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Abstract

In  this  work,  new  photoactive  materials  were  tested  in  the  active  and  anode  buffer  layers  of  the
inverted ITO|ZnO|donor:PC60/70BM|Buffer|Au/Ag organic bulk heterojunction (BHJ) solar cell. The
molecular properties of the materials synthesized for this work were designed in order to improve
the efficiency of the inverted solar cell structure. In addition to testing the materials in the cells,
their effect on the cell function was investigated. The work aimed to understand the effects of the
studied buffer and active layer materials in the cell function and photovoltaic performance.

Organometallic n-type tris-(8-hydroxyquinoline)aluminum (Alq3) derivatives, p-type aryl end-
capped quaterthiophenes, and a combined p- and n-type Alq3 end-capped hexathiophene were tested
as hole transporting anode buffer layer materials. As the various different materials provided a
diverse buffer material selection, the properties of the materials for improved cell function were
investigated by spectroscopic, electrochemical, computational and thermoanalytical methods.

The studied Alq3 derivatives have electron donating amino substituents, either piperidine,
pyrrolidine or morpholine rings, on the 5-position of the 8-hydroxyquinoline ligands, which ease
the oxidation of the complexes and elevate the highest occupied molecular orbital (HOMO) energy
levels.  The  higher  HOMO  levels  of  the  derivatives,  compared  to  that  of  Alq3, reduce the hole
extraction barrier in the cell. Therefore, the cells with the derivatives as buffer layers had a higher
short circuit current (Isc)  compared to that with Alq3. Simultaneously, due to higher hole injection
barrier, the cells with the derivatives as buffer layers had lower open circuit voltage (Voc) than the
cell with Alq3. The derivative with the morpholine ring has ideal energy levels with respect to the
created energy barriers. Thus, the cell with the morpholine derivative as buffer layer performed
better than the cell with Alq3.

The quaterthiophenes studied in this work have cyanophenyl or methoxyphenyl end-groups and
methyl or hexyl side chains attached to the thiophene backbone. These structural differences affect
their electronic distribution, absorption profile, energy levels and molecular packing, especially in
the solid state. The use of p-cyano end-capped quaterthiophene with hexyl side chains as an anode
buffer layer resulted in a better cell power conversion efficiency compared to that with Alq3. The
use  of  the  Alq3 end-capped hexathiophene as an anode buffer layer decreased the cell serial
resistance (Rs) and increased Isc. Photoinduced reactions, such as energy or electron transfer,
between the Alq3 or aryl end-capped oligothiophene buffer materials and photoactive layer partly
explain the improved Isc.

A synthesized benzodithiophene-benzotriazole donor-acceptor (D-A) copolymer was compared
as donor material with three previously studied fluorine-benzotriazole D-A copolymers. The
relation between donor polymer structural properties and photovoltaic performance was studied by
combining computational and experimental methods. The cell with the benzodithiophene-
benzotriazole copolymer as donor material had better efficiency than the cells with the fluorine-
benzotriazole copolymers. Calculations on the molecular geometry, energy levels, molecular
orbitals, and lowest energy excitations provided an additional perspective to understand the
polymer’s function as donor material. Based on the calculations, the benzodithiophene-
benzotriazole copolymer had a more planar backbone, continuous LUMO electron density, longer
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conjugation and better exciton and charge transport properties compared to those of the fluorine-
benzotriazole copolymers. Bulky side groups in the fluorine-benzotriazole copolymers caused steric
hindrance and twisting or bending of the backbone. As a result, the electron density concentrates in
parts of the polymer structure and -conjugation weakens or is broken. As the delocalization does
not cover the whole polymer structure, excitons or charges are trapped in the gaps of the
discontinuous molecular orbitals.

Alq3, aryl and 8-phenoxyquinoline end-capped oligothiophenes were used as dopant materials
in the P3HT:PC60BM BHJ photoactive layer. In the ternary blend of the dopant, P3HT and PC60BM
molecules, intermolecular interactions are likely as the molecules are in close proximity in the solid
photoactive layer. The effect of dopant molecules on the cell function was studied by solar cell
experiments. To investigate the intermolecular interaction of the dopant molecules with the active
layer components, P3HT donor and PC60BM acceptor, steady state and time resolved spectroscopic
measurements  were  carried  out  in  chloroform  solutions.  Based  on  the  measurements,  Alq3 end-
capped hexathiophene donates an electron to PC60BM. Photoinduced energy transfer was observed
between the cyanophenyl end-capped quaterthiophene and PC60BM.

The cell absorption increases with doping. Thus, dopant molecules function as additional light
absorbers in the photoactive layer. After excitation, the dopant molecules transfer electrons or
energy  to  PC60BM, which increases the cell Isc and power conversion efficiency. When a
cyanophenyl end-capped oligothiophene with diketopyrrolopyrrole (DPP) core was used as dopant,
the cell emission decreased. DPP-group inclusion broadens the dopant absorption to the near IR-
region. Therefore, the absorption of the dopant overlaps with P3HT emission and the dopant
molecules can reabsorb the light emitted by P3HT. In this case,  the cell Isc and power conversion
efficiency increased further.
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1 Introduction

Humans have changed Earth's atmosphere in dramatic ways over the past two centuries. The
burning of fossil fuels, coal, oil, and gasoline, has increased the concentration of greenhouse gases
in the atmosphere, especially CO2. Greenhouse gases act like a blanket, absorbing IR-radiation and
preventing it from escaping into outer space. The net effect is the gradual heating of Earth's
atmosphere and surface, a process known as global warming. If global warming continues, it will
cause significant climate change, a rise in sea levels, increasing ocean acidification, extreme
weather events and other severe natural and societal impacts.

In 2012, the total world energy consumption was 125 × 108 tonnes oil equivalent (toe), which
corresponds to 17 terawatts (TW) average power. The year 2012 saw a slowdown in the growth of
energy consumption globally, partly as a result of the economic downturn, but also because
individuals and businesses have responded to high prices by becoming more efficient in their use of
energy. At the same time, the supply of energy is coming from an increasing diversity of sources as
the world’s energy market continues to adapt, innovate and evolve. By 2035, global energy
consumption is expected to increase by 41% relative to the current level, which equals to a 24 TW
consumption. Our mission is to find and produce forms of energy needed to meet the growing
demand of energy safely and sustainably.1

Sunlight provides the largest carbon neutral energy source. In one hour the Sun shines on Earth
the energy needed for the annual worldwide consumption.2 31  gigawatts  (GW)  of  solar
photovoltaics (PV) were installed worldwide in 2012, which was an all-time annual record that
raised the global PV capacity above 100 GW. PV technologies have grown rapidly during the last
decade. In 2006, only a handful of countries could provide solar capacity of 100 megawatts or
more. Now 30 countries are on that list, which will be doubled by 2018. 3

A great challenge and motivation in energy research is to exploit the inexhaustible solar energy
more efficiently for human benefit. As an alternative for the robust silicon solar cells, organic solar
cells have evolved as low-cost, easy-production and sustainable solar cell technology. Large-area
and flexible organic cells can be fabricated by fast roll-to-roll production. Generally, in the bulk
heterojunction (BHJ) structure, p-type organic semiconducting polymers function as electron
donors and fullerene derivatives are used as acceptor materials. Significant improvements in the
power  conversion  efficiency  of  the  organic  cells,  up  to  12  %4, have been achieved by designing
effective photoactive materials, device architectures, and processing techniques.

In addition to the conjugated polymers, small molecule donor materials have been investigated
in organic cells.5 Small molecule donors possess advantages over conjugated polymers such as
well-defined molecular structures, precise molecular weights and high purity.6 Recently, solution
processed small molecule BHJ cells have achieved the efficiency of 9 %.7

In this work, new photoactive materials were tested the inverted organic
ITO|ZnO|donor:PC60/70BM|Alq3|Au/Ag  BHJ  solar  cell  structure.  The  molecular  properties  of  the
materials synthesized for this work were designed in order to improve the efficiency of the inverted
solar cell structure. In addition to testing the materials in the cells, their effect on the cell function
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was investigated. Electrochemical, spectroscopic, thermal, and computational methods were applied
to analyze the function of the prepared solar cells, properties of the used materials and possible
photoinduced intra- and intermolecular interactions. The work aimed to understand the effects of
the studied buffer and active layer materials in the cell function and photovoltaic performance.

First, organometallic Alq3 derivatives and Alq3 and aryl end-capped oligothiophenes were
applied as small molecule hole transporting anode buffer layer materials.I,III,IV The properties of the
materials to improve the cell efficiency, when used as an interfacial layer between the
P3HT:PC60BM photoactive layer and metal anode, were investigated. The relation between
conjugated benzodithiophene/fluorine-benzotriazole donor-acceptor copolymers structural
properties and photovoltaic performance was studied by combining computational and experimental
methods.II Calculations on the molecular geometries, energy levels, molecular orbitals, and lowest
energy excitations provided an additional perspective to understand the polymers’ function as donor
materials. Finally, Alq3, aryl and 8-phenoxyquinoline end-capped oligothiophenes were used as
additional light-absorbing dopant materials in the P3HT:PC60BM BHJ photoactive layer.III,V In the
ternary  blend  of  the  dopant,  P3HT  and  PC60BM molecules, intermolecular interactions become
possible. Photoinduced intra- and intermolecular interactions of the dopant molecules with P3HT
and PC60BM were studied in chloroform by spectroscopic methods.
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2 Background

This chapter first introduces the structure and function principles of the inverted organic solar cell
configuration used in this work. After that the photovoltaic parameters and cell efficiency analysis
are presented. Comparison of the organic cells is based on the cell power conversion efficiency and
the photovoltaic parameters. In this work, standard deviations of the measured photovoltaic
parameters are presented to demonstrate their variation. At the end of this chapter, the typical
variation of the parameters between the solar cell samples is shown by an example table.

2.1 Structure of the inverted organic solar cell

Organic solar cells studied in this work were built on glass substrates covered with a patterned
conducting indium tin oxide (ITO) layer. A schematic structure and energy levels of the cell
configuration are shown in Figure 2.1. A zinc oxide (ZnO) interlayer between ITO and the
photoactive layer efficiently collects electrons from the photoactive P3HT:PC60BM bulk
heterojunction (BHJ) photoactive layer to the ITO direction. This provides an inverted cell8 i.e.
electrons flow to the direction of the ITO cathode and holes to the metal anode. Inverted organic
solar cell structure is air-stable due to the high stability of the ZnO layer and Au anode. The cells
can be prepared and measured in ambient air without encapsulation. In addition to Au, Ag was also
used as metal anode material.IV,V The work function of pure Ag, 4.3 eV, is changed in air as Ag is
oxidized  and  the  work  function  of  the  formed  silver  oxide  (AgO)  is  close  to  5.0  eV.8 Therefore,
both Au and Ag are applicable as stable anode materials in the inverted cell structure.

Figure 2.1 Schematic structure and energy levels9 of the inverted organic solar cell.

2.2 Function principles of the inverted organic solar cell

The function of organic solar cells is based on the photovoltaic effect. The solar cells are
illuminated through the glass substrate in a solar simulator. The solar simulator light is produced by
Xe-lamp, which provides a spectrum very close to that of sunlight. The illuminated light passes
through the transparent glass, ITO and ZnO layers and is absorbed by the ca. 100 nm thick
P3HT:PC60BM BHJ photoactive layer.
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The BHJ photoactive layer has a heterogeneous structure of donor and acceptor molecules
(Figure 2.2), which provides a large interfacial area between donor and acceptor phases. As the
energy of the light is absorbed, thiophene units in the donor polymer, P3HT, are excited and
electrons shift from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) (Figure 2.1). A positive charge remains in HOMO and together with the
negative electron in LUMO they form an exciton. It is a bound state of the electron and the hole,
which are attracted to each other by the electrostatic Coulombic force. Excitons are free to move in
the semiconducting P3HT as long as they exist. If the exciton reaches the interface of the donor and
acceptor materials during its lifetime, the positive and negative charges are separated (Figure 2.2).
The hole stays in P3HT and starts to diffuse in the polymer phase. Since the holes are constantly
extracted to the external circuit at the metal electrode, they start to diffuse towards the metal
electrode, where their concentration is lower. Likewise, electrons are donated from the P3HT
LUMO  to  PC60BM acceptor LUMO and diffuse in PC60BM  phase  to  ITO.  When  the  cell  is
connected to an external circuit, electric current is produced under illumination.

