, the second is o V2
and the third oc V3. The quadratic dependence of
the current may be due to shallow traps while the
third slope may represent the transition to the trap
free condition - see also Chapter 2.

24This is the current at 0.00V which is driven by potential
fluctuation of the source measure unit which are in the mV
range.

93

10 EIIIII T T IIIIIIE
: 1
— -7

< M0 Er E
= i ]
L L ]
3 10T .
-9 : i
10/—-|--|-1-|-r1---/---|----1---|--|--r-|-r1—
01 1

072204 Voltage (V)

Figure 5.29: Double logarithmic plot of the dark TV
curve of the PTV+PIF device (forward bias only).
Three different slopes fit the curve suggesting the
presence of shallow traps - see text.

We note that the low shunt resistance requires
higher fields across the device to release the trapped
charges but should not affect this analysis otherwise

Summary

In this Section we have found that:

e The external quantum efficiency of a solar cell
comprising a 1:1 blend between PIF and a poly-
thiophene derivative (PTV) can reach at least
0.015% but can most probably increased con-
siderably if partial shorts can be avoided.

e The photoresponse is - at least partly - en-
hanced with respect to devices comprising only
the pure component suggesting photoexcited
charge transfer between the two components

e The device shows a very wide photoresponse
exceeding the visible wavelength range (400-
1000nm).

e We found evidence for the presence of shallow
traps from the analysis of the IV characteris-
tics.
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Chapter 6

Laminated Layer Devices

6.1 Introduction

In the previous chapters we have seen that single
layer devices can be considerably improved by in-
troducing a second semiconducting component re-
sulting in a D/A type solar cell.

Both types of D/A cells, double layer and blend
structures, have certain strengths but also disad-
vantages. For instance, the fabrication of a blend
device requires solubility of both components in the
same solvent - while the situation is reversed for
the double layer structure. Unfavourable dimen-
sions and/or defects of the interpenetrating net-
work structure are the main problem in blends
whereas short exciton diffusion lengths limit the
performance of double layers severely.

Moreover, both types would benefit a lot if there
was a possibility for separate treatment such as dop-
ing or heating of the specific D or A layer in order
to modify the electrical and optical properties. Re-
cently we have published a new device architecture
i.e. manufacturing method that allows to realise
all these possibilities in a surprisingly simple way
[94, 200, 95].

The basic idea is to deposit both the D and A
layer on separate electrodes (on substrates) before
they are laminated together to obtain a D/A double
layer device structure. The lamination process can
lead to an improved D/A interface when compared
to both a standard double layer and even a blend.
This is because molecules in each layer have the
opportunity to diffuse into the other layer during
the lamination process.

The quality of the D/A interface can be con-
trolled by heating, applying pressure or exposing
the layers to solution vapor before, during or after
the fabrication. The so obtained network structure
is less likely to result in both isolated areas and -
thanks to the separate charge transport layers - the
(unwanted) connectivity with the wrong electrode.
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Figure 6.1: Scheme of the manufacturing method
and architecture used to obtain the laminated solar
cell. After lamination, charge-separation can oc-
cur at the interface of the hole and electron trans-
port layers. Here we investigate both a device com-
prising polymeric semiconductors and another using
dyes.

Both of which represent serious problems in normal
blend devices.

In the following we list the strong points of the
laminated structure:

Improved D/A network structure.

Relatively simple fabrication - from solution
applying the technologically well known lam-
ination technique.

Opportunity to treat each layer separately to
improve the electronic and optical properties
by e.g. doping or heat treatment.

Automatic encapsulation of the two semicon-
ducting layers between the substrates.

The quality of the D/A interface may be con-
trolled by treating the layers before, during and
after the lamination process
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Table 6.1: Survey of performance parameters of laminated solar cells.

EQE V,. FF range materials comments year
% \% % nm - -

30 1.3 33 400-700 POPT/MCP  polymer/polymer [94] 1998
0.2 0.37 23 400-900 HPc/Per liquid crystal(dye)/dye [200] 2000

Among the listed advantages of laminated devices
we want to emphasize that the possibility of sepa-
rate treatment of the D and the A layer represents a
crucial point if commercially interesting efficiencies
are to be achieved [277].

In practice, the following limitations using the
lamination technique have to be considered:

1. Both components have to be compatible i.e.
preferably dissolve in the same solvent and
form aggregates not larger than about twice
the exciton diffusion length - similar to the re-
quirements for a blend structure, see Chapter
5.

2. Both material need to be sufficiently “soft” to
enable lamination. Many polymers can be
heated above a certain temperature (glass tran-
sition) where they become soft and “rubber-
like”. Liquid crystalline phases are particularly
“soft”.

3. The curvature of the substrates can become im-
portant since the films are only about 100nm
thin and good contact over the entire area is de-
sired. Particularly flat ITO covered glass sub-
strates or flexible substrates are commercially
available and may be used to overcome such
problems.

4. Dust particles or others (crystallites..) between
the electrodes could deteriorate the quality of
the interface.

In the following sections we investigate first how
soluble polymers can be used to obtain a device
whose performance exceeds even the best pigment
based device in terms of solar efficiency. The second
device in this Chapter comprises the two soluble
small molecules HPc and Per.

A survey of the performance parameters of both
devices - which represent the only reported struc-
tures of this type in literature to date - is given in
Table 6.1. Note that - despite some advantages of

the used dyes over the polymers as discussed in Sec-
tion 6.3, the performance of the laminated dye de-
vice was surprisingly poor. In fact, it was even lower
than the blend structure using the same molecules.

6.2 The Laminated Polymer
Device

In this section we investigate a laminated device
structure using two polymers (Fig.6.2) that have
been chosen because of the following properties:

1. PL quenching experiments indicate exciton
splitting at the polymer/polymer interface - a
crucial requirement for building a D/A solar
cell.

2. Both polythiophenes and polyphenylene-
vinylenes have been showing good photovoltaic
properties within the class of conjugated poly-
mers [112, 213].

3. The bandgap of the spincoated film of POPT
can be lowered by about 100nm upon moderate
heat treatment. Together with MCP virtually
the entire visible range can be covered which
increases efficiency.

4. Both materials show suitable mechanical and
film forming properties together with the re-
quired thermal stability.

Experimental

Current voltage curves and photocurrents were
measured using a Keithley 237 source measure unit.
Monochromatic illumination was provided by the
output of a tungsten lamp dispersed by Bentham
M300 single-grating monochromator. Quantum ef-
ficiencies were determined by normalisation with
a calibrated silicon photodiode in the sample po-
sition. Absorption spectra were measured with a
Hewlett Packard 8453 UV-Vis spectrometer. Re-
flection losses were neglected for all measurements.
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The chemical structures of the polymer semicon-
ductors used in this work are shown in Fig.6.2.
MEH-CN-PPV or MCP is a fluorescent cyano sub-
stituted derivative of poly(p-phenylene vinylene)
with a large electron affinity as a result of the elec-
tron withdrawing cyano-groups [174].

The device was fabricated in a nitrogen-filled
glove box (oxygen<3ppm). One half of the de-
vice comprises the electron acceptor material( MCP)
spincoated from filtered (0.45xm) chloroform solu-
tion (5mg/ml) on Ca which was sublimed on a glass
substrate. The other half of the device comprises
the hole acceptor material (POPT) spincoated from
filtered (0.45um) chloroform solution onto a con-
ducting polymer (PEDOT, commercially available)
film. PEDOT was spincoated from water onto a
transparent gold layer to decrease the sheet resis-
tance of PEDOT. Note that PEDOT and Au have
approximately the same workfunction.

The gold layer was sublimed on a glass substrate.
We added 5% (by weight) POPT to the MCP solu-
tion which has improved the efficiency considerably.
The half with the POPT layer was heated to 200 °C
under vacuum before the device was laminated to-
gether by applying a gentle pressure while one half
was still at elevated temperature.

Heating of the polymer device prior to lamina-
tion was required for two reasons: 1) to introduce a
transition of POPT into the more crystalline phase
[18, 4] which absorbs more in the red region of the
spectrum 2) to exceed the glass transition temper-
atures so that both polymers become “soft”.

The total thickness of the semiconducting lay-
ers was about 80nm and the active area 2.5mm?.
PL-efficiencies were measured using an integrat-
ing sphere and an argon ion laser as described
previously[169]. The AFM images were obtained
using phase sensitive detection, and were taken with
a NanoScope IITa Dimension 3100 (Digital Instru-
ments Inc, Santa Barbara).

Results and Discussion

PL Quenching

Fig.6.2 shows that the single components are fluo-
rescent and the PL of both is quenched upon addi-
tion of a small amount of one polymer to the other.
This indicates efficient exciton dissociation in both
polymers when blended.

Energy transfer between the blend partner as an
alternative explanation has been ruled out! since

1Only in the unlikely case that energy transfer is followed
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Figure 6.2: Chemical structures of the polymers
used in the polymer double-layer blend and PL ef-
ficiency as a function of the blend ratio.

the PL of both materials is quenched in the blend.
Such a "bath tub” shape of the PL versus blend
ratio plot may therefore be taken as indication for
charge transfer at the polymer/polymer interface -
particularly if the electron affinity of one component
(here MCP) is higher.

Note that MCP with 45% PL efficiency is very
fluorescent. In other words, as much as 45% of
all excitons generated in MCP recombine radia-
tively in the pure film. Upon the addition of only
5% POPT the number of radiative recombination
is reduced to only 15%. This means a good deal
of the photoexcited excitons is now split into its
constituent charges with the holes trapped on the
POPT molecules and extra free electrons in the con-
duction band of MCP.

Note that PL quenching ratios of 100 to about
10000 have been reported for blends involving rela-
tively small molecules whereas quenching ratios in
polymers are typically (here:20) about one order or-
der of magnitude lower [112, 278, 62].

In order to sustain the photo-induced charge gen-
eration mechanism over time the trapped hole in
POPT eventually has to recombine with an elec-
tron. From the fact that we do observe “continuous
PL quenching” - not only in the first few ms - we
can infer that these trapped holes do find a recom-
bination partner such as e.g. the electrons in the
CB of adjacent MCP molecules.

by strong non-radiative recombination, a similar “bath tub”
shape may be obtained.



98

Note that this charge generation mechanism is
not as efficient as the one at D/A interfaces of dou-
ble layer structures where both charges of an exciton
can travel to the electrodes. In fact the generation
mechanism here resembles more the situation as we
find it with oxygen traps distributed throughout an
organic semiconductor - as discussed in Chapter 2.

The main difference to oxygen induced charge
generation is that unlike the oxygen atoms, POPT
is a semiconductor with a sufficiently low bandgap
and can therefore also produce excitons. This re-
sults in the generation of extra charge carriers in
the host system - here electrons in MCP, which con-
tribute to the photocurrent and the reduction of the
series resistor.
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Figure 6.3: Absorption spectra of the pure MCP
and POPT layer. Upon heat treatment the POPT
film can shift its absorption onset by about 100nm
towards the infrared, POPT*.

The described scenario is consistent with the ob-
served incomplete PL quenching for higher concen-
trations (e.g. 20%)of the guest molecule (Fig.6.2):
When the concentration of the guest material ap-
proaches a certain threshold, it becomes more diffi-
cult to get rid of the trapped charge since there are
more and more like molecules in the neighborhood
carrying the same trapped charges and no recombi-
nation partner.