Figure 2.2 Exciton dissociation and charge separation in the inverted organic solar cell BHJ layer.10

Light absorption does not always lead to production of electric current due to several loss
mechanisms in the cells. Excitons created beyond the diffusion length from the donor-acceptor
interface recombine before reaching the interface and their energy is emitted as photons. Therefore,
the lifetime ( ) of the excited state restricts partly the diffusion length of the exciton. As excitons
move along the polymer backbone, conjugation length in the backbone and exciton hopping
between the polymer chains also affect the diffusion. If the conjugation is broken, excitons can be
trapped, and they recombine back to the ground state. If the exciton reaches the donor-acceptor
interface, the Coulombic binding energy has to be overcome through the differences in the chemical
potentials of the donor and acceptor materials to separate the hole and electron. Also, migration of
the separated charges to the electrodes is highly dependent on the morphology of the
interpenetrating network of donor and acceptor phases in the BHJ layer. Finally, charges should be
transferred efficiently through the buffer layers and collected at the electrodes.

2.3 Photovoltaic parameters and cell efficiency analysis

Efficiencies of organic solar cells were measured under simulated global (G) sunlight illumination
with an air mass coefficient (AM) 1.5. The solar spectrum at top of the atmosphere and an AM 1.5
G spectrum are shown in Figure 2.3. The air mass coefficient defines the direct optical path length
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through the Earth's atmosphere, expressed as a ratio relative to the path length vertically upwards,
i.e. at the zenith. The air mass coefficient is used to characterize the solar spectrum after solar
radiation has traveled through the atmosphere. The air mass coefficient 1.5 is commonly used to
characterize the performance of solar cells under standardized conditions.

Figure 2.3 Extraterrestial  radiation  (ETR)  =  solar  spectrum  at  top  of  the  atmosphere,  AM  1.5  =  Solar
spectral global irradiance at air mass 1.5 for a 37° tilted surface.11

The photovoltaic parameters are obtained and calculated from a current-voltage (I-V) curve, which
presents the current produced by the cell as a function of a voltage applied to the cell. I-V curves of
the inverted ITO|ZnO|P3HT:PC60BM|Alq3|Ag cell in the dark (dashed red curve) and under
illumination (solid black curve) are shown together with photovoltaic parameters in Figure 2.4a.

Figure 2.4 I-V curves of the inverted ITO|ZnO|P3HT:PC60BM|Alq3|Ag cell in the dark (dashed red) and
under illumination (black solid) with photovoltaic parameters shown by the arrows (a) and electric circuit of
the cell12 (b).

Short  circuit  current  (Isc)  is  the  cell  current,  when 0  V voltage  is  applied,  and  the  cell  is  in  short
circuit conditions. Open circuit voltage (Voc) is the voltage, when the cell current is 0 A, and the cell
is in open circuit conditions. As shown in Figure 2.4, fill factor (FF)  is  the ratio of the maximum
power (PMAX, green rectangle) produced by the cell and the theoretical maximum power (Voc × Isc,
blue rectangle) according to Eq. 1:
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Power conversion efficiency ( ) is calculated from the photovoltaic parameters as a ratio of the
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An external photon to current efficiency (EPCE) spectrum presents the current produced by the cell
as a function of the illumination wavelength. The cell is illuminated by monochromatic light and the
produced photocurrent is measured. Efficiency is calculated according to Eq. 3:
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The external photon to current spectrum is an alternative way to present the cell efficiency used also
in this work.II

Serial resistance (Rs)  and  shunt  resistance  (Rsh) of the cell electric circuit (Figure 2.4b) are
calculated as inverse slopes of the tangential linear fits along the I-V curve (Figure 2.4a).12 Defining
Rs this way is an approximation, since the tangent is never vertical. Even though Rs would approach
the value of zero, a slope based on the diode equation is left. Rs is the cell current limiting factor and
it  should  be  as  small  as  possible. Rsh is considered as a factor that inhibits recombination, and it
should be as large as possible.

2.4 Experimental variation of the photovoltaic parameters

In this work, the experimental variation of the photovoltaic parameters is presented in the tables as a
sample standard deviation value (s) after the measured (Voc and Isc) and calculated (FF and )
values. The value of s is calculated according to Eq. 4:

1
)( 2

1

n
xx

s
n

i i , (4)

where xi is the value of the measured quantity, x is the average of the measured values and n is the
number of the measured samples.Table 2.1 shows the photovoltaic parameters and their standard
deviations for the ITO|ZnO|P3HT:PC60BM|Alq3|Au reference cell structure. The parameters of the
best measured sample are presented in the tables and s values are calculated from the number of
samples shown in the table. Also the average efficiency of the measured samples is shown in tables.

Table 2.1 Photovoltaic parameters and their standard deviations for the reference cell structure.

Sample Number of cells Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

Reference 10 -2.62 ± 0.15 0.55 ± 0.005 60 ± 1.6 2.42 ± 0.14 2.25
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The typical experimental variation in the photovoltaic parameters of the cell structure used in this
work  is  less  than  10  %  of  the  measured  values.  Variation  of  the  parameters  in  the  buffer  layer
experiments is within the 10 % range. Photoactive layer modification results in larger deviations
especially  in  the  case  of  doping  experiments.  Comparison  of  the  cells  is  based  on  all  the
photovoltaic parameters. The best cell efficiency and the average efficiency values are considered
the most important parameters.
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3 Materials and methods

This chapter briefly presents the studied materials and solar cell preparation and analysis. In
addition, the optical, electrochemical, and thermal techniques used for material characterization are
briefly introduced. More detailed descriptions about the experimental techniques and instrumental
configurations are given in the referred publications.I-V

3.1 5-amino substituted tris-(8-hydroxyquinoline)aluminum (Alq3) derivatives

Alq3 has  been  studied  as  a  light  emitting  and  electron  transporting  material  since  Tang  and
VanSlyke  reported  for  the  first  time  on  its  use  in  organic  light  emitting  diodes  (OLEDs).13 The
molecule is an organometallic complex, which consists of three 8-hydroxyquinoline ligands
coordinated to aluminum (Figure 3.1). The properties of the complex, such as solubility,
fluorescence emission color, quantum yield ( ) and HOMO and LUMO energy levels, can be
modified by attaching different electron-withdrawing or -donating substituents on the 8-
hydroxyquinoline ligands.14 The  highest  HOMO electron  density  is  allocated  on  the  5-position  of
the 8-hydroxyquinoline ligand.15 Therefore specific modification of HOMO level is possible by
attaching different substituents to the 5-position.

Figure 3.1 Chemical structures and abbreviations of the parent Alq3 and its 5-amino substituted derivatives
Al(5-pipq)3, Al(5-pyrq)3 and Al(5-morq)3. Numbering of the possible substituent positions is shown around
the 8-hydroxyquinoline ligand in the parent Alq3.

The Alq3 derivatives studied in this work, Al(5-pipq)3, Al(5-pyrq)3 and Al(5-morq)3, (Figure 3.1)
have electron donating16 amino substituents, either piperidine, pyrrolidine or morpholine rings, on
5-position, which ease the oxidation of the complexes and elevate the HOMO energy levels
compared to the parent Alq3. The properties of the derivatives aimed for the reduction of the hole
extraction barrier when used as anode buffer layers in the inverted organic solar cell structure. The
derivatives were characterized and used as hole transporting buffer layers. Performance of the cells
with  the  derivatives  as  buffer  layers  was  compared  with  that  of  the  cell  with  the  parent  Alq3 as
buffer material.I The compounds were synthesized at the Department of Chemistry and
Bioengineering, Tampere University of Technology, in cooperation with the Department of
Chemistry, University of Oulu. Alq3 was commercially available.
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3.2 Conjugated benzodithiophene/fluorine-benzotriazole donor-acceptor (D-A) copolymers

In polymer solar cells, copolymers with electron rich and electron deficient moieties alternating in
the polymer backbone have performed well as electron donating materials. The redox and structural
properties of the polymers are controlled by attaching different substituents to the polymer
backbone, which enables tailoring of low band gap (LBG) polymers. Benzodithiophene derivatives
have been used as tunable electron donors17 and benzotriazole with various substituents as electron
acceptor18 moieties in LBG D-A copolymers. Tailored LBG copolymers based on alternating
benzodithiophene and benzotriazole moieties have demonstrated excellent photovoltaic properties
in inverted organic solar cells due to their intramolecular charge transfer (ICT) properties.19

Figure 3.2 Chemical structures of the benzodithiophene/fluorine-benzotriazole D-A copolymers P1-P4.

Benzodithiophene-benzotriazole LBG D-A copolymer, P4 (Figure 3.2), was synthesized for this
work in order to compare its performance as a donor material in inverted organic solar cells with
three previously studied fluorine-benzotriazole D-A copolymers, P1-P3 (Figure 3.2). The
experimental data was combined with computed results of the molecular geometries, energy levels,
molecular orbitals and lowest energy excitations to better understand the relationship between
photovoltaic performance and molecular structures.II The polymers were synthesized in Kekulé-
Institut für Organische Chemie und Biochemie, Rheinische Friedrich-Wilhelms-Universitet Bonn.

3.3 Aryl, Alq3, and 8-phenoxyquinoline end-capped oligothiophenes

Oligothiophenes with different substituents and end-groups have been used as hole transporting
layers (HTL) in OLEDs,20 organic light emitting transistors (OLETs),21 organic thin film transistors
(TFTs)22, and small molecule donor materials in organic solar cells.23
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Figure 3.3 Chemical structures of the aryl end-capped quaterthiophenes 3a, 3b, 4a and 4b.

In this work, four different aryl end-capped quaterthiophenes, 3a, 3b, 4a and 4b (Figure 3.3), and an
Alq3 end-capped hexathiophene, (Alq3)2-OT (Figure  3.4)  were  used  as  anode  buffer  layers  in  the
inverted organic solar cell structure.III,IV The p-type aryl end-capped materials, together with the n-
type 5-amino substituted Alq3 derivatives and combined p-and n-type (Alq3)2-OT, provided a
diverse buffer material selection. The properties of the different buffer materials for improved cell
function were investigated.

A diketopyrrolopyrrole (DPP) group was included in the center of 4b molecular structure, which
produced an aryl end-capped oligothiophene with DPP-group, DPP-(2TPhCN)2 (Figure 3.4). 4b
was compared with DPP-(2TPhCN)2 as electron donor material and additional dopant molecule
blended with P3HT and PC60BM (Figure 3.5) in the BHJ photoactive layer of the cell.V The effect
of  DPP-group  in  the  properties  and  function  of  the p-cyanophenyl end-capped oligothiophene
dopant material was investigated.

Figure 3.4 Chemical structures of the aryl end-capped oligothiophene with DPP-group (DPP-(2TPhCN)2),
Alq3 end-capped hexathiophene ((Alq3)2-OT), and 8-phenoxyquinoline end-capped hexathiophene
(compound 5).
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Also (Alq3)2-OT was used as a dopant material. 8-phenoxyquinoline end-capped hexathiophene,
compound 5 (Figure 3.4), and Alq3 (Figure 3.5) were used as reference materials in the solar cell
and spectroscopic studies of (Alq3)2-OT. The doping experiments aimed to understand the effect of
the dopant molecules in the cell function and photovoltaic performance. Spectroscopic studies on
the interaction of the dopant molecules with P3HT and PC60BM were carried out by using steady
state and time resolved spectroscopic methods. The studied oligothiophenes were synthesized in the
Department of Chemistry, University of Oulu.

3.4  Photoactive layer components P3HT, PC60BM and PC70BM

In the field of polymer based photovoltaic cells, poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C61-butyric acid methyl ester (PC60BM) have been the most studied active layer materials for the
bulk hetero junction (BHJ) structure.24 Commercially  available  P3HT was  used  as  primary  donor
polymer and fullerene derivatives PC60BM and PC70BM (Figure 3.5) as acceptor materials in this
work. The selection of the acceptor material was done by testing and optimizing the cells using both
acceptor materials, PC60BM and PC70BM,  with  the  used  donor  materials.  The  testing  and
optimization series are left out of the thesis and only the results of the best performing series are
presented.

Figure 3.5 Chemical structures of the photoactive layer materials P3HT, PC60BM and PC70BM.

3.5 Solar cell preparation and analysis

The studied compounds were applied as dopant molecules, donor materials, and/or buffer layers in
the inverted ITO|ZnO|donor:PC60/70BM|buffer|Au/Ag solar cells. The cells were constructed on
commercial ITO covered glass substrates. The ITO layer was taped and lacquered for aqua regia
etching to achieve a patterned ITO. The etched plates were cleaned by sonicating in acetone,
chloroform, SDS solution (20 mg sodium dodecyl sulphate in 500 mL Milli-Q H2O), Milli-Q H2O,
and 2-propanol, 30 min in each, respectively, and dried under vacuum at 150 ºC for one hour. After
a 10 min N2 plasma cleaning procedure, a 20 nm ZnO layer was deposited by 1 min spin-coating
from 50 g L-1 zinc-acetate in 96 % 2-methoxyethanol and 4 % ethanolamine solution following the
literature process.8

The photoactive layer compounds, P3HT, PC60/70BM and in the case of doped cells also
the dopant molecules, were dissolved in 1,2-dichlorobenzeneI,II,IV,V (DCB) or DCB:CHCl3

(2:1 V-%) solvent mixtureIII and stirred (250 rpm) overnight at 50 ºC. Spin-coating of the
BHJ photoactive layer from the P3HT:PCBM:dopant blend took from 30 s to 5 minutes (600
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rpm) in the spin-coater under N2 flow. The spin-coated films were annealed under vacuum at
110 ºC for 10 min. Buffer layer and metal anode were evaporated in the vacuum evaporator
under ~ 3  10-6 mbar pressure. The evaporation rate and film thickness were controlled with
evaporator crystals to deposit the desired thickness of the buffer and 50 nm thick metal
anode layers on top of the photoactive layer. The cells were stored in the ambient
atmosphere in the dark before measurements and analysis.

The photovoltaic parameters were obtained and calculated from the I-V curves, which were
measured under simulated AM 1.5 G sunlight illumination (50 mW cm-2) using a source/monitor
unit (Agilent E5272A). A voltage between -0.2 and 0.6 V was applied in 10 mV steps and the
measurements were carried out in air at room temperature (20 °C) without encapsulation of the
devices. The illumination was produced by filtered Xe-lamp (Oriel Corporation & Lasertek) in the
solar simulator (Zuzchem LZC-SSL). The cell areas were from 1 mm2 to 2 mm2 measured by an
optical microscope (MBS-10). The illumination power density was measured by using a power
meter (Coherent Fieldmax II LM10). Because a certified measuring system could not be employed,
the absolute efficiency values are not directly comparable with the other published results.
However, the reported efficiencies and the relative efficiency changes are comparable within the
presented devices.

3.6 Steady state absorption and fluorescence measurements

Steady state absorption measurements were used to determine the ground state absorption properties
of the compounds in solutions and solid films. Absorption profiles of the compounds used as solar
cell photoactive materials should match with the solar spectrum (Figure 2.3), whose maximum
irradiance is between 470 nm and 750 nm, to harvest the sunlight and produce current
efficiently.II,III,V Absorption profiles of the materials were used to determine excitation wavelengths
for emission and time resolved measurements.I-V

Steady state fluorescence emission spectra of the pure compounds in solutions and solid
samples were measured for Stokes shift calculations, material characterization and selecting the
monitoring wavelengths of time resolved fluorescence measurements.I-V Quenching of the donor
material emission as a function of acceptor concentration enabled studying intermolecular
interactions and quenching dynamics in steady state.III,V

3.7 Time resolved fluorescence and absorption measurements

Time resolved fluorescence emission measurements were performed to calculate excited state
lifetimes in nanosecond and sub-nanosecond scale for liquid and solid samples employing the time
correlated single photon counting (TCSPC) method.I-V A decrease in the donor material lifetime as
a function of the quencher concentration provided a tool to study quenching dynamics in their
mixed solution.V Ultrafast time resolved transient absorption measurements using pump-probe set-
up were carried out to study the picosecond time scale photoinduced processes, such as energy or
electron transfer, in solutions. Function of dopant molecules in the solar cell photoactive layer was
considered based on the photoinduced intra- or intermolecular interactions of the dopant molecules
with PC60BM.III,V



13

3.8 TCSPC

Fluorescence emission decays of the samples were measured using the TCSPC system (Figure 3.6).
The excitation source generates a pulsed laser light beam, which is split into two by quartz beam
splitter  (M1).  A part  of  the  laser  light  is  used  to  excite  the  sample  and  the  other  part  is  used  for
triggering, which is the “start” laser pulse in the time diagram. Emission from the excited sample is
directed to a monochromator, which passes on the light of selected monitoring wavelength. Because
each detected photon generates an electric pulse at the photomultiplier tube (PMT), the method is
called single photon counting. The triggering light pulse generates an electric pulse at the
photodiode (PD). Both the triggering pulse and pulse from PMT are directed to the constant fraction
discriminators (CFD) to equalize the shape and amplitude of the pulses. In the time-to-amplitude
converter (TAC) the triggering pulse starts operation of the linearly rising voltage generator and the
first emitted photon detected in the PMT stops the generator (the first photon “stop”). The output
voltage of the generator depends on the time delay between the “start” and “stop” pulses.
Multichannel analyzer (MCA) analyzes the voltage output of the generator. The MCA memory is
divided into channels that correspond to voltage intervals. The voltage from TAC increases the
value of the matching channel by one. As the voltage from the TAC is proportional to the time
delay, the MCA channels correspond to the time intervals and the decay profile of the sample is
recorded by counting the photons arriving at each time delay after excitation.25

Figure 3.6 A scheme (left) and time diagram (right) of TCSPC measuring system.26

3.9 Pump-probe

In the transient absorption measurements, the excitation laser pulse of chosen wavelength (pump)
and continuous or pulsed white light (probe) are directed through the sample to detect the
absorption changes as a function of time after excitation. Two different pump-probe instruments
were used to measure the picosecond time-scale transient absorption measurements. A simplified
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scheme of one of the pump-probe instruments is in Figure 3.7 to exemplify the function principles
of the method.

A Ti:sapphire laser generates a ~800 nm, 100 fs excitation base pulse beam, which is split in
two with a semi-transparent mirror. A part of the beam is directed through a second harmonic
generator (SHG) forming the pump-pulses and the other part is directed to a water cuvette, which
generates a white continuum for probing the absorbance changes in a wide spectral region. The
probe beam is further split into a signal beam and a reference beam, which are focused on the
sample cuvette. The pump-beam is directed through a delay line with a moving right angle reflector,
which  is  used  to  tune  the  optical  path  length  of  the  pump  pulse  relative  to  the  probe  pulse,  and
focused on the signal beam in the sample cuvette. Depending on the delay line length, the pump
pulse  arrives  at  the  sample  at  a  certain  time before  the  probe  pulse  and  sample  absorption  at  the
known time after excitation is measured. Changes in absorption are detected from before the
excitation, at negative delay times, until the upper time limit after excitation, which is dependent on
the length of the delay line.25

Figure 3.7 Simplified scheme of the pump-probe method.26

The transient species formed after the excitation of the sample are identified from the detected
absorption changes. This provides direct information about the order and dynamics of the
photoinduced reaction. The raw data obtained from the measurements consist of the differential
transient spectra at different delay times. Transient absorption decay curves at different delay times
are drawn from the raw data. Decay curves are fitted globally as a sum of exponential functions,
which gives the change in absorption as function of wavelength and time:

i
i

tatA exp)(),( , (5)

where ai is the amplitude and i is the lifetime of the component i. The number of different transient
species produced in the photoinduced reaction should correspond to the number of components
needed for fitting the data.25
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The results of the transient absorption measurements are presentedIII,V as decay component
spectra, where each component amplitude is plotted as a function of wavelength. In addition, time
resolved sum spectra calculated from Eq. 5 are presentedIII to follow the reaction at selected times.

3.10 Differential pulse voltammetry (DPV)

DPV  measurements  were  carried  out  to  determine  the  HOMO  and  LUMO  energy  levels  of  the
studied compounds. A potentiostat (Iviumstat Compactstat IEC 61326 Standard) and a three-
electrode cell configuration were employed. 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6)  in  dichloromethane  (DCM)  was  used  as  a  supporting  electrolyte,  a  glass  platinum
electrode as a working electrode, a graphite rod as a counter electrode and platinum wire as a
pseudo reference electrode. For each sample, the background was measured for 2.5 ml of the
electrolyte solution after 20 min deoxygenation by purging N2. 100 l of 0.5 mM sample in DCM
was inserted in the reaction vial and the system was stabilized again by purging N2. Each sample
was measured between -2.5 V and 2.0 V scanning in both directions with 2.5 mV steps. Ferrocene
(Acros Organics, 98 %) was used as an internal standard reference to scale the measured potentials
against vacuum level.27 HOMO  and  LUMO  level  calculations  were  based  on  the  oxidation  and
reduction potentials observed in the DPV curves according to Eq. 6 and 7:

eVEE oxdifHOMO )8.4( , and (6)

,)8.4( , eVEE reddifLUMO (7)

where 4.8 eV is the oxidation energy of ferrocene. Edif,ox is the difference in volts between the
oxidation potential of ferrocene and the oxidation potential measured for the sample. Edif,red is the
difference in volts between the oxidation potential of ferrocene and the reduction potential of the
sample.

3.11 Optical profilometry

To determine the thicknesses of the spin-coated photoactive layers and vacuum evaporated buffer
layers, an optical profilometer (Veeco Wyko NT-1100) was employed. A narrow strip of the sample
film was removed with a cotton stick dipped in chloroform and the created step was measured using
a phase shifting interferometry (PSI) mode. The profilometer monitors the phase shift between two
monochromatic light beams reflected from the surfaces of the substrate and the sample film and
calculates the step hight. The profilometer data were recorded from an area of 230  300 m2. The
vertical resolution of this method is close to 1 Å and the horizontal resolution of the objective (20-
fold magnification) is 0.75 m.

3.12 Differential scanning calorimetry (DSC)

DSC is a thermal method used for monitoring the physical transformations such as phase transitions
or degradation of the sample. The difference in the amount of heat required for increasing the
temperature of a sample and reference with well-defined heat capacity over the range of scanned
temperatures is measured as a function of temperature. Both the sample and reference are
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maintained at nearly the same temperature throughout the experiment. The temperature program of
the DSC instrument increases the sample holder temperature linearly as a function of time.

A thermo analyzer (Mettler Toledo DSC821e) was applied for DSC measurements to analyze
the thermal properties of the compounds.I-IV Crystallinity and thermal stability of the samples were
determined based on the observed glass transition steps, endothermic melting peaks or exothermic
degradation and oxidation signals. Samples were heated at a rate of 20 oC/min in a standard 40 L
perforated Al crucible with a 60 mL/min N2 flow.