The addition of 5% of MCP to the POPT layer
reduces the fraction of radiatively recombining ex-
citons from 5 to 3%. This is about the same PL
reduction factor as for the quenching of the PL of
pure MCP.

However, pure POPT shows already only 5%
photoluminescence. Thus, the relatively few extra
charges due to exciton splitting in the blend are not
expected to make much of a difference. Indeed, we
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found that the addition of 5% MCP to POPT could
not improve the device performance [94].
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Figure 6.4: External quantum efficiency and ab-
sorption spectrum of the laminated polymer cell.

Absorption and EQE Spectra

Fig.6.3 shows the absorption spectra of MCP and
POPT films. The absorption of the POPT film can
be considerably improved (broadened) upon ther-
mal annealing. This has been observed before in the
same molecule by Bergren et al. [18] and is proba-
bly related to a temperature induced structural re-
organisation of the regio-regular POPT molecules.

Fig.6.4 shows the linear absorption as well
as the EQE spectrum of the laminated device
(ITO/PEDOT/POPT+5%MCP/MCP/Ca). The
absorption spectra of the heated POPT and the
MCP film complement each other well so that rela-
tively high OD can be achieved over a wide spectral
range. The EQE follows the shape of the absorption
spectrum nicely so that the entire semiconducting
bulk can be regarded as active layer. The EQE is
generally high and reaches 28% near the peak of the
absorption (480nm).

Fig.6.5 shows the cross section of a laminated
structure: There is inter-penetration between the
two layers following the lamination and annealing
procedure, on a length scale of 20-30nm. The cut
to reveal the cross section was made at low temper-
ature. We note that finer scale inter-penetration is
not expected to be revealed in these images. These
(and the other) AFM images are shown in phase
contrast mode, most of which is due to differences in
viscoelastic properties of the two polymers; height
differences are no more than 5nm.

Fig.6.6 and Fig.6.7 show an in-plane image of the
two semiconducting polymers mixed with 5% of the
other component. Apart from the formation of the
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Figure 6.5: AFM phase contrast image of a cross-section of a laminated MCP/POPT+5%MCP polymer
interface without metal electrodes sandwiched between polyester substrates. An increased D/A interface
(outlined on the right picture) on a 40nm scale can be seen.

0.50

1 0.25

0 0.25 0.50
[T

Figure 6.6: AFM phase contrast image of a
MCP+5%POPT film. The larger spots are most
likely islands of POPT clusters in the MCP matrix.

shown clusters or islands - finer scale mixing is sus-
pected.

We note that a comparable device that does not
contain 5% POPT in the MCP film showed only
EQE values around 5% which is comparable to
“conventional” polymer blend devices [112].
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Figure 6.7: AFM phase contrast image of a
POPT+5%MCP film. The larger spots are most
likely islands of MCP clusters in the POPT matrix.

IV Characteristics

The IV characteristics of the laminated polymer
cell with ITO and Al contacts in both the dark and
under illumination is shown in Fig.6.8. The open
circuit voltage of 600mV is comparable to good dou-
ble layer devices and close to the difference of work-
functions of the electrodes.
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Figure 6.8: IV-Characteristics of the laminated

polymer cell with ITO and Al contacts in the dark
(dashed line) and under monochromatic illumina-
tion with A=480 nm, illuminated area = 2.5mm?,
irradiance = 35mW /cm? (solid line).

From the slope in the first and third quadrant
we obtain an upper limit for the series resistor of
7-10*Q and a shunt resistor of approximately 107€.
These resistor values are in the order of inorganic
cells of comparable dimensions - see Chapter 2.
Hence, the both the high photocurrent and open
circuit voltage with a relatively good FF - is not sur-
prising. However, it is the shunt and not the series
resistor that limits both the photocurrent and the
fillfactor in this device. Interestingly, the current
in the region between -1 and -1.5V shows particu-
larly little voltage dependence for which we have no
conclusive explanation yet.

The IV characteristics of the laminated polymer
cell with Au/PEDOT and Ca contacts in both the
dark and under illumination is shown in Fig.6.9.
The open circuit voltage reaches now 1.3V whereas
the photocurrent and the fillfactor (0.33) remains
the same as in the ITO/Al device. The light
characteristic can be fitted well with the Schock-
ley equation (see Chapter 2) using Ry = 1-10°Q,
Ry, =2-107Q, I, = 114nA, Iy = 6pA and n=5.8.

Both resistor values are only little better than
in the laminated polymer device with ITO and Al
contacts. However, the open circuit voltage is con-
siderably higher and the shape of the IV curve is
now clearly dominated by the two resistor values
(Rsp, and Rg). The high value for n (and the low
Ip) was necessary to fit the high V..

The dark characteristics remains unchanged and
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Figure 6.9: IV-Characteristics of the laminated

polymer cell with Au/PEDOT and Ca contacts in
the dark (dashed line) and under monochromatic
illumination with A=480 nm, illuminated area =
2.5mm?, irradiance = 35 mW /cm? (solid line). Cir-
cles represent data points while the solid line shows
the modeled curve using the Shockley equation - see
Chapter 2.

the increasing difference between light and dark
curve (associated with a not negligible R,) allows
to double the EQE or spectral response if -2V are
applied. With such bias voltage at least 58% can
be achieved in the photodiode mode.

In Fig.6.10 we plotted the open circuit voltage
and the photocurrent versus intensity (irradiance)
of the incident light. The figure shows that the pho-
tocurrent increases linearly with light intensity over
at least 6 orders of magnitude. V. also increases
with light intensity but slower and levels out around
2.2V. In fact, the slope of V,. can be fitted well with

V(E) =21V +0.206V - In(E) (6.1)

if we ignore the offset value of 2.1V we can see

that Eq. (6.1) resembles the expression as derived
from the Schockley equation in Chapter 2:

kT Iy

U=n . In( I

with kT/q=26mV. Using nkT/q = 0.206V we
obtain a diode ideality factor n==8.0 which is rea-
sonably close to the n=>5.8 obtained from the IV
curve. The large offset value of 2.1V may be caused
by the driving force that can be associated with

+1) (6.2)
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Figure 6.10: Dependence of V. and I, on the light
intensity (E) at A=488nm for the laminated PE-
DOT/Ca polymer solar cell. I, oc E92 while
Ve o< In(E) up to 20 mW /cm? and saturates then
around 2.2V.

the difference of workfunctions of the electrodes
(Wf,Au = 5.1€V, Wf7ca = 29€V)

Under the assumption that I;. and V,. scale
with intensity in the same way for all wavelengths
we calculated a power-conversion efficiency for the
polymer solar cell under solar conditions on earth
(AM1.5d, 76mW/cm?) of 1.9 % - for details see
Chapter 8.

This number is remarkable since it is almost twice
as high as the hitherto best organic devices with
reported solar efficiencies [244] and was achieved
even without sublimation of an active layer.

Summary

In this Section we have shown that:

1. The lamination method allows the fabrication
of organic solar cells that surpass the power ef-
ficiencies of earlier organic device architectures
such as sublimed double-layers or blends, fea-
turing many technological advantages.

2. Selective treatment of the two laminated lay-
ers, for example, annealing or ”doping” of the
organic semiconducting components in a D/A
structure is now possible and can lead to high
EQE and V,. numbers.

3. The laminated polymer device can utilise light
over a broad spectral range (400-750nm).
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4. The workfunction difference of the electrode
materials seems to determine the achievable
V,e in this device.

5. The shunt resistor rather than R, are respon-
sible for remaining EQE and fillfactor losses in
this device.

6. The electronic transport properties of the elec-
tron acceptor material could be improved con-
siderably upon mixing a small amount (5%) of
the donor material into it.

We note that the method of lamination is already
well established in (general) polymer & plastics in-
dustry and often realised as a roll to roll process
using self supporting sheets.

Nevertheless, before it comes to its first industrial
applications, such as large-area photosensitive ar-
rays for scanners and medical imaging etc., further
efforts to improve charge transport and absorption
are necessary and possible stability problems will
have to be addressed.

6.3 The Laminated Dye De-
vice

In this section we investigate a laminated device
structure using soluble small molecules (dyes) in-
stead of polymers. We have chosen the two solu-
ble derivatives of a metal-free phthalocyanine (HPc)
and a perylene diimide (Per) - see Fig.6.11.

A combination of these two materials looked par-
ticularly promising to achieve good performance
values using the new technique for the following rea-
sons:

1. Both materials are relatively small molecules
which dissolve readily in the same solvent.
Thus inter-diffusion after lamination may lead
to a very fine and therefore efficient interpene-
trating network sandwiched between to trans-
port layers.

2. Insoluble derivatives of these molecules have
shown good performance in both single layer
and double layer solar cells.

3. Both molecules have high light-fastness and
thermal stability.

4. The liquid crystalline properties of HPc may
favour the lamination process.
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5. Efficient PL quenching has been observed
suggesting efficient exciton quenching at the
dye/dye interface.

6. The photovoltaic properties of HPc as a sin-
gle layer may be improved by introducing more
charge free charge carriers by the addition of a
few % Per.

Experimental

Current voltage curves and photocurrents were
measured using a Keithley 237 source measure unit.
Monochromatic illumination was provided by the
output of a tungsten lamp dispersed by Bentham
M300 single-grating monochromator. Quantum ef-
ficiencies were determined by normalisation with
a calibrated silicon photodiode in the sample po-
sition. Absorption spectra were measured with a
Hewlett Packard 8453 UV-Vis spectrometer. Re-
flection losses were neglected for all measurements.

The chemical structures of the dyes used in
this work are shown in Fig.6.11. Per is com-
mercially available from Synthec/Synthone (Ger-
many) while HPc has been synthesised as re-
ported elsewhere[165]. The electron-accepting dye
(Per) was spincoated from chloroform solution (15
mg/ml) onto indium tin oxide (ITO) covered glass
substrate. The hole accepting dye (HPc) was spin-
coated from chloroform solution (35 mg/ml) onto a
50nm thick Al layer which was thermally sublimed
on glass. We also added 10 percent (by weight) Per
to the HPc solution, which - as discussed below -
increased the performance significantly. Both solu-
tions were filtered with 0.1mm PTFE filters.

The lamination was performed under gentle pres-
sure in a laminar flow box after exposing both
halves of the device for 15 min to chloroform va-
por.

Results and Discussion

PL Quenching

If exciton splitting occurs in a blend with at least
one fluorescent material, it is usually faster than its
radiative decay and can therefore be observed as
photoluminescence (PL) quenching.

Fig.6.11 shows that the relative high PL of pure
Per is almost completely quenched if the blend con-
tains more than about 20% HPc. This means that
virtually all excitons in the blend film are affected
by the presence of HPc molecules suggesting a good
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Figure 6.11: Chemical structure of the dyes used
(R=Cj2Hs5, M=H,) and photoluminescence effi-
ciency as a function of the blend ratio. Radiative re-
combination of Per is strongly reduced for all blend
ratios indicating charge-separation at the HPc/Per
interface. HPc does not fluoresce in the solid state.

solution and/or a sufficiently long diffusion range
for excitons in Per.

The pure HPc layer does not show any detectable
PL at room-temperature. However, PL efficiency
of about 50% has been reported in a metal-free Pc
with alkoxy substituents at low temperature (4K).
The low temperature PL decreases with rising tem-
perature until a sharp drop occurs at the solid
to mesophase transition where the PL is virtually
quenched completely [21]. This sharp drop has been
associated with an increase of the exciton diffusion
length in the mesophase that enables more excitons
to reach quenching sites.