3.13 Computational modelling

The computational density functional theory (DFT) calculations on the molecular geometries and
electronic structure related properties were conjoined for material characterization and solar cell
performance analysis. The calculations were carried out at the Department of Chemistry and
Bioengineering, Tampere University of Technology. The modelling of the D-A copolymers P1-P4
and PC60/70BM acceptors II was carried out by Mika Niskanen and the calculations for the aryl end-
capped quaterthiophenes, 3a, 3b, 4a and 4c,IV and  (DPP-(2TPhCN)2

V were performed by Tuuva
Kastinen.
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4 Results and discussion

In this chapter, the most significant results of the publications I-V are summarized. First, the use of
5-amino substituted Alq3 derivatives, Alq3 end-capped oligothiophene, and aryl end-capped
quaterthiophenes as anodic hole transporting buffer layers in the inverted organic solar cell is
presented. The effect of the used buffer material on the solar cell performance is rationalized by
means of their HOMO and LUMO energy levelsI,III,IV relative  to  those  of  the  cell  structure.  The
distributions of the computed molecular frontier orbitals provided additional understanding on the
buffer properties.IV Also, the possible photoactivity of the buffer layer is considered. The
relationship between the photovoltaic performance of the conjugated benzodithiophene/fluorine-
benzotriazole donor-acceptor (D-A) copolymers with the DFT calculations on their molecular
properties is discussed.II Finally, the results of the solar cell experiments using Alq3 and aryl end-
capped oligothiophenes as dopants in the photoactive layer of the organic cell are presented.III,V

Interaction of the dopant molecules with P3HT and PC60BM was studied in detail by steady state
and time resolved spectroscopic methods. The effect of the dopant molecules on the cell function
and efficiency are discussed based on the performed spectroscopic measurements.

4.1 Solar cell experiments varying the hole transporting buffer layer material

Three different 5-amino substituted Alq3 derivatives, four aryl end-capped quaterthiophenes, and an
Alq3 end-capped hexathiophene were tested as anodic hole transporting buffer layers in the inverted
cell structure. The solar cell performance using the materials as buffer layers was compared with
that of the reference cell with an Alq3 buffer layer. The material types used in the buffer layer
experiments differ in their characteristics and the applications where they have been used before.
Organometallic Alq3 derivatives are electron transporting materials and used as photoluminescent
materials in OLEDs. Instead, oligothiophenes are hole transporting in nature and have been used as
donor materials in different types of organic solar cells. Testing these different material types as
hole transporting buffer layers provided information about the shared material properties required to
improve the solar cell efficiency.

4.1.1 Organometallic 5-amino substituted Alq3 derivatives as buffer layers

The organic solar cell with Al(5-morq)3  as a buffer layer had better efficiency, 2.63 %, compared
to that, 2.36 %, of the cell with the reference material, Alq3, measured one day after the cell
preparation (Table 4.1). The cell using Al(5-morq)3 buffer layer had increased Isc, -3.20 mA/cm2,
and FF, 64 %, compared to those, -2.91 mA/cm2 and 60 %, of the reference cell. Voc, 0.48 V, of the
cell with Al(5-morq)3 was not improved compared that, 0.51 V, of the reference cell as shown by
the I-V curves (Figure 4.1a).

Efficiencies of all the cells were increased when remeasured 5 months after the cell preparation
compared to those measured one day after the cell preparation (Table 4.2). Improvements in the cell
efficiency over time are possible for the inverted cells, as the oxidation degree and work function of
the ZnO layer change.28 This improves particularly the cell Voc, but increases also Isc and FF as
shown by the I-V curves of the cells measured one month after the cell preparation (Figure 4.1b).
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Table 4.1 Photovoltaic parameters, their standard deviations and resistances of the solar cells with Alq3 and
the 5-amino substituted derivatives as buffer layers measured one day after the cell preparation.I

Buffer layer
(thickness, nm)

Cells Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

Rs

(  cm2)
Rsh

(  cm2)
Alq3 (4.30) 4 -2.91 ± 0.10 0.51 ± 0.00 60 ± 1.4 2.36 ± 0.06 2.31 17.94 1797

Al(5-pipq)3 (4.00) 10 -3.33 ± 0.32 0.45 ± 0.01 50 ± 3.6 2.02 ± 0.20 1.78 19.65 600
Al(5-pyrq)3 (3.60) 8 -3.01 ± 0.18 0.45 ± 0.02 55 ± 4.2 1.99 ± 0.20 1.76 20.04 820
Al(5-morq)3 (3.66) 10 -3.20 ± 0.36 0.48 ± 0.01 64 ± 6.9 2.63 ± 0.27 2.23 25.72 564

Table 4.2 Photovoltaic parameters, their standard deviations and resistances of the solar cells with Alq3 and
the 5-amino substituted derivatives as buffer layers measured 5 months after the cell preparation.I

Buffer layer Cells Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

Rs

(  cm2)
Rsh

(  cm2)
Alq3 4 -2.89 ± 0.14 0.55 ± 0.15 62 ± 2.3 2.62 ± 0.16 2.41 28.03 2824

Al(5-pipq)3 9 -3.52 ± 0.59 0.53 ± 0.01 56 ± 9.9 2.76 ± 0.41 2.23 30.67 1031
Al(5-pyrq)3 8 -3.46 ± 0.24 0.52 ± 0.01 54 ± 4.3 2.59 ± 0.21 2.31 24.72 752
Al(5-morq)3 10 -3.56 ± 0.22 0.53 ± 0.00 56 ± 5.1 2.80 ± 0.31 2.34 28.70 1161

The best cell with Al(5-morq)3 as a buffer layer had better efficiency, 2.80 %, than those, 2.62 %,
2.76 % and 2.59 %, of the cells with Alq3, Al(5-pipq)3 and Al(5-pyrq)3, respectively, also after 5-
month storage. The cell with Al(5-morq)3 had highly improved Rsh, 1161 cm2, measured 5
months after the cell preparation compared to that, 564  cm2, measured one day after the cell
preparation. Rs of the cell with Al(5-pipq)3 had increased only slightly during the 5-month storage,
which resulted in increased Isc, -3.56 mA/cm2, of the cell.

Figure 4.1 I-V curves of the solar cells with Alq3 and the 5-amino substituted derivatives as buffer layers
measured one day (a) and 5 months (b) after the cell preparation.I

The effect of the buffer material on the cell function can be explained based on the measured
HOMO and LUMO energy levels of the derivatives and their positions relative to the those of the
adjacent materials in the cell structure. In the inverted cell the anode buffer layer is deposited
between the photoactive layer and the Au anode. Energy levels of the parent Alq3, the 5-amino
substituted derivatives and the adjacent P3HT and Au are presented in Figure 4.2. The derivatives
have electron donating16 amino substituents, piperidine, pyrrolidine, or morpholine rings, on 5-
position, which ease the oxidation of the complexes and elevate the HOMO energy levels compared
to the parent Alq3.
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Figure 4.2 Energy levels of the 5-amino substituted derivatives and the parent Alq3 positioned between the
gold electrode and P3HT in the inverted cell structure.I

The difference between HOMO of P3HT and that of the buffer layer affects the cell Voc. An
injection barrier for holes is formed if HOMO of the buffer material lies higher than that of the
P3HT layer. The extraction force for the photogenerated charge carriers decreases due to the
diminished built-in field caused by the injection barrier and Voc is decreased.29 Al(5-pyrq)3 has the
HOMO level higher than those of Al(5-pipq)3, Al(5-morq)3 and the parent Alq3. Therefore the cell
with the Al(5-pyrq)3 buffer layer has the highest injection barrier and lowest Voc. The device with
Alq3 as an anode buffer layer produced the highest Voc, because the HOMO level of Alq3 lies lower
than that of P3HT and an injection barrier is not created.

An extraction barrier for the photogenerated holes to escape the cell is created if HOMO of the
buffer material lies lower than that of P3HT. The HOMO level of Alq3 is lower than that of P3HT
and extraction barrier is created, which decreases the cell Isc. The HOMO levels of all the 5-amino
substituted derivatives are higher than that of P3HT and extraction barriers are not created.
Therefore the cells with the derivatives as buffer layers produced higher Isc than the reference cell
with Alq3 buffer layer.

Photoactivity of the organometallic Alq3 buffer layers is considered insignificant to the cell
function, because the buffer layers are very thin (Table 4.1). Alq3 has  an  absorption  maximum at
385 nm (Table 4.3), where solar emission intensity (Figure 2.3) is much weaker than around 430
nm, where the 5-amino substituted derivatives have their absorption maxima (Table 4.3) in solid
state. Therefore, the possible cell current improving photoinduced reactions, such as exciton
formation, initiated in the 5-amino substituted derivatives would affect the cell function more than
those intitiated in Alq3. The effect of possible photoinduced reactions is questionable, since the cell
with Al(5-morq)3 produced the highest current. Al(5-morq)3 has a larger absorption coefficient ( )
in solid films but significantly shorter average lifetime ( avg) measured in chloroform solution than
Al(5-pipq)3 and Al(5-pyrq)3 (Table 4.3).
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Table 4.3 Absorption maxima and absorption coefficients in solid films and lifetimes, percentages
(amplitudes) of the lifetimes and average lifetimes of the two exponential fits for the derivatives and one
exponential fit for the parent Alq3.I

Complex film
a

(nm)

b

( m-1)
1

c

(ns)
2

c

(ns)
avg

c (ns)

Al(5-pipq)3 426 1.4 3.54 (56 %) 0.15 (44 %) 2.05
Al(5-pyrq)3 429 1.3 4.83 (87 %) 0.51 (13 %) 4.27
Al(5-morq)3 427 1.8 0.50 (94 %), 5.83 (6 %) 0.82

Alq3 385 2.130 16.6230 - -
aAbsorption maximum in a solid film, bAbsorption coefficient in a solid film at 430 nm for the derivatives and at 398
nm for Alq3, c Lifetimes of the components and their average lifetime = (A1 1+A2 2)/2 ( ex = 405 nm, mon = 560 nm) in
chloroform solution

The cell absorption spectra (Figure 4.3) do not show increased absorption of the cells at 430 nm,
where the derivatives absorb. However, the cells with the derivatives as buffer layers produced
higher current than the cells with Alq3. Thus, the effect of photoinduced reactions is considered
minor to that of the energy level alignment also in the case of the derivatives.  Based on the DSC
measurements, the 5-amino substituted derivatives are amorphous, whereas Alq3 is crystalline.
Therefore, morphological properties of the derivatives in the solid state differ from those of Alq3,
which might also explain in part the improved hole transporting properties of the derivatives.

Figure 4.3 Absorption spectra of the cells with Alq3 and the 5-amino substituted derivatives as buffer layers.I

4.1.2 Alq3 and aryl end-capped oligothiophenes as buffer layers

Photovoltaic parameters of the cells with vacuum evaporated (Alq3)2-OT anode buffer layers and
reference cells with Alq3 buffer layers measured one day, 4 weeks, and 12 weeks after the cell
preparation are shown in Table 4.4. Vacuum evaporation of the relatively large molecular weight
(Alq3)2-OT molecules was successful, as shown by the reference quartz plate absorption spectra of
the  films  (Figure  4.4).  Evaporation  was  carried  out  between  185  –  285  °C  and  the  thermal
degradation of (Alq3)2-OT molecules takes place at around 400 °C based on performed DSC
measurements.III

Efficiencies of the cells with the (Alq3)2-OT anode buffer layer were not improved compared
to the reference cell with the Alq3 buffer layer when measured one day after the cell preparation.
The best cell with the Alq3 buffer layer had higher Voc, 0.55 V, and FF, 60 %, than those of the best
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cell with (Alq3)2-OT buffer,  0.46 V and 55 %. The best  cell  of those with the (Alq3)2-OT buffer
layer had a lower Rs, 29.19  cm2, and a higher Isc, -2.84 mA/cm2, than those of the reference cell,
39.64  cm2 and -2.62 mA/cm2.

Figure 4.4 Absorption spectra of the thermally vacuum evaporated (185 – 285 °C) 3.0 nm, 6.5 nm and 9.0
nm thick (Alq3)2-OT films.III

Table 4.4 Photovoltaic parameters, their standard deviations and resistances of the cells with different buffer
layers: 5 nm Alq3 (9 cells), 6.5 nm (Alq3)2-OT (10 cells) or 9 nm (Alq3)2-OT (10 cells).III

Buffer layer
(thickness, nm)

Time Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

Rs
 cm2)

Rsh
 cm2)

Alq3 (5) One -2.62 ± 0.15 0.55 ± 0.005 60 ± 1.6 2.42 ± 0.14 2.25 39.64 1499
(Alq3)2-OT(6.5) day -2.71 ± 0.34 0.50 ± 0.011 58 ± 4.9 2.18 ± 0.28 1.93 28.72 1385
(Alq3)2-OT (9.0) -2.84 ± 0.22 0.46 ± 0.014 55 ± 6.6 1.99 ± 0.33 1.86 29.19 931.1

Alq3 (5) 4 -2.54 ± 0.23 0.54 ± 0.006 61 ± 5.6 2.33 ± 0.27 2.05 45.12 1998
(Alq3)2-OT (6.5) weeks -2.85 ± 0.52 0.53 ± 0.009 58 ± 1.9 2.45 ± 0.41 2.22 29.62 1310
(Alq3)2-OT (9.0) -3.11 ± 0.36 0.51 ± 0.010 56 ± 1.9 2.47 ± 0.29 2.06 33.43 1494

Alq3 (5) 12 -2.32 ± 0.25 0.55 ± 0.005 61 ± 3.0 2.28 ± 0.20 2.03 46.20 2098
(Alq3)2-OT (6.5) weeks -2.76 ± 0.52 0.52 ± 0.009 61 ± 2.0 2.54 ± 0.47 2.10 29.44 1545
(Alq3)2-OT (9.0) -2.81 ± 0.34 0.54 ± 0.004 56  ± 4.9 2.45 ± 0.34 2.13 35.84 2453

As the cells were remeasured 4 weeks after the cell preparation, the efficiencies of the best cells
with (Alq3)2-OT buffer layers were better than those of the reference cells. The cells with (Alq3)2-
OT had an improved Voc, only a slightly increased Rs, and therefore a higher Isc compared to those
measured one day after the cell preparation. The Rs of the reference cell with the Alq3 buffer layer
had increased during the 4 four-week storage up to 45.12  cm2. Thus, the cell produced a lower
Isc, -2.54 mA/cm2, than that measured one day after the cell preparation, which caused the decrease
in the cell efficiency. The cells were measured once more 12 weeks after the cell preparation and
the photovoltaic parameters corresponded to those measured 4 weeks after the cell preparation.

Energy levels of (Alq3)2-OT are suitably aligned with those of the cell materials (Figure 4.5).
The  HOMO  level  of (Alq3)2-OT is higher than that of Alq3. The extraction barrier for the
photogenerated holes to escape the cell is not created when (Alq3)2-OT is used as a buffer material
instead of Alq3. This may explain the reduced Rs values of the cells with (Alq3)2-OT compared to
those with Alq3. Photoactivity of the (Alq3)2-OT buffer layers is considered minor, as the
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absorptions of the layers are as low as 0.005 – 0.010 (Figure 4.4) and they absorb at wavelengths
beyond the solar intensity maxima (Figure 2.3).

Figure 4.5 Energy levels of the inverted solar cell structure9 and HOMO and LUMO levels measured for 3a,
3b, 4a, 4b and (Alq3)2-OT.III, IV

The photovoltaic parameters of the cells using aryl end-capped quaterthiophenes as anode buffer
layers  are  in  Table  4.5.  The  use  of p-cyanophenyl end-capped quaterthiophene, 4b, as the hole
transporting buffer layer improved the cell efficiency up to 3.27 %, compared to that of the
reference cell with an Alq3 buffer  layer,  2.76  %.  Furthermore,  one  cell  out  of  ten,  using 4a a as
buffer layer, had improved efficiency, 3.00 %, compared to the reference cell. However, the average
efficiencies, 2.51 %, 2.50 % and 2.52 %, of the cells with 3a, 3b or 4a, respectively, were only
slightly improved compared to that of the reference cells, 2.46 %. The best cell, with 4b as  the
buffer layer, had a higher Isc, -3.17 mA/cm2, than that of the reference cell, -2.72 mA/cm2. Voc, 0.53
V, and FF, 62 %, of the best cell with 4b remained nearly the same as those of the best reference
cell, 0.55 V and 61 % (Figure 4.6a). The HOMO level of 4b (Figure 4.5) lies in the optimal position
relative to that of P3HT and remarkable extraction or injection barrier for the hole transport are not
created, which explains the improved current production partly.

Table 4.5 Photovoltaic parameters and their standard deviations of the cells with Alq3 and aryl end-capped
derivatives as buffer layers.IV

Buffer
(thickness)*

Number
of cells

Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

Alq3 (5 nm) 10 -2.72 ± 0.18 0.55 ± 0.006 61 ± 3.0 2.76 ± 0.20 2.46
3a (10 nm) 6 -2.73 ± 0.19 0.55 ± 0.008 62 ± 2.6 2.84 ± 0.25 2.51
3b (4 nm) 5 -2.74 ± 0.18 0.55 ± 0.005 58 ± 4.2 2.72 ± 0.25 2.50
4a (5 nm) 10 -3.12 ± 0.18 0.56 ± 0.006 60 ± 3.0 3.00 ± 0.20 2.52

4b (13 nm) 5 -3.27 ± 0.19 0.53 ± 0.004 62 ± 2.2 3.27 ± 0.24 2.85
*Best result of three tested layer thicknesses (~5 nm, ~10 nm and ~15 nm),

Photoactivity of the aryl end-capped buffer layers is possible as the absorptions of the cells with
aryl end-capped quaterthiophenes as buffer layers are increased compared to that of the reference
cell with Alq3 as a buffer layer (Figure 4.6b). The aryl end-capped quaterthiophenes absorb at
wavelengths from 350 nm to 550 nm (Figure 4.7), where solar emission intensity is strong (Figure
2.3). Absorption maxima of p-cyanophenyl end-capped quaterthiophenes are red shifted and
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therefore overlap more with the solar emission spectrum compared to p-methoxyphenyl end-capped
quaterthiophenes. In addition, the excited state lifetimes in the solid films of the derivatives do not
differ significantly (Table 4.6). Thus, the effect of possible photoinduced reactions in p-
cyanophenyl end-capped quaterthiphenes is stronger than in p-methoxyphenyl end-capped
quaterthiophenes.

Table 4.6. Fluorescence lifetimes of the quaterthiophenes in solid films based on a three exponential fit ( ex
= 483 nm and mon = 600 nm).IV

Compound 1 (ns) 2 (ns) 3 (ns)
3a 1.81 0.40 0.05
3b 1.61 0.58 0.06
4a 1.16 0.26 0.05
4b 1.77 0.23 0.04

Figure 4.6 I-V curves (a) and absorption spectra (b) of the cells with Alq3 (7 nm), 3a (10 nm), 3b (4 nm), 4a
(5 nm), and 4b (13 nm) buffer layers.IV

Based on the performed transient absorption measurements, energy transfer between 4b and
PC60BM is possible.V Thus, the excited 4b molecules of the buffer layer could transfer energy or
electrons  to  PC60BM  and  increase  the  amount  of  excited  PC60BM molecules and excitons in the
adjacent BHJ photoactive layer. If the additional excitons are within the diffusion length from the
donor-acceptor interface, charges are separated and additional current is possibly produced.

Figure 4.7 Normalized absorption and fluorescence emission ( ex =  483  nm)  spectra  of 3a (blue dot), 3b
(green dash-dot), 4a (black solid) and 4b (red dash) of solid vacuum evaporated films.IV
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Based on the computational calculations of the molecular geometry, the backbones of the p-
cyanophenyl end-capped quaterthiophenes, 3b and 4b, are more planar and have more extended -
conjugation compared to the p-methoxyphenyl end-capped quaterthiophenes, 3a and 4a.  This  red
shifts the absorption of the p-cyanophenyl end-capped quaterthiophenes with respect to the p-
methoxyphenol quaterthiophenes.

The computed frontier molecular orbitals are shown in Figure 4.8. 90 % of the LUMO electron
density is localized on the quaterthiophene backbone in 3a and 4a, but only 75 % in 3b and 4b. 10
%  of  the  LUMO  is  localized  at  the  end  groups  in 3a and 4a and 25 % in 3b and 4b. Thus, the
LUMO electron density is spread more evenly throughout the oligomer structure in the p-
cyanophenyl end-capped quaterthiophenes than in the p-methoxyphenyl end-capped
quaterthiophenes. The possible photoinduced exciton diffusion in the excited state and additional
current  production  should  be  more  efficient  in  the  cells  with 3b and 4b buffer layer compared to
cells with 3a and 4a buffer layers. This could further explain the increased Isc of the cell  with 4b
buffer layer together with the optimal energy levels of the molecule.

Figure 4.8 Frontier molecular orbitals of 3a, 3b, 4a and 4b calculated at the B3LYP/6-31G** level of
theory.IV
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4.2 Conjugated benzodithiophene/fluorine-benzotriazole donor-acceptor (D-A) copolymers
as donor materials in organic solar cells

Conjugated donor-acceptor copolymers, P1-P4, were tested as donor molecules in organic solar
cells with PC60BM and PC70BM acceptor molecules. The polymers’ molecular geometries, energy
levels, molecular orbitals, and the effect of interaction with the acceptor molecule on the energy
levels were calculated with DFT. Atomic force microscopy (AFM) images of the cell active layers
supplement the performed experimental and modeling studies. Investigations aimed at better
understanding about the relationship between photovoltaic performance and molecular structures.II

4.2.1 Solar cell experiments using P1-P4 as donor materials

A benzodithiophene-benzotriazole D-A copolymer, P4, was used as a donor material in inverted
organic cells. Performance of P4 was compared with those of three fluorine-benzotriazole D-A
copolymers, P1-P3, which have been tested previously in conventional organic solar cells under a
nitrogen atmosphere.31 P4 and P1 were used as donor materials with both PC60BM and PC70BM,
testing different donor:acceptor mass ratios, solvents and annealing temperatures. P2 was used as a
donor material with PC60BM only. P3HT was used as a reference donor material with the PC60BM
acceptor. The cell with P3 donor and PC60BM acceptor did not give any photovoltaic response, and
is therefore left out of the discussion.

The photovoltaic parameters of the optimized cells measured one day after the cell preparation,
using  each  polymer  as  a  donor  material,  are  shown  in  Table  4.7.  None  of  the  D-A  copolymers
performed as well as P3HT as a donor material. The cell with P1 had higher best cell efficiency and
significantly higher Voc and Isc than those of the cells with P2 and P4. The cells with P4 had higher
average efficiency, 0.66 %, than the cells with P1 and P2, 0.58 % and 0.12 %, respectively. The cell
with P1 produced significantly higher efficiency, 0.83 %, when PC60BM was used as an acceptor
material compared to that with PC70BM, 0.27 %. The cell  with P4 had higher efficiency, 0.74 %,
with PC70BM acceptor than that with PC60BM, 0.57 %.

Table 4.7 Photovoltaic parameters and their standard deviations of the solar cells with P3HT, P1, P2
or P4 donors and PC60BM or PC70BM acceptors measured one day after the cell preparation.II

D:A
(thickness, nm) D:A* Cells Isc,best

(mA/cm2)
Voc,best

(V)
FFbest
(%)

best
(%)

avg
(%)

P3HT:C60 (100) 1.3 : 1 9 -3.09 ± 0.21 0.52 ± 0.01 69 ± 7.7 3.04 ± 0.41 2.47
P1:C60 (65) 1 : 4.0 5 -1.53 ± 0.18 0.48 ± 0.02 42 ± 1.4 0.83 ± 0.07 0.58
P1:C70 (55) 1 : 4.6 10 -0.73 ± 0.03 0.34 ± 0.02 40 ± 1.1 0.27 ± 0.01 0.25
P2:C60 (130) 1 : 4.1 5 -0.65 ± 0.13 0.43 ± 0.01 29 ± 0.9 0.21 ± 0.05 0.12
P4:C60 (40) 1 : 2.7 10 -1.17 ± 0.07 0.45 ± 0.03 41 ± 3.0 0.57 ± 0.07 0.43
P4:C70 (30) 1 : 3.1 10 -1.13 ± 0.04 0.41 ± 0.02 59 ± 1.9 0.74 ± 0.06 0.66

*Mass ratio = m(donor):m(acceptor)

The cells were measured again 6 months after the cell preparation. Photovoltaic parameters of the
cells and changes in the best cell efficiency and Voc are shown in Table 4.8.  The efficiency of the
P4:PC70BM cell improved the most from 0.74 % up to 1.03 %, as its Voc improved from 0.41 V to
0.59 V during the 6-month storage. Whereas, the efficiency of P4:PC60BM cell decreased by 0.24
%  during  the  storage.  The  cell  with  P3HT  had  the  largest  loss  in  the  efficiency,  -0.88  %.  The
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efficiency of the P1:PC70BM cell increased slightly while the P1:PC60BM cell remained nearly the
same.