We note that our photovoltaic measurements of
cells involving HPc in different architectures sug-
gest exciton diffusion lengths of around 200nm at
room-temperature - see Chapter 3 and Chapter 4.
In addition, PR-TRMC measurements indicate very
high charge carrier mobilities in the crystalline and
the mesophase of HPc.

Because of the absence of PL in the solid state,
it is not possible to probe for quenching of the PL
of HPc upon addition of Per. As a consequence,
we cannot completely exclude that transfer of the
exciton from the high bandgap material Per to the
lower bandgap material HPc is taking place.

However, the investigation of the HPc+Per
blends in Chapter 5 indicates that charge transfer
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takes place at the interface of HPc/Per mixtures.
In the same Chapter we show AFM images that are
consistent with the formation of a very fine network
with these molecules. Note that, if the network is
too fine, the connectivity between molecules may
not be very good leading to a high recombination
rate i.e. low shunt and high series resistor.
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Figure 6.12: External quantum efficiency (EQE)
and absorption spectrum of the laminated dye cell.

Absorption and EQE Spectra

The EQE of this device is plotted together with the
absorption spectrum in Fig.6.12. The cell is able
to harvest light from the UV to the near infrared
(900nm). The EQE spectrum is strongly antibatic
in the wavelength range where only HPc absorbs
(600-900nm) indicating the presence of a filter effect
due to a too thick HPc layer. The thickness of HPc
is about 400nm to avoid shorts in this soft material.

The EQE approaches 0.3% at the short wave-
length end of the visible range. This value is slightly
smaller than in a comparable double layer device
(0.42%) and only about a third when compared
with the standard blend device (1.0%).

IV Characteristics

The IV characteristics of the laminated dye cell is
shown in Fig.6.13. The slope in the first quadrant
can be associated with a series resistor of 0.5- 1080
whereas the inverse slope in the 3 quadrant gives a
shunt of 0.1 - 1032, Although the value for R, can
only represent an upper limit (since the slope could
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Figure 6.13: IV characteristic in the dark (dashed
line) and under illumination (solid line) of the lam-
inated dye device.

increase for higher voltages) the low fillfactor and
flat continuation of the curve after leaving the third
quadrant suggests that R is truly large.

We note that according to the considerations of
IV curves in Chapter 2 a series resistor that is larger
than the shunt would dominate the entire IV curve.
The IV curve would then become completely linear
with a inverse slope according to the value Rs+ Ry, .

Since this is not the case here we consider that
there is an effect of a counter-diode that increases
the slope in the negative voltage range. This would
also comply with the small fillfactor < 0.25. The
photocurrent to dark current ratio can be increased
by a factor three upon applying a bias voltage of
-1V.

Summary

In this Section we have shown that:

e Small soluble molecules (dyes) can be used to
manufacture a laminated solar cell.

e The efficiency could not be increased with re-
spect to neither the double layer nor the blend
cell.

e The laminated dye cell can harvest photons
ranging from 400 to about 900nm over the
entire visible range with EQE comparable

to good polymeric single layer devices like
ITO/MEH-PPV/AL
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e The EQE can be increased by a factor 3 in the
photodiode mode by applying -1V bias voltage.



Chapter 7

Discotic Liquid Crystals as Solar

Cell Materials

7.1 Introduction

Molecules in the solid phase have virtually no op-
portunity to move and orient themselves with re-
spect to one another. They have a certain degree
of positional and orientational order that cannot be
changed in this phase. However, if the same solid
melts to a liquid both types of order are lost com-
pletely; the molecules can now move and tumble
randomly.

The situation is different when a solid melts to
a liquid crystal': The positional order is then lost
- since the single molecules are free to move in the
same fashion as in a liquid - but at least some of
the orientational order remains or even increases.
Fig.7.1 illustrates how both orientational and posi-
tional order may be improved since the molecules
are free to move and to orient themselves. This
can be the case for disc shaped (discotic) aromatic
molecules since their strong m—7 interaction acts as
driving force that favours aggregation in stacks i.e.
columns?. The disc like shape also favours hexago-
nal arrangement of the columns.

However, Fig.7.2 shows that the degree of or-
der within such a liquid crystalline phase can vary
and mesophases with a different degree of positional
order can form. The nematic phase for example
can occur with e.g. molecules that have one or
more atoms sticking out of the middle of the disc
which limits the achievable degree of positional or-
der. Note that even these molecules are still able

IThe first man who discovered this special phase of matter
was F. Reinitzer, an Austrian botanist. He noted the double
melting behaviour of cholesterol acetate and cholesteryl ben-
zoate [219]. Reinitzer collaborated with O. Lehmann who
was the first to use the term liquid crystal [159].

28. Chandrasekhar reported the first observation of ther-
motropic mesomorphism of a disc like molecule (benzene-
hexa-n-alkanoate) [44].

temperature
T1 T2

=

liquid crystal liquid

temp.ppt

Figure 7.1: Schematic illustration of the solid, lig-
uid crystal, and liquid phases that can be formed by
disc-shaped molecules. The degree of order of the
solid phase depends on its (thermal)history. The
liquid crystalline phase allows self-organisation of
the molecules in a limited temperature range (dis-
cotic phase).

to sustain a certain degree of orientational order
since all discs can still arrange such that they face
the common substrate plane - which is sufficient to
distinguish the phase clearly from a liquid.

In 1994, Adam et. al. reported high charge car-
rier (hole) mobility in the liquid crystalline phase
of a discotic molecule (hexa-hexyl-thio tripheny-
lene, HTTP) based on time of flight (TOF) mea-
surements [2]. The mobility in HT'TP increased by
a factor of 10 at the transition from the liquid to
the hexagonal discotic phase and gains further two
orders of magnitude in a higher ordered discotic
phase.

With the exception of organic single crystals [139]
the reported mobility (0.1cm?V~!s~!) for photo-
induced charge carriers of HTTP was higher than
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Figure 7.2: Schematic illustration of three different
types of liquid crystalline discotic phases. The or-
dered columnar phase is expected to show the best
transport properties.

for any other organic system reported at that time.
The distance between adjacent discs in a column
was found to be 3.6 Awhereas the distance between
the columns was 21.7 A.

As a consequence, charge (and exciton) transport
is expected to occur preferably along the columns
whereas the mobility in directions perpendicular to
column axes can be more than 500 times smaller [23]
since the excited species have to tunnel through a
saturated hydro-carbon mantle (the insulating side
chains). Such columns may be used to transport
efficiently not only charge carriers but also excitons
and ions [262].

The discotic phases may even be frozen in, sim-
ply upon suitable cooling or become temperature
independent if the molecules are polymerised i.e.
cross-linked in the mesophase [262]. Moreover, both
hole and electron transporting discotic liquid crys-
tals can already be prepared [23].

Columnar discotic molecules (triphenylenes) have
already been used in LEDs where they showed
strong reduction of the onset voltage upon perpen-
dicular alignment of the columns [53]

Because of these interesting opportunities molec-
ular wires made of discotic liquid crystals are con-
sidered a promising alternative to conjugated poly-
mers which can also be seen as molecular wires since
transport occurs most efficiently along their conju-
gated backbone.

The HTTP molecule in which the high mobil-
ity was first measured is a relatively small conju-
gated system and absorbs not much light in the
visible range. Larger aromatic molecules like ph-
thalocyanine pigments with their strong absorption
and high stability despite the low bandgap have
been proven very successful in the past as semi-
conducting layers in photovoltaic cells and therefore
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have been intensely investigated over many decades
(268, 43, 29, 154, 231, 267, 59, 67].

A. Lux and G.G. Rozenberg have synthesised ph-
thalocyanine derivatives which carry 8 thio-alkyl
side chains (Fig.7.3) to facilitate solubility and pos-
sibly liquid crystallinity [165]. These particular
derivatives are subject of our investigation in this
Chapter.
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Figure 7.3: Chemical structure of the liquid crys-
talline phthalocyanines studied in this thesis.

Although their monomers are well known in liter-
ature, these soluble and probably liquid crystalline
phthalocyanines have either not been synthesised
before or not investigated in terms of their liquid
crystalline and photovoltaic properties. CV data
and aggregation effects have been reported for sim-
ilar derivatives in Ref. [180]).

In order to exploit the full potential of our
molecules in photovoltaic devices it was important
to know the "mechanical” properties such as film
forming properties, solubility but also the temper-
ature range of the mesophases. Only then can we
orient the columns such that their axes points per-
pendicular to the electrodes.

Thus a hotstage with a polarisation microscope
and video camera to record images of the developed
textures was set up and access to the equipment for
essential thermal characterisation (TGA, DSC) of
other research groups has been arranged.

After a description of the experimental details in
the next section we present and discuss the results
of the liquid crystalline properties. The obtained
information is then used to fabricate two double
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layer devices, both comprising a liquid crystalline
phthalocyanine (HPc) with a perylene pigment as
electron acceptor. One device was heat treated to
orient the columns perpendicular to the electrodes
while the other one was kept at room tempera-
ture. These results are discussed in Chapter 4 which
treats double layer devices structures.

In this Chapter we investigate the photovoltaic
properties of a simple device comprising a single
layer of the liquid crystalline semiconductor sand-
wiched between ITO and AL.

7.2 Experimental

Current voltage curves and photocurrents were all
measured n air using a Keithley 237 source mea-
sure unit. Monochromatic illumination was pro-
vided by the output of a tungsten lamp dispersed
by Bentham M300 single-grating monochromator.

External quantum efficiencies were determined by
normalisation with a calibrated silicon photo diode
in the sample position. A more detailed descrip-
tion of how we calculated the EQE can be found in
Chapter 10. Absorption spectra were taken using
a Hewlett Packard 8453 UV-Vis spectrometer. Re-
flection losses were neglected for all measurements.

The chemical structure of the dyes used in this
section are shown in Fig.7.3. Information on the
synthesis of the different phthalocyanine’s can be
found in Refs. [165, 269, 105, 73]. All materials
were purified carefully by column chromatography
and the structures established by IR, NMR and
mass spectroscopy. HPc was spincoated from chlo-
roform solution (90 mg/ml for the thick (450nm)
and 30mg/ml for the thin (80nm)layer) onto either
an ITO covered quartz substrate to built a device or
a spectrosil substrate for an optical measurements
(polarisation microscopy). The solution was filtered
with a 0.1um disposable PTFE-filter.

The spin-speed for the thick layer was 1600rpm
and 2000rpm for the thin film. The Al top contact
for the two devices was obtained via thermal sub-
limation. The oriented HPc film was obtained by
heating to 292 °C (20K/min) under constant nitro-
gen flow and then slowly (5K /min until 270°C, then
20K /min) cooled down to room temperature using
the hotstage (Linkam).

DSC and TGA measurements were performed
with a Perkin Elmer DSC7 at a heating rate of
10K/min. In order to perform polarisation mi-
croscopy, an adapted Vickers microscope has been
equipped with a hotstage (Linkam) and a set of po-
larisers.
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Table 7.1: Phase transition temperatures (°C) of
a series of liquid crystalline phthalocyanine deriva-
tives. All temperatures have been determined us-
ing DSC scans and there was no contradiction with
the results from polarisation microscopy. Brackets
indicate transitions upon cooling. K=crystalline,
D=discotic=liquid crystalline, I= isotropic (liquid).

semicond. molecule K D I
H2PCSC12 ° 20 (4) (] 292 °
CoPcSCia e 52(20) e — e
CuPcSCyg e T9(-) e - e
CuPcSC, e 63(9) e - e
CuPcSCig e 52(45) e — e

7.3 Liquid Crystalline Prop-
erties

As a result of our investigations of these phthalo-
cyanines in the hotstage under the polarisation mi-
croscope together with DSC analysis, we could de-
termine the transition temperatures as summarised
in Table 7.1. Since all mesophases were found to
be very viscous at lower temperatures not all DSC
peaks could be confirmed under the polarisation mi-
croscope.

80— ‘ —
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0701fi02
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Figure 7.4: DSC trace of HPc. The peaks at 292
and 288°C indicating the transition to the liquid
phase are clearly visible here - which is fairly rare
for discotic phthalocyanines.

The transition temperatures of both the crys-
talline (K) to the discotic phase (D) and the discotic
(=liquid crystalline) to the isotropic liquid (I)? of

3Which were in fact only found for HPc.
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the octakis(alkylthio)- substituted phthalocyanines
investigated here are generally lower than those of
their analogues with alkoxy side chains [73] and de-
crease even further with increasing chain length as
reported for similar derivatives in Ref. [253].

Figure 7.5: The image on the top (A) shows the
digitate stars as they appear under parallel polar-
izers upon cooling from the liquid phase of HPc.
Image B shows the same section but with crossed
polarizers which reveals the linear birefringent de-
fects that indicate perpendicular orientation of the
columns. Both pictures were taken at 280 °C after
cooling from the liquid phase.

Note that even lower transition temperatures can
be achieved generally by replacing the thio alkyl
side-chains with alkyl or alkoxy chains with ethy-
lene oxide units [152].

For HPc the K—D transition temperature is re-
duced to such an extent that the mesophase can
form already at room temperature (20°C). It is also
the only material for which the transition to the
isotropic liquid phase - the clearing temperature -
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could be detected by DSC (see Fig.7.4).

Figure 7.6: Proposed molecular arrangement of dis-
cotic molecules to explain the formation of birefrin-
gent defects: The main deformation mode is a bend
mode [253]. The observation of such defects may be
taken as indication for perpendicular alignment of
the columns with respect to the substrate plane.

For all other materials the mesophases are stable
up to about 290-350C (see also the TGA results be-
low) where they start to decompose before a liquid
phase can be detected.

Upon cooling HPc from the isotropic liquid at a
rate of 10K/min, digitate stars appear under paral-
lel polarizers (Fig.7.5 A). Such a texture has been
observed for alkoxy-substituted PCs [253, 152].

As they grow they coalesce to a homeotropi-
cally aligned sample whereby some linear defects
are formed, Fig.7.5. These appear as bright bire-
fringent lines in the dark background under crossed
polarisers.

The origin of these linear defects has been pro-
posed in Ref. [253] whereas other defects are stud-
ied in Refs [31, 30]. The birefringent lines can be
the results of a deformation mode as illustrated in
Fig.7.6.

Heating of a sample of the cobalt derivative
(CoPcSC12) to 280 °C revealed another, more com-
mon, characteristic texture of a columnar phase, the
focal conic texture, see Fig.7.7. The shown texture
was retained during cooling down to room temper-
ature.

The thermal stability of the phthalocyanines was
investigated by thermogravimetric analysis (TGA)
at a heating rate of 10K/min, see Fig.7.8. For ex-
ample, initial decomposition of CuPcSC12 under
nitrogen atmosphere occurs at about 320°C, then
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Figure 7.7: The focal conic texture of CoPcSC12
as it is observed under crossed polarizers at 280°C
after cooling from the liquid phase.

the main decay takes place at 380°C. The mass loss
around 400°C corresponds exactly to the relative
mass loss of the eight side chains.

In air, see Fig.7.8, the temperatures for initial and
main decomposition are decreased by about 40°C.
We note that heating and cooling of both the de-
vice samples and samples for optical microscopy was
typically done with the hotstage purged with ni-
trogen to minimize possible degradation effects at
higher temperatures.

The absorption spectra of the metal-free phthalo-
cyanine in chloroform shows two intense transitions
(Q bands) at 702 and 730 nm (see Fig.7.10) which
are about 30 nm red-shifted compared with their
alkoxy-substituted analogues [253].

The Q bands appear generally less intense and
are blue-shifted in more polar (ethyl acetate) as well
as in less polar (toluene, n-hexane) solvents due to
formation of aggregates[166].

Photoluminescence is only detectable in very
good solvents such as chloroform and only at con-
centrations lower than 10~3mg/ml since aggrega-
tion quenches the fluorescence drastically. Fig.7.10
shows both PL and absorption of such a dilute so-
lution.

We note that in the following section we use HPc
at room temperature in a single layer solar cell
whereas double layer devices comprising a LC phase
where the columns are oriented parallel to the sub-
strate are investigated in Chapter 4.

For all liquid crystalline phthalocyanines the
intra-molecular charge transfer step occurs on a
pico-second time scale even in the liquid crystalline
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Figure 7.8: TGA of a series of phthalocyanine with
different chain lengths measured under nitrogen.

phase [57]. Although the PR-TRMC method does
not allow to differentiate between mobilities of elec-
trons and holes, TOF measurements on discotic ma-
terials identified the hole as majority charge carrier.

From the fact that range of mobilities for a large
variety of side chains spans less than an order of
magnitude can be inferred - as expected - that the
aromatic core of the phthalocyanine mainly deter-
mines the transport properties.

7.4 Photovoltaic
of HPc

Absorption and EQE Spectra

Properties

Fig.7.11 shows the linear absorption spectrum of
an ITO/HPc/Al device (80nm thick) when illumi-
nated through the ITO contact as well as the linear
absorption spectrum. The Q band here is consid-
erably smoother and absorbs stronger in the long
wavelength range compared to the one in dilute so-
lution in Fig.7.10. Such behaviour is usually as-
signed to strong aggregation as it is expected for
this mesogenic compound.

The onset of absorption is around 900nm which
corresponds to a semiconductor bandgap of 1.38eV.
A sufficiently thick layer of HPc can therefore ab-
sorb up to 64 % of the solar radiation on earth - see
table in Chapter 8.

The EQE in Fig.7.11 follows the absorption spec-
trum closely suggesting that the whole bulk of 80nm
contributes to the photocurrent when illuminated
through the ITO contact. The somewhat pro-



110

1.2 TTTT |||||| |||||| TTTT

C CuPcSC12 ]

L —— 7

—_ C L ]
~ 0.8 /‘\ under nitrogeni
o r ’ ]
o 0.6 ' —
£ L under air ‘\ / ]
o 0.41 a -
_ L - ]
0.2F | -

C 1 ]
0_|||||II||||||||||||||||||II‘II—[I_III_|IIII_
0 200 400 600 800

1228402 temperature (DC)

Figure 7.9: TGA of CuPcSC12 under nitrogen and
air. Even in air the material is stable up to about
300°C.

nounced EQE in the absorption onset is probably
due to enhanced exciton dissociation in aggregates
as suggested in a study of photocurrent peaks in
MEH-PPV [120] and not a signature of an optical
filter effect.

The other EQE features coincide well with the
absorption? and there is no offset at the short wave-
length side of the Q band.

Fig.7.12 shows the EQE and absorption upon il-
lumination through ITO for a much thicker device
(450nm). The first absorption peak (0-0 transi-
tion) appears stronger than in the thin film. This
is more likely an artifact in conjunction with the
background correction during the absorption mea-
surement and therefore not significant.

However, here in this rather thick device, the
EQE shows the familiar antibatic behaviour as it is
usually observed in p-type semiconductors between
ITO and Al when illuminated through ITO.

At the beginning of Chapter 3 we describe a
method how the maximum thickness dgp;. of the
active region can be estimated from the absorption
and EQE spectrum using the formula:

OD(A.
dopt. = # ' dO

500 (7.1)

We have chosen to take the required input param-
eters from Fig.7.12 (thick device) since the shape
EQE of the thin device does not allow a clear de-

4Note that a slight offset may be caused by a non hori-
zontal baseline in the EQE spectrum.
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Figure 7.10: Absorption and photoluminescence of
a very dilute solution of HPcSC12 in chloroform.
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Figure 7.11: The EQE of the thin HPc¢ device (in
air) follows the absorption features when illumi-
nated through ITO.

termination at what wavelength we ought to take
the value for OD(\.).

From Fig.7.12 we extracted the following data:
OD(\.) = 0.55 + 0.2, OD(\g) = 1.24 % 0.01 and
dp = 450 & 30nm). Using Eq. (7.1) we obtain:

dopr = 200 + 80nm (7.2)

The large error for OD(A.) is due to the steep
slope and the relatively broad peak in the EQE
spectrum of the thick device. To avoid the oc-
currence of a filter effect we suggest not to exceed
120nm in this material.

Note that the absolute EQE values for both HPc
devices are surprisingly low - only about a tenth of
the EQE in e.g. a ITO/MEH-PPV/AI device - con-
sidering the large active range of at least 120nm for
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Figure 7.12: The EQE (solid line: 5hrs in air;
dashed line: in vacuum) of the thick HPc cell shows
antibatic behaviour when illuminated through the
ITO contact.

HPc. We believe that a considerably higher series
resistor due to a low concentration of free charge
carriers may cause the low photocurrent in HPc.
This possibility will be considered in the subsequent
paragraph focusing on the IV characteristics.

The EQE spectra of both HPc devices - see
Fig.7.14 and Fig.7.13, follow the absorption as ex-
pected if illumination occurs through the semitrans-
parent Al contact.

However, the EQE of the thicker device is then
about 3 times higher than the EQE of the 80nm
device. This suggests that the active region is actu-
ally around 240nm, favouring a larger value within
the error bars for the maximum active range as ob-
tained above.

According to the discussion in Chapter 2 the filter
effect in the thick device (ITO/HPc/Al, illumina-
tion through Al) can be caused either by a limiting
exciton diffusion range or a limiting electron mobil-
ity (or both). Although both the charge and exci-
ton transport are likely increased due to the strong
m — 7 interaction, the high value for the mobility
(e + pp) value obtained from PR-TRMC in Ref.
[57] do not allow to exclude the possibility that the
electron drift range is still a limiting factor in these
devices. Hence, we can only say that the exciton
diffusion range plus the electron drift range in these
devices is around 200nm =+ 80nm.

We want to note that this number means that the
exciton can be over an order of magnitude larger
than in typical polymers and is largely consistent
with the suggested several hundred nanometers as
suggested in Ref. [21] for a very similar compound,
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Figure 7.13: The EQE of the thin (d=80nm)device
(solid line), illuminated through the Al contact and
measured after bhrs in air follows the linear absorp-
tion features (dashed line)

HPcOC12.

The lower absorption coefficient of HPc allows a
10nm layer of MEH-PPYV to absorb as much light as
the 80nm HPc film. Thus, since both films are thin-
ner than their maximum active region they should
give approximately the same photocurrent i.e. EQE
numbers - provided all other parameters are com-
parable.

Charge Carrier Mobilities

In Table 7.2 we give a survey over published charge
carrier mobilities in organic semiconductors includ-
ing several liquid crystals. Recently published val-
ues using pulse radiolysis time resolved microwave
conductivity (PR-TRMC) reveals even higher mo-
bilities in the crystalline phase of many discotic
materials [57]. The results are promising in that
the compound we used for fabrication of solar cells
showed the highest mobility for the discotic phase
among all investigated compounds in this reference.