Table 4.8 Photovoltaic parameters and their standard deviations of the solar cells with P3HT, P1, P2
and P4 donors and PC60BM and PC70BM acceptors measured 6 months after the cell preparation.II

D:A Cells Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

a

(%)
Voc,

b

(V)
P3HT:C60 3 -2.46 ± 0.18 0.55 ± 0.03 59 ± 3.3 2.16 ± 0.41 2.06 -0.88 +0.03

P1:C60 5 -1.31 ± 0.17 0.56 ± 0.01 40 ± 1.3 0.80 ± 0.08 0.70 -0.03 +0.08
P1:C70 10 -0.69 ± 0.17 0.47 ± 0.11 40 ± 7.2 0.35 ± 0.10 0.28 +0.08 +0.13
P2:C60 5 -0.31 ± 0.08 0.56 ± 0.09 25 ± 2.3 0.12 ± 0.03 0.09 -0.12 +0.13
P4:C60 5 -0.63 ± 0.03 0.43 ± 0.01 45 ± 2.1 0.33 ± 0.02 0.30 -0.24 -0.02
P4:C70 10 -1.01 ± 0.12 0.59 ± 0.07 62 ± 10 1.03 ± 0.27 0.93 +0.29 +0.18

aChange in the best cell efficiency during 6 month storage,bChange in the best cell Voc during the 6 month storage

The results of the solar cell experiments are explicable by means of the D-A copolymer absorption
properties  up  to  a  certain  point.  Since P4 absorbs at longer wavelengths than P1 and P2 (Figure
4.9), absorption and current production of the cells with P4 extend to longer wavelengths than those
of the cells with P1 or P2 (Figure 4.10).

Figure 4.9 Normalized absorption (solid lines) and emission (dashed lines, ex = 485 nm) of the
donor polymers P1 (red), P2 (orange), P3 (yellow) and P4 (blue) and absorption of the acceptors
PC60BM (dash-dotted line) and PC70BM (dotted line) in chloroform.II

Figure 4.10 Absorption (a) and EPCE (b) spectra of the P1:PC60BM/PC70BM, P2:PC60BM and
P4:PC60BM/PC70BM cells.II
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The Voc values of the cells with P1 and P4 donors vary with the used acceptor material, PC60BM or
PC70BM. The cell Voc depends  on  the  energy  difference  between  donor  molecule  HOMO  and
acceptor molecule LUMO levels. Since the LUMO levels of PC60BM and PC70BM are close, -3.7
eV and -3.6 eV (Figure 4.11), respectively, the Voc should be the same using either of the acceptor
materials.

Figure 4.11 Energy level diagram of the donor molecules (red), acceptor molecules (blue), buffer layer
materials (green) and electrodes (green) used in the organic solar cells. The experimental values are shown in
dark blue/red and the modeled values in light blue/red.II

4.2.2 Modelling of the D-A copolymers

To understand better the solar cell performance and the variation in Voc depending on the used
acceptor, DFT calculations on polymers’ molecular geometries, energy levels, molecular orbitals,
and the effect of acceptor molecules on the polymer energy levels were carried out. In the
computational models of P1-P4 the solubility enhancing long alkyl side chains, -C8H17 or -C6H13,

and -OC10H21 or -OCH2CH(C2H5)C4H9, were replaced by short side chains, -CH3 and -OCH3,
respectively. This reduced the computational time and allowed modeling of the oligomer chains up
to 7–8 constitutional repeating units (CRUs) and investigating of the convergence of the HOMO-
LUMO gaps. Periodic models were built based on the optimized oligomer structures shown in
Figure 4.12. As the CRU of P1 is bent due to the dithiophene 2-phenyl benzotriazole moiety, the
periodic P1 model was built from two P1 CRUs, which create a zigzagging and almost planar
polymer backbone. The methyl substituents of the two 3-methylthiophene rings in the CRU enlarge
the backbone dihedral angles in P2 and P3, which prohibits planarity. As a result, the -conjugation
weakens or is broken at some points in the backbones of the P2 and P3 polymers. For P2 and P3
the periodic models consisted of three CRUs, which create a helical backbone. The periodic model
of P4 consists of a linear and almost planar single CRU.
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Figure 4.12 Periodic models of P4 (a), P1 (b), P2 (c)  and P3 (d).  The  repeating  structure  is  copied  and
translated from the circled carbon atom to the position marked as a pink dummy-atom.II

The backbones of P2 and P3 are helical due to the steric hindrance of the hexyl chains attached to
the thiophene rings, which weakens the -conjugation in the polymer backbone. The structure of P1
is zigzagging, but however planar, due to missing hexyl chains. Therefore -conjugation is stronger
and absorption of P1 is red-shifted compared to P2 and P3. A more planar structure of P4 compared
to those of P1-P3 is due to absence of the thiophene moieties in the polymer backbone. In the
nearly planar backbone of P4 the conjugation is the strongest and absorption red-shifted compared
to those of P1-P3.

The HOMO-LUMO gap energies of oligomers approach the HOCO-LUCO (highest occupied
crystal  orbital,  lowest  unoccupied  crystal  orbital)  gap  energies  of  the  periodic  models  as  the
oligomer length is increased, so the HOCO-LUCO gaps were taken as final computational results
for the P1-P4 polymers. The HOCO-LUCO gaps were direct band gaps. The computed energy level
gaps (Figure 4.11) are systematically only a bit larger (0.12 eV-0.26 eV) than the experimental
values obtained by the electrochemical measurements and the agreement between the two is
qualitatively good.

The computed molecular orbitals are presented in Figure 4.13. In P1, P2 and P3 the HOCO is
evenly distributed, and polymer backbone is evenly delocalized, but the LUCO is much more
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localized on the 2-phenyl benzotriazole moieties, especially in P2 and P3. In the case of P2 and P3
localization most probably results from a weaker -conjugation along the polymer backbone, as
suggested before. In P4, as in P3HT, both HOCO and LUCO are evenly delocalized along the
polymer backbone, although the P4 LUCO spreads further into the 2-phenyl benzotriazole
derivative.

Figure 4.13 The HOCO (left) and LUCO (right) of P1-P4 and P3HT.II

The differences in localizations of the LUCOs are expected to affect the exciton diffusion in P1-P4,
because LUCO is partly occupied in excitation and thus participates in the exciton diffusion.
Therefore, the exciton diffusion effectivity in the excited state of the polymers can be compared
based on the molecular frontier orbitals. LUCOs of P2 and P3 are strongly located in the
benzotriazole moieties of the polymer backbones and the orbitals are not continuous. The exciton
diffusion length in the excited states of P2 and P3 might be decreased, if the excitons are trapped in
the LUCO orbital spatial gaps. The LUCO orbitals of P1 and P4 have continuous electron density
throughout the polymer backbones. The NMCC (maximum condusive chain length) values correlate
with the conjugation length in the polymer backbones. The calculated NMCC values of P1 and P4, 62
and 59, respectively, are larger than those of P2 and P3, 47 and 37, respectively. Thus, excitons can
be expected to diffuse further in P1 and P4 than in P2 and P3. HOCOs of P1-P4 are relevant for the
hole transport in the materials. Longer conjugation along the backbones leads to better hole
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transport in P1 and P4 than in P2 and P3, as the last mentioned polymers backbone twists are more
likely and may create hole traps.

4.2.3 AFM images of the P1/P4 and PC60/70BM photoactive layers

The differences in the molecular structures of the polymers most probably lead to differences in
phase separation and morphology of the photoactive BHJ layer. A rough insight to the active layer
morphology was achieved by the AFM images of the cells (Figure 4.14). Usually, small roughness
and root mean square (RMS) values and small grain features are correlated with enhanced
crystallinity, which offers better power conversion efficiency.32

Figure 4.14 AFM images of the P1:PC60BM/PC70BM and P4:PC60BM/PC70BM cells.II

The RMS value of P1:PC70BM, 1.92 nm, is  significantly larger than that of the P1:PC60BM film,
0.45 nm. Large aggregates and grain features can be seen in the P1:PC70BM film. The aggregation
may lead to current losses due to excessively long conduction paths compared to the exciton
diffusion length in the P1:PC70BM film. Therefore, the excitons created in the P1:PC70BM cell
recombine before reaching the donor-acceptor interface more probably than in the P1:PC60BM cell.
The efficiency, 0.80 %, of the P1:PC60BM cell was better than that of the P1:PC70BM cell, 0.35 %.



31

Active layer morphologies of the P4:PC60BM and P4:PC70BM cells appear very similar, as are the
RMS values, 0.92 nm and 0.94 nm respectively. Thus, the film formation properties do not seem to
cause the difference between the performance of the P4:PC60BM and P4:PC70BM cells.

4.2.4 Computed polymer-PC60/70BM interactions and their relation to the solar cell
performance

Single P1 and P4 monomers with full side chains were studied together with the PC60BM and
PC70BM acceptors in combined models to see how their interaction affects the energy levels. The
energy levels of the combined models were compared to the energy levels of the isolated monomers
and PCBMs. The PCBMs were arranged in three different positions: a) close to the side chains
away from the main backbone, b) close to the electron rich moiety of the monomer and c) close to
the electron deficient moiety of the monomer (Figure 4.15). The models were fully optimized.

Figure 4.15 Models, where PC60BM is close to the side chains (a), the electron rich moiety (b) and the
electron deficient moiety (c) of P4.II

The largest changes in energies were observed in the model consisting of the P4 monomer and
PC70BM (Figure 4.16). Both the HOMO and LUMO energies of PC70BM increase and those of P4
decrease, which leads to a larger energy gap between the P4 monomer  HOMO  and  the  PC70BM
LUMO, when the PC70BM is close to either the electron rich or the electron deficient moiety of the
P4 monomer. The larger Voc value for the P4:PC70BM cell compared to that of the P4:PC60BM cell
can be explained by the increased energy gap between the P4 monomer HOMO and the PC70BM
LUMO.
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Figure 4.16 Molecular orbital energies of the isolated P1 and P4 monomers, PC60/70BM and combined
models.II

4.3 Oligothiophenes as dopants in the P3HT:PC60BM BHJ photoactive layer

Alq3 and aryl end-capped oligothiophenes were used as dopants in the photoactive layer of the
organic solar cells. The effect of dopant molecules on the cell function was studied by solar cell
experiments, spectroscopic measurements of the solar cells, and electrochemical measurements of
the dopant molecules. To understand better the function of the dopant molecules in the cell, solution
studies on the interaction of the dopant molecules with the photoactive layer components, P3HT
and PC60BM, were carried out. Intra- and intermolecular interactions of dopants with PC60BM were
studied by using steady state and time resolved optical spectroscopic methods.