The latter includes other metal free phthalocya-
nines as well as porphyrins and triphenylenes with
various lengths and types of side chains [57]. In
the crystalline phase the HPc derivative with 8 in-
stead 12 carbon atoms gave the highest mobility
(0.54cm?V—ts~1),

However, note that HPcSC12 is in its liquid crys-
talline phase starts to form already at 20°C accord-
ing to our results whereas the K — D transition oc-
curs only at 77°C according to Ref. [57]. Provided
our number is true, significantly higher values for
the mobility were expected for slightly lower tem-
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Table 7.2: Survey of electron (e) and hole (h) mobilities of important organic and inorganic semiconduc-

CHAPTER 7. DISCOTIC LIQUID CRYSTALS AS SOLAR CELL MATERIALS

tors. For abbreviations see Chapter 1. ¥ denotes the sum of charge carrier mobilities.

material type | mobility source/method | comment
- em?V st -
Si-monocr. h/e | 450/1500 [241] inorganic
Si-amorph e 0.1-1.0 [85] | inorganic
HPcS8 (K-phase) b)) 0.54 | PR-TRMC [57] | liquid crystal
HPcS8 (D-phase) z 0.16 | PR-TRMC [57] | liquid crystal
HHTS6 (K-phase) h 0.26 | PR-TRMC [57] | liquid crystal
HHTS6 (H-phase) h 0.1 TOF [2] | liquid crystal
HHTS6 (D-phase) h 0.007 | PR-TRMC [57] | liquid crystal
HPcS12 (K-phase) | X 0.25 | PR-TRMC [57] | liquid crystal
HPcS12 (D-phase) | X 0.22 | PR-TRMC [57] | liquid crystal
MgPc h 0.1 [87] | pigment
PcOx by 2-1072 | PR-TRMC [262] | pigment
HPc h 1-1073 FET [13] | pigment
PPV h 1-107* TOF [168] | polymer
PT(alkyl) h 9-107° [85] | polymer
PT h 1-107° [85] | polymer
close to perfectly aligned, with the columnar axes
31073 4 B — orthogonal to the electrode surface and with com-
a J14.6 o plete columnar integrity across the entire 30u elec-
?I ] - trode gap corresponding to as much as 10° macro
;;: 2107 ;_ |. sy _: 1.2 g cy%l\;c units - a real.ly thin molecular wire.
= S oy ] e note that rapid charge transport along self as-
g (o A —0.8 & sembling graphite nanowires has recently been re-
w110° [ L) ¢ \ ] 7 ported in the discotic molecule tetrakis coronene
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Figure 7.14: The EQE of the thick (d=450nm) HPc
device (dashed line, in vacuum) increased when ex-
posed to air for 5 hrs (solid line). The device was
illuminated through the Al contact.

peratures since the value for the crystalline phase
was measured at room-temperature.

It is worth considering that the mobilities ob-
tained in PR-TRMC measurements usually refer to
the mazimum that could possibly be achieved in a
two electrode device with a perfectly orthogonally
oriented mono-domain of a discotic material [57].
Hence, one may conclude that the sample of HTTP
in the TOF experiments of Ref. [2] must have been

A numerical analysis of the IV curves in Fig.7.16
shows that both the series resistant and the shunt
of the HPc devices are considerably higher (R, =
2-10°Q, Ry, =~ 1-10'°Q under illumination® and
air) than for the MEH-PPV devices (R, ~ 2-105(,
R, =~ 4-108Q under illumination).

Thus, it is likely that the very large R is respon-
sible for the low dark and light currents. From the
dark and light IV curves we can immediately see
that the extra charge carriers due to photoexcita-
tion indeed make a big difference.

7.5 Summary

In this Chapter we have shown that:

5Resistor values in the dark are: Rs ~ Ry, ~ 3-1011Q.
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Figure 7.15: IV characteristics of the thin HPc
device, after 5hrs in air, when illuminated (A =
700nm)through the ITO contact (dashed line) and
in the dark (solid line).

1. Tt is possible to spin coat a monomer with a
considerably smaller molecular mass than poly-
mers like a phthalocyanine from non acidic so-
lutions to built a working photovoltaic cell

2. The maximum thickness of the active region
in a HPc film is estimated to lie around 200 £
80nm. This value is over an order of magni-
tude larger than for many polymers including
MEH-PPV. Thus we can confirm that higher
mobilities for charge carriers and/or excitons
are possible in this material [57].

3. The low EQE values compared to e.g. MEH-
PPV may be due to the very high series resistor
in our devices. The reason for the high series
resistor is probably a low concentration of free
charge carriers.

4. The liquid crystalline phases of a series of ph-
thalocyanines with varying center atoms and
different lengths of side chains has been de-
termined. Only one compound forms a liquid
phase before decomposition. The same com-
pound HPc is liquid crystalline already at room
temperature (> 20°C).

We want to emphasize that already the high sol-
ubility of the phthalocyanine derivatives represents
an exciting novelty among organic solar cells with
the potential of considerably simple and cheaper de-
vice processing compared to the usual sublimation
of pigments.
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Figure 7.16: The IV characteristics (A = 700nm) of
the thick HPc cell shows a linear behaviour under
both forward and reverse bias when measured in
vacuum. After 5hrs exposure to air the conductivity
in forward direction increases showing to different
slopes. Dark conductivity is very low and constant.

Further studies are desired to investigate the pos-
sibilities to increase the conductivity of HPc by the
introduction of extra charge carriers via doping.
The EQE may be thereby be increased consider-
ably and make these materials also interesting can-
didates as active components in D/A systems. We
also propose to study devices with discotic mate-
rials which are not necessarily liquid crystalline at
room temperature but still well soluble.
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Chapter 8

Determination of Solar Cell

Efficiencies

8.1 Introduction

The ultimate method to test the overall perfor-
mance of solar cells is outdoor exposure. How-
ever, reliable and reproducible results can only be
obtained with solar simulators whose illumination
conditions are designed to match an internationally
standardised solar spectrum.

Commercially available solar simulators usually
use a xenon arc lamp in conjunction with a spec-
tral correction filter which approaches the terrestrial
solar spectrum such that it is good enough for many
applications [183].

Here we discuss to what extent a simulator based
on a quartz tungsten halogen-lamp (QTH) can be
used as a much cheaper (= 1/10) alternative. In
particular, researchers in the field of organic solar
cells may benefit from this alternative since their
cells are usually not optimised for high stability and
may therefore be reluctant to send them to an in-
stitute where a commercial simulator is available.

We also discuss and apply a numerical method
that allows estimation of the power efficiency num-
ber that would be obtained if the cell was exposed
to the solar light on Earth. The calculation is based
on spectral response and intensity dependence mea-
surements.

8.2 Solar Radiation

Radiant energy from the sun is vital for life on our
planet. It determines the surface temperature of the
Earth as well as supplying virtually all the energy
for natural processes both on its surface and in the
atmosphere. Every second the sun emits the energy
of 3.90-102%] into space. Considering that the mean
distance from Earth to sun is 150 - 10°m our planet
receives the energy of 1395J/m?, every second [66].

The sun is essentially a sphere of gas heated by a
nuclear fusion reaction at its center with estimated
temperature of up to 20 000 000K [97].

AM1.0

atmosphere

Figure 8.1: The path length of the solar radiation
through the Earth’s atmosphere in units of Air Mass
(AM) increases with the angle from the zenith. It
increases from unity for 0° (zenith) to 1.5 for 48°
and 2.0 for 60°. The AM1.5 spectrum is the pre-
ferred standard spectrum for solar cell efficiency
measurements in literature.

However, this is not the temperature that deter-
mines the characteristic electromagnetic emission
from the sun since most of the intense radiation
from the sun’s deep interior is absorbed after a few
millimeters (near the center) and by a layer of neg-
ative hydrogen ions' near the surface.

IThis ion can exist because the single electron of the neu-
tral hydrogen atom does not completely screen the positive
proton [280].
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Figure 8.2: The two most commonly used standard spectra, AM1.5 direct and AM1.5 global. The global
spectrum comprises the direct plus the diffuse sunlight. The difference is mainly in the shorter wavelength
region since molecular scattering scales with A*. Water (H,0), ozone (O3) and carbondioxide (CO,) are
the main absorbers of the solar radiation in Earth’s atmosphere
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Figure 8.3: Distribution of energy (in percent) within the AM1.5d spectrum. The Integral from 300 to
2500nm was taken as 100%. For example, silicon solar cells with a bandgap of 1.13eV (1100nm) can
maximally absorb 77% of the terrestrial solar energy. Taking into account the region with the highest
energy content (400-900nm, see values in the diagonal) a bandgap of 1.4eV is already sufficiently small
to absorb 61% of the terrestrial solar radiation or 80% of the value for Silicon.
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The accumulation of heat in this layer sets up
convective currents that transport the excess en-
ergy through the optical barrier into the so called
photosphere.

The temperature within the photosphere is
only 5800K and emits an essentially continuous
spectrum? of electromagnetic radiation closely ap-
proximating that expected from a black body at
this temperature [280].

This is the solar spectrum we receive outside the
Earth’s atmosphere which is also known as extrater-
restrial or Air Mass 0 (AMO) spectrum.

About 70% of the solar radiation in space can
reach the surface after penetrating Earth‘s atmo-
sphere. Apart from the reflection of clouds the rea-
sons for such attenuation are [86]:

e Scattering by molecules in the atmosphere
(Rayleigh scattering) which is most effective at
short wavelengths.

e Scattering by aerosols and dust particles

2A fine structure appears due to absorption in the cool
peripheral solar gas(Fraunhofer lines)
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e Absorption by the atmosphere and its con-
stituent gases but mainly oxygen, O3, H20O,
CO2

The actual degree of attenuation through the
Earth’s atmosphere is highly variable. It depends
mainly on two factors:

e Fraction of diffuse radiation scattered from the
sky (and clouds) and surroundings

e Length of the light path through the atmo-
sphere

The fraction of diffuse radiation received by a
horizontal surface can reach 10 to 20% even in clear,
cloudless skies. For completely covered skies most
of the radiation will be diffuse.

Hence, for days between the sunny and cloudy
extremes mentioned above, about 50% of the so-
lar light will be diffuse [97]. Diffuse sunlight gener-
ally has a different spectral composition from direct
sunlight - it will be richer in the shorter or “blue”
wavelengths.

The standardised terrestrial spectra for direct
and global sunlight are shown in Fig.8.2 where the
global spectra comprises the direct plus the diffuse
components.

The length of the light path through the atmo-
sphere also undergoes changes during the day time
- see Fig.8.1, but also depends on latitude and time
of year. In any case, the path is shortest when the
sun is directly overhead (zenith). The ratio of any
actual path length to this minimum value is known
as the optical air mass (AM). AM is unity when the
sun is directly overhead or larger according to

1

M = 1
cos (8.1)

where 6 is the angle measured from the zenith.

Hence, when the sun is 48 degrees off overhead,
the radiation is AM1.5. The easiest way to estimate
the air mass in practice is to measure the length of
the shadow s cast by a vertical structure of height
h using:

B
h

Consequently, as opposed to the situation outside
the Earth’s atmosphere, terrestrial sunlight varies
greatly both in intensity and spectral composition.
In order to allow meaningful comparison between
the performances of different solar cells tested at
different locations, a (preferably: terrestrial) stan-
dard has to be defined and measurements referred

AM =, /14 (=) (8.2)
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to this standard. The most widely used terrestrial
standard at the time of writing are the AM1.5 direct
and AM1.5 global spectrum as shown in Fig.8.2.

8.3 Simulation of Solar Radi-
ation

Depending on the application, different parts of the
solar spectrum become more important. For ex-
ample, biological testing (sun screens, plant growth
etc.) requires accurate simulation of the ultravio-
let especially in the UV-B region, whereas for solar
energy conversion the range between the visible to
the near infrared light is the important part since
it contains most of the solar power - see Fig.8.3.

The emission spectrum of a 100W QTH-lamp op-
erating at 3200K colour temperature has an emis-
sion peak at 900nm - see Fig.8.4. It has a smooth
continuous output over 350 to 2000nm. In order to
determine solar efficiencies of organic solar cells we
focus on the range between 400 to 1000nm which
contains about 70% of the solar energy.
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Figure 8.4: Emission spectrum of a 100W - QTH
lamp (solid line) and transmission spectrum of the
two coloured Schott-glass filters FG6 (6mm thick)
and KG4 (3mm thick) which are used to shift the
blackbody emission peak from 900nm (3200K) to
550nm (5800K) to approximate the AM1.5d spec-

trum.

8.3.1 Calculation of the Required
AM1.5d Filter

In order to approach the AM1.5d spectrum, the
emission peak at 900nm of the QTH lamp, operat-
ing at 3200K, has to be shifted towards 550nm by

CHAPTER 8. DETERMINATION OF SOLAR CELL EFFICIENCIES

‘_ﬁ 015 |_||||||||||||||||||||||||||||||||||||_ 02 5‘
£ B ] o
= E ] o
o E - =]
S o1 F — o
z : 1., 9
E B — 0.1 :_l:|
E ] @
& o005 c ] g
s ; -8
8 1 o~
= 0 ||||||||||||||||||||||||||||||||||||_O P
400 500 300 1000

o
@
4
5
=

wavelength (nm)

Figure 8.5: The actually measured spectrum (solid
line) resembles the shape of the modeled spectrum
(full circles). However, there is a significant differ-
ence - which we investigated further - see text.

suppressing the IR emission using suitable optical
filter.

The transmission curves of the two selected
coloured glass filter are also shown in Fig.8.4.

The spectral composition X (A) of the light from
the quartz halogen tungsten lamp QT H()) after
passing through the two filters F1 and F2 with
their transmission characteristics T7(\) and T5(\)
is given by

d d

X0 =QTHN)-TF ()T  (83)

with d; and ds being the thickness in mm. The
denominator 20 is introduced since we used the cat-
alogue data which were related to 20mm thick fil-
ters for the actual calculation. The best fit with the
AM1.5d spectrum using integer thickness numbers
(in mm) was found for filter 1 (FG6) with 6mm and
filter 2 (KG4) with 3mm.

Fig.8.6 shows that this particular combination of
filters approaches the desired AM1.5d filter quite
well. The required filter transmission spectrum
Frequ.(A) can be derived using

~ AM1.5d(\)
E'equ.(/\) - W

All lenses in the setup (Fig.8.11) are made of
optical crown glass providing a constant optical
throughput over the 380 to 1000nm with less than
10% loss. Hence, they should not affect the spectral
shape of the final light spot.

Using an ORIEL CCD spectrometer we measured
the QTH lamp emission after the filters and lenses

(8.4)
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Figure 8.6: Transmission spectra of the required,
modeled and measured AM1.5d filter. There is a
clear deviation of the measured transmission from
the expected (calculated) curve particularly in the
400nm to 500nm range by about 50%.

(Fig.8.5). Apart from the measured spectrum?® the
figure also shows the AM1.5d spectrum. The spec-
tra match well, in fact it appears comparable to the
spectrum of commercial solar simulators [183].

However, there is some intensity lost in the UV
and IR which was not predicted by the calculation
(also shown in Fig.8.7). In order to understand the
reason for this discrepancy we measured the trans-
mission spectra of the filters as we received them
and found a distinct deviation from the data ac-
cording to the catalogue that have been used for
the numerical simulation - see Fig.8.6 and Fig.8.8.

A new optimisation procedure using the new
(more accurate) transmission data of the filters
suggested 8mm FG6 and 4mm KG4 - see Fig.8.9
and Fig.8.10. It can be seen, although the UV
range could be simulated better, the overall spectral
match with the AM1.5d spectrum has not improved
significantly. In addition the maximum available in-
tensity would be further reduced which can only be
compensated by using a stronger QTH-lamp and/or
a smaller beam size.

Hence, the spectrum in Fig.8.7 represents our
best result to simulate the AM1.5d spectrum. We
believe that the spectrum provided by such a sim-
ulator is sufficient to allow reasonable comparisons
of solar cell performance between different research

3Such an intense spectrum can be measured using e.g.
metal coated neutral density filter with a known transmission
spectrum for correction
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Figure 8.7: The calculated (see Eq. (8.3)) spectrum
is shown here together with the standard spectrum
(AM1.5d). The somewhat different measured spec-
trum (QTH-+filter) has been shifted towards higher
irradiance compared to Fig.8.5 to obtain a reason-
able match almost as good as with a commercial
simulator. The four squares represent irradiance
levels measured with a powermeter to confirm the
absolute values.

groups - particularly in the field of organic solar
cells.

8.3.2 The Simulator Setup

The chosen optical arrangement of the simula-
tor can be seen in Fig.8.11. The light generated
from the QTH lamp is collimated after the first
lens, passes through the above described filter sys-
tem with subsequent concentration after the second
lens.

The irradiance level of the final spot depends,
apart from the optical throughput (lenses, filter),
on the chosen focal distance of the two lenses as
well as the actual sample position (since the final
beam is divergent) and the distance x of the QTH
lamp from the first lens.

Sample position and distance x has been ad-
justed to give the required irradiance (0.11mW
em~?nm~1)using a calibrated photodiode masked
with an interference filter at 550nm- taking into ac-
count its spectral width (6nm) and actual transmis-
sion factor (0.55).

To ensure that the sample cell always sees the
correct (solar) intensity despite the divergent beam,
a stripe of white paper was (temporarily) inserted
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Figure 8.11: The solar simulator setup comprises the QTH-lamp (QTH), biconvex lenses (52mm diameter)
made of optical crown glass L1 (f=10cm), L2 (f=4cm) the two filters F1 (FG6, 6mm thick) and F2 (KG4,
3mm thick) plus the iris B to define the spot size. The projection of a paper stripe (lem wide) served as
sample positioning tool® allowing to reproduce the sample position within +1mm and irradiance within
about 5%. Variation of the distance x allowed for fine tuning of the irradiance level.
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Figure 8.8: We found that the actual supplied fil-
ter transmission curves (solid lines)deviate up to
20% from the catalogue data (dotted lines). For
3x2mm FG6 filter this means a deviation of up to
1 —0.8% = 0.5 (50%) which is in good agreement
with the deviation found in Fig.8.6.

into the light path at a position® where its sharp
projected image has the desired irradiance thereby
defining the sample position. In this way, any sam-
ple solar cell or calibration device such as e.g. a
thermopile could be positioned within +1mm.

The irradiance can still be controlled i.e. fine ad-
justed via the distance x. Variation of the voltage
and/or current of the QTH lamp allows mainly for

6which was just behind the first lens here
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Figure 8.9: Using the measured filter data from
Fig.8.8 we found that 4mm of KG4 and 8mm of
FG6 would approximated the required filter better.
However, transmission will then be reduced further
by a factor of 2 - compare with Fig.8.6.

changes in colour temperature of the filament and
thereby tune the spectral composition. With the
described setup we could obtain the intensity of 1
sun with a spot diameter of 8mm which could al-
most illuminate all pixels of our standard devices
(12x12mm) at once.

8.4 “Numerical” Simulation

An alternative way to estimate the solar power effi-
ciency for a solar cell is to take the short circuit cur-
rent (Is.) and open circuit voltage (Vo) data from
the spectral response measurements at low illumina-
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Figure 8.10: The simulated spectrum using the new
filter combination approaches the standard AM1.5d
spectrum much better in the short wavelength range
than the previous - see Fig.8.6.

tion intensities, and scale them up to the standard
AM1.5d condition.

The I, and V,. extrapolated to the solar light
intensities can then be used to calculate the power
efficiency that is expected under AM1.5d condition
by integrating over the entire solar spectrum.

This procedure requires the intensity dependence
of the current and voltage and should ideally be
performed for a large number of wavelengths. In
addition IV curves should be taken for all these
wavelengths to allow for changes of the fillfactor.

However, even when performed carefully and
with much consideration this method can certainly
not replace solar simulator measurements since it
relies on a number of assumptions which may not
apply for the concerned cell types.

The main problem is that we do not really know
if we can simply integrate (add) the number of
photons at higher intensities without considering
Coulomb-Coulomb interaction of the charge carri-
ers. We have tested this calculation on a standard
silicon diode (HAMAMATSU) and obtained a rea-
sonable efficiency of about 5% suggesting it s appli-
cable at least to silicon - solar cells.

However, inorganic solar cells generally have 1000
times higher charge carrier mobilities and function
in a different way.

Here we demonstrate the procedure with data
taken from the laminated solar cell described in
Chapter 6. The intensity dependence of V. and I,
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Figure 8.12: V,. and I;. versus intensity (A =

488nm). The current goes virtually linear while the
voltage saturates around the workfunction differ-
ence of the electrodes.

over a few orders of magnitude is plotted in Fig.8.12.
The photocurrent varies virtually linearly with the
irradiance E, hence we can write:

Lse(A) ~ E(X) (8.5)

In other words, the current scales by the same
factor as the irradiance such that

_ Eamisa(N)

ISCAMI.Sd ()‘> - E ()\) . ISC'"L ()‘)

(8.6)

with AM1.5d indicating quantities under AM1.5d
condition and m indicating the actually measured
quantity obtained during the spectral response mea-
surements.

The wavelength dependent V. values for solar
irradiance levels were taken from Fig.8.12. Fill-
factors were derived from IV curves measured with
irradiance F,, and found to be virtually indepen-
dent of the excitation wavelength (FF=0.33). Now
we can compute the power efficiency under AM1.5d
condition expected for this cell using:

JSC(A) i VOCAM1.5d (>‘) . FFAM1-5d()‘)
Eanisa(N)

7]AM1.5d()‘) =
(8.7)
with
ISCAMLISd ()\)
A

where A is the illuminated area of the device
(5mm?).

JscAMl.Sd()\) = (88)
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Since the spectral width of the light used for the
SR measurements was set to 10nm - the same value
as the chosen spectral resolution we could obtain
the integral by simple adding all obtained values
together. We took the mean values of the open
circuit voltage and FF and applied:

A2 _ __
(; JSCAM1.5d (A)) Ve FF

NAM1.5d = (8.9)

Pani 54

with Panmi.sa = 76.6mW being the sum (integral)
of the light power over the entire AM1.5d spectrum
and A as the area of the sample cell (5mm?).

The result for the power efficiency with this
method was nami.5a = 1.84%.

Alternatively we could calculate the power per
device area J. - Ve for every wavelength in-

SCAM1.5d5
terval before we built the integral (sum) as in:

(32: JSCAI\/II.5d (A) : Voc<)\)) : FF
- (8.10)

TNAM1.5d ~
Parisa

Using this equation we obtained a slightly higher
value MNAM1.5d = 1.87%.

Since both methods can be justified equally, we
decided to take the mean of both numbers so that
our final result (after rounding) is nami.59 = 1.9%.
The latter is the number cited in Ref. [94].