4.3.1 The effect of (Alq3)2-OT doping on the cell function

Alq3 and its derivatives have been used as dopants in the photoactive layer of organic solar cells,
which increased significantly the efficiency of the cells.30 The amount of the organometallic
complexes as dopant molecules in BHJ photoactive layer is limited due to the poor solubility of the
complexes. High concentrations of the dopant complexes deteriorate the active layer morphology
and decrease the cell efficiency. (Alq3)2-OT consists  of  two  Alq3 complexes attached to a
solubilizing hexathiophene backbone with hexyl chains. (Alq3)2-OT was  applied  as  a  dopant
material in order to test the compatibility of the molecule with the active layer components and its
effect on the cell function.III

Efficiencies of the cells were not improved when the reference material, phenoxyquinoline end-
capped hexathiophene (compound 5), was used as dopant material.III Photovoltaic parameters of the
reference  cell  without  doping  and  the  cells  with  different  concentrations  of (Alq3)2-OT dopant
molecules  are  shown in  Table  4.9.  The  best  cell  with  0.15  mM (Alq3)2-OT had better efficiency,
2.63 %, than that, of the reference cell, 2.33 %, measured one day after the cell preparation. The
cells were measured again 4 weeks after the cell preparation. The efficiency of the best cell with
0.15 mM (Alq3)2-OT had improved up to 2.85 %, whereas the efficiency of the reference cell
remained nearly the same as measured one day after the cell preparation. The cell with 0.15 mM
(Alq3)2-OT had better values of Voc, 0.55 V, Isc, -2.99 mA/cm2 and FF, 62 %, compared to those of
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the reference cell, 0.53 V, -2.74 mA/cm2 and 57 %. Thus, doping of the active layer with (Alq3)2-
OT affects both the cell voltage and its current.

Table 4.9 Photovoltaic parameters and their standard deviations of the reference cell without doping
and the cells with different concentrations of (Alq3)2-OT dopant molecules.III

c*
(mM)

Storage
time

Number
of cells

Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

0 1 day 8 -2.86 ± 0.27 0.50 ± 0.005 59 ± 6.1 2.44 ± 0.31 2.07
0.15 “ 9 -2.97 ± 0.33 0.52 ± 0.004 61 ± 2.8 2.63 ± 0.37 2.50
0.60 “ 9 -3.00 ± 0.16 0.52 ± 0.010 60 ± 2.6 2.62 ±.0.17 2.31
0.90 “ 8 -2.52 ± 0.12 0.53 ± 0.005 55 ± 5.4 2.07 ± 0.25 1.90

0 4 weeks 9 -2.74 ± 0.20 0.53 ± 0.007 57 ± 4.8 2.31 ± 0.27 2.06
0.15 “ 9 -2.99 ± 0.15 0.55 ± 0.011 62 ± 5.1 2.85 ± 0.29 2.55
0.60 “ 10 -2.66 ± 0.20 0.56 ± 0.006 60 ± 2.4 2.49 ± 0.19 2.22
0.90 “ 7 -2.59± 0.12 0.55± 0.007 60 ± 5.8 2.36 ± 0.22 2.13

*Concentration of (Alq3)2-OT in the spin-coated P3HT:PC60BM solution

The effect of large concentration of Alq3 and the corresponding amount of the complexes in
(Alq3)2-OT molecules was compared by doping the cells with 1.14 mM Alq3 and 0.57 mM (Alq3)2-
OT (Table 4.10). Doping with large amount of Alq3 complexes decreased the cell efficiency,
whereas the same amount of Alq3 complexes bound in (Alq3)2-OT in the active layer increased the
cell efficiency compared to that of the reference cell without doping. This indicates that the
compatibility of (Alq3)2-OT molecules with the active layer components is better than that of Alq3.

Table 4.10 Photovoltaic parameters and their standard deviations of the reference cell without doping
and the cells doped with large concentrations of (Alq3)2-OT and Alq3.III

Dopant Number
of cells

c*
(mM)

Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

No dopant 3 - -2.67 ± 0.15 0.53 ± 0.005 63 ± 0.6 2.51 ± 0.16 2.33
(Alq3)2-OT 9 0.57 -2.84 ± 0.18 0.56 ± 0.009 60 ± 2.6 2.69 ± 0.17 2.40

Alq3 3 1.14 -2.74 ± 0.13 0.51 ± 0.006 49 ± 6.3 2.41 ± 0.34 2.10
*Concentration of dopant in the spin-coated P3HT:PC60BM solution

The cells with different concentrations of (Alq3)2-OT had increased absorbance compared to that of
the reference cell without doping (Figure 4.17). Increased absorption of the doped cells at 550 nm
and 600 nm indicates different crystallization of P3HT in the presence of the dopant molecules. The
increase in the cell efficiency with (Alq3)2-OT doping is partly due to advantageous morphological
changes of the BHJ active layer, which possibly increase the exciton and charge transport in the
layer. This supports further the compatibility of (Alq3)2-OT molecules in the BHJ layer.

Furthermore, the cells with (Alq3)2-OT absorb  more  than  the  reference  cell  around  380  nm,
where (Alq3)2-OT molecules absorb in the solid state (Figure 4.4). Thus, the (Alq3)2-OT dopant
molecules function as additional light absorbers in the photoactive BHJ layer and photoinduced
reactions, such as electron transfer to PC60BM, are possible. Interactions of the molecules were
studied by steady state and time resolved methods to understand better the possible contribution of
the dopant molecules to the cell function.
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Figure 4.17 Absorption spectra of the reference cell without doping and cells with different
concentrations of (Alq3)2-OT dopant molecules in the BHJ layer.III

4.3.1.1 Steady state measurements of (Alq3)2-OT with PC60BM

The films of (Alq3)2-OT, PC60BM, and their mixtures of three different mass ratios, 1:0.025,
1:0.05, and 1:0.09, were prepared for steady state studies. Absorption spectra of the mixtures
and pure (Alq3)2-OT and PC60BM films are shown in Figure 4.18a. The emission of (Alq3)2-
OT is quenched as a function of PC60BM content in the solid films (Figure 4.18b). Because
PC60BM quenches the emission of (Alq3)2-OT, it seems that (Alq3)2-OT and PC60BM have an
interaction in the excited state.

Figure 4.18 Absorption (a) and emission ( ex =  405  nm)  (b)  spectra  of (Alq3)2-OT, PC60BM  and  their
mixtures of three different mass ratios in films.III

4.3.1.2 Time resolved emission and absorption studies on the intra- and intermolecular
interactions of (Alq3)2-OT and PC60BM

Spectroscopic properties of (Alq3)2-OT, reference compound 5, and Alq3 in chloroform solutions
are shown in Table 4.11. The fluorescence intensity of (Alq3)2-OT is  red  shifted  and  ten  times
weaker than those of the reference compound 5 and Alq3. This could be due to intramolecular
charge transfer from the hexathiophene backbone to the Alq3 moieties in (Alq3)2-OT.
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Table 4.11 Spectroscopic properties of compound 5, (Alq3)2-OT and Alq3 in chloroform ( ex = 405 nm, mon
= 520 nm for Alq3 and 600 nm for compound 5 and (Alq3)2-OT).III

Compound Concentration
(mM)

abs,max
(nm)

A405nm PL,max
(nm)

IPL,max 1
(ns)

2
(ns)

5 0.22 423 1.46 545 4.9×107 0.71 -
(Alq3)2-OT 0.22 427 0.98 604 2.7×106 0.40 14

Alq3 0.44 388 0.42 528 1.9×107 16 -

For TCSPC measurements of (Alq3)2-OT, the excitation wavelength of 483 nm was used to solely
excite the oligothiophene backbone of the (Alq3)2-OT. As shown in Figure 4.19, excitation at 483
nm results in only one component, similar to the short living component when excited at 405 nm.
Energy transfer from the oligothiophene backbone to the Alq3 moieties can be excluded, because
the 14 ns component does not exist when exciting at 483 nm.

Figure 4.19 Fluorescence DAS of (Alq3)2-OT ex = 405 nm: black squares and red circles, ex = 483
nm: blue triangles).III

To further investigate the possible photoinduced reactions, transient absorption spectra of (Alq3)2-
OT in the presence and in the absence of PC60BM were measured with a pump-probe set-up in
chloroform (Figure 4.21). The reaction scheme of the intramolecular photoinduced reactions in
(Alq3)2-OT and the most probable reaction paths in the presence of PC60BM are presented in Figure
4.20 to facilitate the following discussion about the transient spectra.

With the 390 nm excitation, both the oligothiophene backbone and Alq3 moieties are excited
(Figure 4.21a). The first component (blue triangles), is formed very fast (<< 2 ps) indicated by
negative bands at the wavelength areas, at which hexathiophene cation radical, around 800 nm,33

and Alq3 anion radical, around 550 nm,34 have their absorptions. This state was described as excited
charge transfer complex (CTC), covering the positive bands from 600 to 1050 nm. CTC decays in 2
ps to an intramolecular charge transfer state (ICTS, black circles). The broad absorption of ICTS,
from 600 nm to 1000 nm, consists of the broadened and red shifted absorptions of the Alq3 anion
(550 nm and longer) and hexathiophene cation radicals (800 nm and longer). The charge transfer
state recombines to the ground states with a lifetime of 250 ps. The third component with  > 2000
ps (red squares) is associated to the broad and long-lived (  = 14 ns by TCSPC) singlet excited state
of the Alq3 moiety.35
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Figure 4.20 Reaction scheme of the phenomena in (Alq3)2-OT (blue arrows) after photoexcitation (yellow
arrows) in the absence (a) and in the presence (b) of PC60BM.III

Figure 4.21 Decay component spectra and calculated transient spectrum at 0 ps delay time of (Alq3)2-OT
(0.22 mM) in the absence (a) and in the presence (b) of PC60BM ex = 390 nm).III

Mixing (Alq3)2-OT with  PC60BM causes changes both in the decay component spectra (Figure
4.21) and in the time-resolved absorption spectra (Figure 4.22 and 4.23). The first component (  = 3
ps, blue triangles, Figure 4.21b) corresponds to the CTC state similar as in Figure 4.21a, in the
absence of PC60BM. The essential changes are observed in the second component (  = 290 ps, black
squares), in which the short wavelength (600 nm – 750 nm) component of the absorption,
corresponding to the Alq3 anion radical band in Figure 4.21a, is absent. Evidently, PC60BM has
captured the electron from the formed ICTS and only the absorption of the hexathiophene cation
radical is left. Its lifetime is increased, because the recombination with the counter anion radical is
delayed. Instead it recombines with the PC60BM radical anion with lifetime of about 290 ps.
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Figure 4.22 Calculated transient absorption spectra of (Alq3)2-OT (0.22 mM) in the absence (black
squares) and presence (red circles) of PC60BM (0.84 mM) 300 ps after the excitation ( ex = 390
nm).III

There are, however, PC60BM anion radicals present after 300 ps (Figure 4.22) and 1000 ps (Figure
4.23) after excitation, as indicated by the absorption bands at 1050 nm.33 Thus there is another way
for  its  formation.  An  alternative  path  for  the  formation  of  PC60BM radical anion could be the
electron transfer from Alq3 singlet excited state to PC60BM. This could also be seen as Alq3 cation
radical band at 550 nm34 in Figures 4.21b, 4.22 and 4.23b.

Figure 4.23 Transient absorption spectra of the (Alq3)2-OT (0.22 mM) in the absence (a) and in the
presence  (b)  of  PC60BM  (0.84  mM)  at  0  ps,  2  ps,  5  ps,  100  ps,  200  ps,  300  ps  and  1000  ps  after
photoexcitation at 390 nm in chloroform.III

To conclude, the (Alq3)2-OT dopant molecules increase the cell efficiency. As the LUMO level of
(Alq3)2-OT,  -2.5  eV,  is  higher  than  that  of  PC60BM,  -3.7  eV, (Alq3)2-OT is capable of donating
electrons to PC60BM. (Alq3)2-OT functions as an additional light-absorber in the BHJ layer, which
increases the cell Isc. Simultaneously, the FF and Voc values of the cell increase due to advantageous
P3HT crystallization changes and improved transport properties of the BHJ layer caused by the
(Alq3)2-OT molecules.