We note that a similar method has been applied
to calculate manmi.5q of a double layer cell using a
perylene diimde and a ZnPc [214]. The calculated
value (1.05%) in this reference was in satisfying
agreement with the result using a solar simulator.
In order to justify the integration over the wave-
length range in Eq. (8.10) the short circuit current
I, should continue its linearity up to the full solar
intensity of 76mW /cm? - which is the case here.

We also want to note that building the sum of
I,. 7 over the relevant wavelength range (here about
400nm) means that the resulting intensity i.e. num-
ber of photons/area can be about 2 orders of magni-
tude higher than the intensity extracted from 10nm
of the solar spectrum.

8.5 Summary

In this Chapter we have shown:

Twith a spectral width of 10nm

e A good match with the standard spectrum for

direct solar radiation on Earth (AM1.5d) can
be achieved with a solar simulator using a QTH
lamp. Although clearly more tedious and in-
convenient to operate in comparison with com-
mercial simulation equipment, such a simulator
may still be interesting as a low cost evalua-
tion device for researchers investigating solar
cells with potential stability problems and/or
(in comparison with inorganic cells) low con-
version efficiencies such as organic solar cells.

In any case, if the cell reaches commercially
interesting efficiencies ( 5%) we recommend to
do outdoor performance tests and/or entrust
internationally accepted solar energy research
and test laboratories such as the Fraunhofer
Institute for Solar Energy (FISE) in Freiburg,
Germany or the National Renewable Energy
Lab (NREL) in Golden, USA with their more
sophisticated simulation facilities.

An AM1.5d efficiency value for a silicon solar
cell has been calculated by extrapolating the
Voe and I4. values from the spectral response
measurements to solar condition. By applying
the same method to a laminated polymeric so-
lar cell we obtained a value for the power con-
version efficiency under AM1.5d conditions of
1.9 %.

Although this method appears to give reason-
able results it would be desirable to investigate
the theoretical assumptions (integration over
the spectrum, wavelength independent fillfac-
tor, extrapolation of the intensity dependency
etc.) further. However, it may be considered
as another possibility to characterise and com-
pare the performance of organic photovoltaic
devices among researchers in this field.



Chapter 9

Summary and Bibliography

9.1 Summary

The aim of this work has been the investigation of
different classes of organic semiconducting materi-
als using various types of solar cell architectures
with respect to their photovoltaic properties.

In Table 9.3 we have summarised the photovoltaic
key parameters of the devices investigated in this
thesis or reported by other research groups. It can
be seen that, on average, devices using pigments
(still) perform better than polymer, dye and liquid
crystal containing devices.

Among devices that include at least one compo-
nent which is a pigment, the type of cell architec-
ture does only little affect the overall performance -
see Table 9.1. Note that only monochromatic EQE
values are considered here - cells comprising two or
more molecular components have a better chance
to absorb over wide spectrum to give higher solar
efficiencies (AM1.5) than single layer structures.

Table 9.1: Overall assessment (x*=low, xx=medium,
 * x=high) of the different solar cell architectures.
Devices must include at least one pigment compo-
nent.

including pigments
device architecture | EQE V. FF
- % Vv %
single layer kokok kokok o kk
double layer * ok ok % kokok
blend * K ok ok *%
laminated — - —

It is important to keep in mind that pigments - in
contrast to polymers and dyes - can not simply be
processed from solution and that the best pigment
devices suffer from severe problems related to the
electrode materials [164, 224].

If only (the production friendly) soluble semicon-
ductors are considered (see Table 9.2), the EQE but
also the overall performance can vary considerably
for different device architectures. The following or-
der (best device architecture on top) for solar cell
overall performance has been found:

1. laminated device
2. blend device
3. double layer device

4. single layer device

Table 9.2: Overall assessment of the different solar
cell architectures. Soluble semiconductors only.

only soluble materials
device architecture | EQE V. FF
- % A% %
single layer * * ok ok
double layer *ok * % %
blend * % ok K% Kk
laminated K%k ok ok X *k

If we focus only on the EQE of soluble materials,
we find that double layer structures give about 10-
100 times higher numbers than single layers whereas
blends and the laminated structure allow a further
enhancement by another factor of 5 to 10.

If all types of organic semiconductors are consid-
ered, we can see that each architecture seems to
reach highest numbers for a different evaluation pa-
rameter:

o Highest EQE! in single layer devices

Lat peak wavelength

123



124 CHAPTER 9. SUMMARY AND BIBLIOGRAPHY

e Highest V¢ in laminated devices
e Highest FF in double layer devices

e Highest SR-range in blend devices

We note that the laminated device structure
which is particularly efficient among soluble semi-
conductors has been introduced and investigated as
part of this work. This technologically interesting
structure opens many new possibilities in terms of
combination of semiconductors and semiconductor
treatment such as selective doping or heating.

Moreover, we have investigated, for the first time,
dye/dye and liquid crystal/dye interfaces with re-
spect to their photovoltaic properties.

9.1.1 Suggestions for Future Investi-
gations

In future, the investigation and exploitation of the
effects of doping using organic semiconductors or
gases like oxygen as dopants will most likely allow
further enhancements of efficiencies.

Another interesting subject to explore will be the
use of photonic bandgap structures [203] to extend
the range of available low bandgap materials.

Such photonic structures may even be realised in
an highly ordered structure consisting of co-block
polymers.
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Table 9.3: Summary of important performance parameters of various organic solar cells including all
types of architectures. The abbreviation for materials are listed in Chapter 1. In D/A cells the donor
material is followed by the acceptor material. For clarity the electrode materials who were always Al and
ITO in D/A devices have been omitted. Best parameters are printed using bold characters while italic
letters mark devices investigated in this thesis. EQE values were taken at peak wavelength.

EQE Voe FF  range device comments year
% \Y% % nm - -
Single Layer Devices
73 0.45 33 400-800(?) In/HPc+polymer/NESA  pigment in polymer [164] 1981
62 1.1 33 400-800(?) Al/HPc+polymer/SnO2  pigment in polymer [43] 1979
361 0.961 0.471  400-850 Al/pentacene/ITO pigment [224] 2000
33 1.2 25  400-800(?) Al/merocyanine/Ag pigment [43] 1978
14 0.7 39 400-800(?) Al/CuPc/Au pigment [43] 1981
3 0.6 34 400-800(7?)  Al/merocyanine/Au pigment [43] 1978
1 1.2 20  400-500 PPV polymer [168] 1994
0.7 0.32 25  400-700(?)  Cr/chlorophyll-a/Hg dye [43] 1975
0.5 1.0 23 400-500 Al/PPV+PEDOT/ITO polymer [8] 1998
015  0.85 25 400-800(?)  Al/MgPc/Au pigment [43] 1974
0.1 0.7 25 400-750 Al/THPF/ITO polymer 2000
0.1 0.1 25 400-560 Al/LPPPT/ITO polymer 2000
0.09 0.5 27 400-570 Al/CN-MEH-PPV/ITO  polymer [114] 1997
0.08 0.19 25  400-600 Al/Per/ITO dye 2000
0.07 0.7 25  400-570 Al/MEH-PPV/ITO polymer [196] 2000
0.05 0.37 25  400-750 Al/PTV/ITO polymer 2000
003  <0.02 25 400-650 Al/P3HT/ITO polymer [63] 2001(?)
0.015 0.1 25  400-650% In/HPc/Au pigment [68] 1978
0.007 0.15 25  400-820 Al/HPc/ITO liquid crystal 2000
0.005 < 0.02 25 400-1000 Al/PIF/ITO polymer 2000
Double Layer Devices
30T 0.5 65  400-800 CuPc/Perl pigment/pigment [244] 1985
23 0.5 ~30 400-700+ HPcl/Per2 pigment/pigment [131] 1990
23 0.3* 40*  400-600 PEDOT/PEOPT/C60 polymer/pigment [213] 1998
9 0.8 48 400-560 PPV/C60 polymer/pigment [111] 1996
6 1.0 60  400-620 PPV /Per3 polymer/pigment [113] 1996
~ 3t 1.0 23 400-620 PPyV/P3HT polymer/polymer [242] 1997
2 1.0 51  400-590 PEDOT/PPV /Per polymer/dye [9] 1999
0.6 0.12 25  400-800 CuPc2/Per dye/dye [200] 2000
0.5 0.35 20 400-850 HPc/Per3 liquid crystal(dye)/pigment [199] 1999
Blend Devices
29 0.5 ~25  400-550 MEH-PPV+C60 polymer+dye [278] 1995
23 0.4 ~33  400-550 MEH-PPV/C60 polymer+pigment [83] 1998
12 0.5 26 400-640 MEH-PPV+CdSe polymer+nanocrystals [102] 1996
11 0.35 41  400-620 P3HT+Per polymer+dye [65] 2000
6 0.6 25 400-600 MEH-PPV+CN-PPV polymer+polymer [112] 1995
1.8 0.9 23 400-500 PPV+MWNT polymer-+nanotubes [3] 1999
1.0 0.1 25 400-800 HPc+Per liquid crystal+dye [200] 2000
0.7 0.4 44 400-600 MEH-PPV+Per polymer+dye [62] 1999
0.4 0.2 25 400-850 PTV+Per polymer+dye 2000
0.4 0.12 25 400-900 PTV+Ter polymer+dye 2000
0.2 0.6 25  400-800 PTV+4+THPF polymer+polymer 2000
0.02 <0.01 25  400-1000 PTV+PIF polymer+polymer 2000
0.0007 <0.01 25 400-1100 HPc+PIF polymer+liquid crystal 2000
Laminated Devices

30 1.3 33 400-700 POPT/MCP polymer/polymer [94] 1998
0.2 0.37 23 400-900 HPc/Per liquid crystal/dye [200] 2000

[1] IQE instead of EQE, illumination conditions are: AM1.5 (100mW /cm?) resulting in 7 = 2.4%
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Chapter 10

Appendices

10.1 Details of the Sample
Preparation

Unless stated otherwise, the preparation of sub-
strates and devices that have been used in the
Chapters of this thesis has been performed as de-
scribed in the following Sections.

10.1.1 ITO Substrates

The ITO substrates have been patterned by remov-
ing 2.5mm wide stripes of ITO from either side via
etching in 20% HCIl. The results is a conducting
area of the form of a 7mm wide stripe in the middle
of the substrate which is used as electrode. During
the etching process the stripe in the middle was pro-
tected with a solid self adhesive photoresist sheet®.

Note that the photoresist was only used as protec-
tive layer during etching and was illuminated with a
UV lamp (before etching) for 2min so that it can be
readily removed in two mechanical cleaning steps:
rubbing the ITO surface with cotton buds using ace-
tone and isopropanol (IPA).

The ITO substrates were then cleaned in ultra-
sonic baths with acetone (5min) followed by IPA
(5min) in a laminar flow box.

10.1.2 Preparation of the Dye and
Polymer Solutions

In order to obtain the desired concentrations of the
polymer or dye solutions (typically between 2 and
30mg/ml), we were weighing the required amount
of powder using a micro-scale in small vials (<2ml).

ILater we used substrates which we received already pre-
patterned. However, when received from the supplier/cutter
the substrates were hold in place with a scotch tape. We
used the same (pre-)cleaning procedure to remove remaining
parts of the tape for these pre patterned substrates as for
the home etched ones.

The solvent - usually chloroform - was added us-
ing disposable poly-propylene syringes and medium
size needles. We did not use syringes with standard
rubber plunges since the rubber dissolves quickly in
chloroform which could lead to unknown effects in
the organic film?2.

The solution was then shaked using an automatic
roller device for typically more than an hour while
avoiding to touch the vial caps?.

The solution was then filtered using polypropy-
lene filters with pore sizes between 0.1 and 2.5um
- depending on the size of the molecule. Small
molecules like dyes (Per or HPc) could be filtered
using 0.1pm while polymers with high molecular
weight require larger pore sizes. For example MEH-
PPV may only be filtered through 2.5um. The re-
quired minimal pore size can be estimated if the
average size (length) of the specific molecule is cal-
culated. Since we preferred to use fresh solutions
so the required amount of solvent was usually less
than 1ml. We found that about 3 films can be spun
with 0.25ml solvent using 5 drops per substrate.

10.1.3 Film Deposition

The substrate was briefly (1-3s) rinsed with (IPA)
and subsequently blow dried (= 10s) with nitro-
gen gas. About 5 drops of the solution were then
dropped onto the patterned ITO substrates using
disposable glass cuvettes - in a laminar flow box.
Spin-speeds were typically 2000rpm with spinning
times of 60s. The spun film was then transferred
into the evaporation chamber where the top con-
tact - usually Al - was sublimed.

2We could find significant absorption and PL of the dis-
solved rubber in solution.

3The vial caps had teflon layers inside which should be
fairly resistant against chloroform - however, the long term
exposure might allow solvent vapor to reach the vial cap
which is actually made of some less resistant plastic material.
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10.1.4 Sublimation of the Top Elec-
trode

In order to complete the photovoltaic device, the
top electrode - usually Al - was thermally sublimed
onto the organic film. The pattern of the top elec-
trodes was initially that shown in Fig.10.1 - so that
8 different electrodes allowed contacting of 8 dif-
ferent pixels on one substrate. Later the pattern
was changed to 6 electrodes (pixels) to obtain larger
pixel areas.

The larger pixel areas have been chosen so that
the whole light beam could illuminate the electrode.
Since the intensity of the whole light beam is the
same as measured with the silicon photodiode the
actual device area does not need to be known to
calculate the EQE. This allowed more accurate de-
termination of the EQE compared to the previously
method where the pixels have been smaller than
the light beam. In the latter, the actual size of the
pixel and photodiode had to be determined which
increased the error-bar of the final EQE number.
The more accurate method was chosen since some
devices (like the laminated polymer cell) reached
high EQE numbers where higher accuracy was de-
sired.

Typical pressures
around 10~ %mbar.

The sublimation-mask used was made of
brass with 9 substrate positions. When semi-
transparency (T > 20%) was required the Al film
was between 10 and 20nm thin - otherwise the thick-
ness was between 50 and 100nm.

during evaporation were

Aluminium

External t electrode

circuit

Organic
thin film External

circuit

ITO

Figure 10.1: Planar view of the substrate - electrode
pattern with the 8 pixel mask. The vertical stripe
in the middle represents the ITO area (=bottom
electrode). The substrate dimensions are 12x12mm.
Figure courtesy of Ref. [63].
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10.2 Details of the EQE and
IV Measurements

After the sublimation of the top electrode the sub-
strates where taken to the setup and dots of silver-
paste solution were applied where the wires of the
sample holder contact the electrodes in order to en-
sure a good electrical connection. Unless stated oth-
erwise, all devices have been exposed to air for at
least 24hrs prior to the measurement. After this pe-
riod air molecules are assumed to have penetrated
the entire bulk so that all devices can be compared
even though some have seen air for one or two days
longer than others.

In this way we were able to obtain fairly repro-
ducible results. The fabrication of a set of 9 sub-
strates - each containing 6 to 8 devices or pixels
can be finished within 12hrs including dissolving the
molecules and patterning the ITO.

Tungstendamp

Entrance slit _"_

.
Mirrors

< -
Monochromator Grating § T

Exit slit

| Switchboard

Figure 10.2: Experimental setup for the EQE and
IV measurements. Figure courtesy of Ref. [63].

The experimental setup used for the EQE and
IV measurements is shown in Fig.10.2. The light
source is a 100W Bentham quartz tungsten halo-
gen lamp with a spectral emission range larger than
350nm to 1300nm and an intensity peak at 880nm.
The lamp is driven by a Bentham 505 current sta-
bilised power supply. The white light was dispersed
by a Czerny-Turner Bentham M300 single grating
monochromator using a 1200 lines/mm grating and
a blaze wavelength of 500nm.

The sample holder allowed automatic contacting
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of the 8 or 6 pixels 4+ the ITO contact using spring
contacts made of berylium-copper. The holder can
be closed to apply a vacuum and is still optically
accessible through quartz windows. A remotely
controlled shutter allowed convenient switching be-
tween light and dark measurements for both the IV
and the SR measurements. A switchboard serves to
switch between different electrodes/pixels.

The setup was initially designed and built by
Anna Koehler and later modified by the author.

A 580nm filter was used for the range from 600-
1200nm to block the higher orders of the monochro-
mator grating.

We note that the photocurrent can vary consid-
erably between different pixels for various reasons
(shorts, quality of the contact, poor film quality
etc.). A quick method to find the best working
pixel is to expose the entire substrate to a white
light source (e.g. a 100W desk lamp) and switch
between the pixels while observing the differences
between dark and light current?.
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Figure 10.3: Typical light intensities (E) at the sam-
ple position as a function of wavelength. The offset
at 620nm is due to the filter change.

Every set of SR measurements was preceded by a
measurements of the light intensity using a silicon
photodiode (HAMAMATSU 5106) with a known
spectral response. The light intensity can vary de-
pending on setup details but is generally constant
within £20% for different sets of measurements (on
different days/weeks). Within the same set, we

4A negative bias may be used to enhance the effect for
devices with very low EQE.
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could not find a significant variation of the light
intensity.

A typical dependence of the light intensity at
the sample position on the wavelength is shown
in Fig.10.3. The offset around 620nm is due to a
580nm edge filter which is manually removed when
the response to wavelengths smaller than 620nm is
measured. The dark current was always assumed
to be wavelength independent and subtracted from
the photocurrent before the calculation of EQE.

The EQE was determined using Eq. (2.33) in
Chapter 2. The EQE spectrum of the silicon refer-
ence diode using this procedure is shown in Fig.10.4.
Both absolute values and the shape are as ex-
pected for commercial silicon photodiodes and con-
firm the validity of the applied mathematical pro-
cedure. The calculation of the EQE and irradiance
was performed using an Excel spreadsheet designed
by the author.
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Figure 10.4: EQE spectrum and spectral response
of the silicon reference diode (Hamamatsu S5106).

We assumed that the efficiency of our cells does
not vary significantly with intensity in the used irra-
diance range. This assumption appears reasonable
since results on e.g. MEH-PPV gave similar results
using a completely different setup using a xenon
lamp. Hence the intensity distribution of the inci-
dent photons was assumed to have no effect on the
calculated EQE.

The IV curves were typically measured for wave-
lengths which gave the highest currents - which
is not necessarily the highest EQE - starting in
the negative voltage range. The voltage range was
roughly scanned manually avoiding high currents
which can destroy the device.

Depending on the open circuit voltage and the
chosen voltage range the step size was between 20
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and 100mV. The dark characteristic was measured
before and (again) after the light characteristic has
been measured to confirm that the device behaviour
did not change i.e. the device was destroyed.

As observed by other researchers in the same
group the shape of the IV curves can vary more for
different pixels than the EQE spectra [114, 64, 150].
We note that we did not use any mathematical
smoothing procedure in more than 90% of the IV
or EQE curves in this thesis. When smoothing was
applied then to a very low extent (< 1 — 3%)only
to remove obvious and disturbing artifacts.

10.2.1 Note on the Dark Current at
ov

It can be assumed that the sometimes observed oc-
currence of a dark current (I;) at OV is - at least
partly - due to the limited ability of the source mea-
sure unit (SMU) to apply ezactly OV+£0V. The zero
point error of the SMU cannot be much smaller than
a few mV due to a finite resolution and non-ideal
ground levels. Thus, these few mV can drive the
current Iy through the cell with the actual size de-
pending on Ryp,.

The sign of I depends on the sign of the usually
non zero ground potential plus the zero point error
of the SMU itself. Note that devices with a very
low shunt (e.g. partly shorted or doped devices)
can show positive or negative® I; values of many
nA. Note that upon illumination such devices can
still generate a negative photocurrent and therefore
still work as solar cells. These devices show usually
no significant open circuit voltage.

Another possibility to explain the existence of
such a dark current is to consider the capacity (C)
of the device:

C = eper— (10.1)

d
with € = 8.9-1072J71C?m™!, A ~ 10~5m?,
€, =~ 2 we obtain capacities between 10 and 100pF
for a thickness d ranging between 10 and 100nm
respectively.
Together with the (series) resistor data from Ta-
ble 3.5 we obtain time constants (7):

T=RC (10.2)

5In this thesis negative currents at >= 0V are defined
as currents which are generated by the device upon illumi-
nation. However,the dark current due to externally applied
voltage has always to be considered (subtracted) to obtain
the actually photogenerated current.
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between ms and several 10s. Considering the
equation for discharging a capacitor:

U=Uy-e 7 (10.3)

this means that, once a device has seen light (i.e.
charged), it can take many seconds i.e. minutes to
discharge via the series resistor even if the device is
externally shorted (V=0V).

10.3 Absorption
Measurements

Optical absorption spectra of solutions and thin
films were measured with a Hewlett Packard 8453
UV-Vis spectrometer. The spectra were corrected
for the transmission of the substrate (ITO on
quartz) which was measured before a set of absorp-
tion spectra was taken. Most absorption spectra
were taken from the actual device by directing the
light beam through the space between the pixels
using a suitable (diameter=0.8mm) mask.

10.4 Thickness
Measurements

The thickness of the organic films was measured us-
ing a profilometer (Sloan Dektak ITa) by scratching
the film carefully with a sharp tweezer or a tooth-
pick avoiding to scratch into the substrate. We typ-
ically took 3 measurements at different positions on
the substrate and calculated the mean value. For
films thinner than 30nm or particularly soft mate-
rials like the liquid crystal HPc we also used the
absorption data to determine the film thickness. In
these cases the absorption coefficient was obtained
using thicker films were the profilometer results are
accurate enough.

In order to measure the thickness of very soft
films we sublimed a layer of Al on top of the film
with the scratch. For some materials like MEH-
PPV we found that drying in air at room tempera-
ture for about three days makes the surface harder
so that it can be readily measured using the pro-
filometer. In very doubtful cases AFM scans across
a scratch could be used.
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10.5 Thermal Polarisation

Microscopy

For the investigations of liquid crystalline phases
a standard microscope was equipped with a video
capturing system (PC+video camera+software)
and a hotstage (LINKAM). Moreover, the micro-
scope was fitted with a set of polarization filters
one of which could be rotated easily to any desired
angle with respect to the other.

The hotstage was also fitted with a cooling sys-
tem using liquid nitrogen that allowed us not only
to cool and heat the sample quickly to any temper-
ature between -180° and 300° but also to purge the
hotstage and sample environment with a constant
flux of nitrogen gas to avoid effects of air at those
temperatures.

The geometry of the hotstage requires a spe-
cial microscope objective (20x) with a long work-
ing distance when higher magnifications were de-
sired. We note that higher magnification could also
be achieved using stronger magnifying eye-pieces.
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