4.3.2 The effect of DPP-group in the properties and function of a p-cyanophenyl end-capped
oligothiophene dopant material

DPP-(2TPhCN)2 was  synthesized  in  order  to  include  a  DPP-group  in  the  center  of  the di-(p-
PhCN)T4 (previously named as 4bIV) aryl end-capped oligothiophene structure. Both molecules,
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di-(p-PhCN)T4 and DPP-(2TPhCN)2 were used as a dopant material in the inverted cells. Doping
with DPP-(2TPhCN)2 improved the cell efficiency, while the influence of di-(p-PhCN)T4 on the
cell efficiency was modest. Interactions of the dopant molecules with the active layer components,
P3HT and PC60BM, were studied by steady state and time resolved spectroscopic methods. The
studies  aimed  to  understand  the  effect  of  DPP-group  inclusion  on  the  molecular  properties  and
function as a dopant material.V

4.3.2.1 Photovoltaic performance of DPP-(2TPhCN)2 doped cells

DPP-(2TPhCN)2 doping improved the cell efficiency significantly, when the content of the dopant
molecules in the photoactive layer was 3.5 m-% or 5.0 m-% of the P3HT:PC60BM:dopant mixture
total  mass  (Table  4.12).  Efficiencies  of  the  best  cells  with  3.5  m-% or  5.0  m-% content  of DPP-
(2TPhCN)2 dopant  molecules  were  2.95  %  and  3.26  %,  respectively,  compared  to  that  of  the
reference cell, 2.77 %, measured one day after the cell preparation. The average efficiency of the
cells, with 3.5 m-% doping content, was 2.73 % compared to that of the ten non-doped reference
cells, 2.41 %.

Table 4.12 The  content  (2.5 – 10 mass percent, m-%) of DPP-(2TPhCN)2 dopant molecules in the
photoactive layer of the P3HT:PC60BM cell, the corresponding photovoltaic parameters measured one day
after the cell preparation and their standard deviations, and those of the DPP-(2TPhCN)2:PC70BM (60:40 m-
%) cell.V

m-% mol-% Number
of cells

Isc, best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

0 0 9 -2.85 ± 0.14 0.55 ± 0.008 57 ± 6.3 2.77 ± 0.35 2.41
2.5 0.7 9 -2.46 ± 0.25 0.54 ± 0.008 62 ± 7.2 2.45 ± 0.29 2.10
3.5 1.0 10 -2.94 ± 0.16 0.55 ± 0.004 58 ± 8.2 2.95 ± 0.24 2.73
5.0 1.4 10 -3.28 ± 0.29 0.54 ± 0.010 62 ± 6.7 3.26 ± 0.41 2.57
6.5 1.8 9 -2.74 ± 0.31 0.55 ± 0.003 53 ± 6.6 2.50 ± 0.43 1.96
10 2.7 7 -1.86 ± 0.24 0.55 ± 0.008 41 ± 4.1 1.28 ± 0.08 1.18
60* 59 4 -1.20 ± 0.23 0.61 ± 0.036 34 ± 2.1 0.74 ± 0.10 0.61

*DPP-(2TPhCN)2:PC70BM (60:40) cell

Table 4.13 The content (2.5 – 10 m%) of DPP-(2TPhCN)2 dopant molecules in the photoactive layer of the
P3HT:PC60BM cell, the corresponding photovoltaic parameters measured one month after cell preparation
and their standard deviations.

m% mol% Number
of cells

Isc, best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

0 0 9 -2.83 ± 0.17 0.54 ± 0.012 61 ± 4.7 2.78 ± 0.27 2.40
2.5 0.7 8 -2.65 ± 0.30 0.56 ± 0.007 65 ± 9.4 2.99 ± 0.55 2.25
3.5 1.0 9 -3.04 ± 0.19 0.57 ± 0.003 59 ± 3.4 3.16 ± 0.21 2.80
5.0 1.4 9 -3.28 ± 0.36 0.57 ± 0.005 62 ± 7.0 3.60 ± 0.59 2.88
6.5 1.8 9 -3.06 ± 0.44 0.56 ± 0.007 49 ± 10 2.59 ± 0.64 1.90
10 2.7 4 -2.43 ± 0.55 0.58 ± 0.032 38 ± 3.7 1.65 ± 0.35 1.17



39

When the cells were remeasured after one month storage in the dark (Table 4.13), efficiencies of the
best  cells  with 3.5 m-% and 5.0 m-% content of DPP-(2TPhCN)2 dopant increased up to 3.16 %
and 3.60 %, respectively, compared to that of the reference cell, 2.78 %. The average efficiency of
the cells with 5.0 m-% content of DPP-(2TPhCN)2  dopant increased up to 2.88 % compared to that
of the reference cells, 2.40 %.

The Voc of the cells with DPP-(2TPhCN)2  dopant molecules changed remarkably during the
storage compared to that of the reference cells. The efficiency of DPP-(2TPhCN)2  doped cells
increased, mainly due to improved Isc and slightly higher FF values. When the content of the dopant
molecules is 6.5 m-% or more, the interpenetrating network of the P3HT donor and the PC60BM
acceptor molecules is deteriorated. Aggregates in the photoactive layer were visible with an optical
microscope. Thus, the efficiency of the cells decreases as the charge transport to the electrodes is
limited by high dopant concentrations. The DPP-(2TPhCN)2:PC70BM (60:40) cell, where P3HT
donor was completely replaced by the DPP-(2TPhCN)2,  had  an  efficiency  of  0.74  %  after
optimization experiments. The theoretical maximum efficiency for the cell, with the same donor
LUMO and PC60BM acceptor,  is  ~4 %.36 The cell Voc was 0.61 V, which corresponds well  to the
Voc produced  by  the  donors  with  the  same HOMO level.36 Isc remained low, which limits the cell
function the most.

DPP-(2TPhCN)2  dopant molecules broaden the cell absorbance (Figure 4.24a) to the longer
wavelengths, which is one possible explanation for the better Isc in the presence of the dopant
molecules. In addition, the emission from the doped cells decreased compared to the reference and
DPP-(2TPhCN)2:PC70BM  cells  (Figure  4.24b).  Because  the  absorption  range  of  the  dopant
molecules overlaps with that of P3HT emission, dopant molecules can absorb the emission caused
by P3HT, which increases the cell current further.

Figure 4.24 Absorption (a) and emission (b) ( ex = 500 nm) spectra of the P3HT:PC60BM reference cell, the
cells doped with DPP-(2TPhCN)2 (in m-%)  and DPP-(2TPhCN)2:PC70BM (60:40) cell ( ex = 660 nm ).V

4.3.2.2 Photovoltaic performance of di-(p-CNPh)4T doped cells

For comparison, doping with di-(p-CNPh)4T was carried out in three similar  molar ratios (0.7, 1.4
and 2.7) as was the case for DPP-(2TPhCN)2 (Table 4.14). When di-(p-CNPh)4T was used as a
dopant, only one cell out of ten in the case of 4.8 m-% dopant content had better efficiency than the
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reference cell. The average efficiency of the cells doped with di-(p-CNPh)4T did not improve
compared to that of the reference cells, measured one day after the cell preparation.

Table 4.14 The content (2.4 – 4.8 m-%) of di-(p-CNPh)4T dopant molecules in the photoactive layer of the
P3HT:PC60BM reference cell, the corresponding photovoltaic parameters measured one day after the cell
preparation and their standard deviations, and those of the di-(p-CNPh)4T:PC60BM (67:33) cell.V

m% mol% Number
of cells

Isc, best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

0 0 7 -2.92 ± 0.27 0.55 ± 0.011 56 ± 7.1 2.84 ± 0.44 2.59
2.4 0.7 5 -2.63 ± 0.26 0.54 ± 0.004 57 ± 7.9 2.51 ± 0.04 2.46
3.6 1.4 6 -3.48 ± 0.42 0.54 ± 0.005 46 ± 9.5 2.72 ± 0.53 2.49
4.8 2.7 10 -3.39 ± 0.29 0.53 ± 0.006 62 ± 5.6 3.46 ± 0.46 2.48
67* 73 3 -0.12 ± 0.05 0.67 ±0.000 42 ±16 0.09 ± 0.04 0.07

*di-(p-CNPh)4T:PC60BM (67:33) cell

Table 4.15 The content (2.4 – 4.8 m-%) of di-(p-CNPh)4T dopant molecules in the photoactive layer of the
P3HT:PC60BM reference cell, the corresponding photovoltaic parameters measured one month after the cell
preparation and their standard deviations.V

m% mol% Number
of cells

Isc,best
(mA/cm2)

Voc,best
(V)

FFbest
(%)

best
(%)

avg
(%)

0 0 7 -2.96 ± 0.25 0.55 ± 0.005 60 ± 4.9 3.01 ± 0.37 2.56
2.4 0.7 8 -2.91 ± 0.23 0.54 ± 0.012 57 ± 3.4 2.84 ± 0.14 2.64
3.6 1.4 5 -3.05 ± 0.40 0.56 ± 0.009 57 ± 2.8 3.04 ± 0.42 2.64
4.8 2.7 9 -3.37 ± 0.28 0.54 ± 0.004 62 ± 5.4 3.50 ± 0.43 2.55

After one month of storage, the average efficiencies of the cells with 2.4 m-% or 3.6 m-% content
of di-(p-CNPh)4T dopant improved slightly compared to that the reference cells (Table 4.15).
When di-(p-CNPh)4T molecules were used as a donor material, replacing P3HT completely, the
best efficiency after optimization experiments was 0.09 %. The theoretical maximum efficiency for
the cell, with the same donor LUMO level and PC60BM acceptor, is less than 1 %.36 The cell had a
high Voc value, 0.67 V, but the Isc value was only -0.12 mA/cm2.

Doping with di-(p-CNPh)4T broadens the cell absorption, when 3.6 m-% of the dopant is used
(Figure  4.25a).  However,  the  absorbances  of  the  cells  with  2.4  m-%  or  4.8  m-%  of  the  dopant
decreased compared to that of the reference cell. These differences are due to uneven spreading of
the solution during spin-coating. Emission of P3HT is not quenched in the cells doped with di-(p-
CNPh)4T (Figure 4.25b) as in the case of DPP-(2TPhCN)2 doping. In contrast, the cell emission
intensities increase with di-(p-CNPh)4T doping. This is mainly due to the emission from di-(p-
CNPh)4T as it overlaps with the P3HT emission band (see the 67 % absorption and emission bands
in Fig. 4.25).
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Figure 4.25 Absorption (a) and emission spectra ( ex =500 nm) (b) of the P3HT:PC60BM cells doped with
di-(p-CNPh)4T and di-(p-CNPh)4T:PC60BM (67:33) cell ( ex =450 nm ).V

4.3.2.3 Spectroscopic studies on the intra- and intermolecular interactions of DPP-
(2TPhCN)2 with PC60BM

The process of doping the organic solar cells involved the insertion of additional dopant molecules
into the solution of photoactive layer components, P3HT and PC60BM, and spin coating the
solution.  After  the  spin  coating,  the  dopant  molecules  form  a  solid  BHJ  layer  with  P3HT  and
PC60BM, where the molecules are mixed and in close proximity. Thus, intermolecular interactions,
such as energy or electron transfer, are possible between the molecules in solid cell structures. This
interaction can be easily observed from the broadened and red shifted absorption and emission
spectra of the cells (Figures 4.24 and 4.25) compared to those measured in solution (Figures 4.26
and 4.30). Intra- and intermolecular interactions of DPP-(2TPhCN)2 and di-(p-CNPh)T4 dopant
molecules with P3HT and PC60BM were studied by steady state and time-resolved absorption and
fluorescence methods in chloroform solutions.

Figure 4.26 Absorption (a) and emission ( ex = 650 nm) (b)  spectra  of DPP-(2TPhCN)2 with the different
concentrations of PC60BM in the CHCl3 solutions 1-7. Concentrations of DPP-(2TPhCN)2 and PC60BM in
the solutions 1-7 are shown in Table 14.6.V

When 0.12 mM DPP-(2TPhCN)2 is mixed in chloroform with PC60BM in different concentrations,
their combined emission is decreased as a function of the PC60BM concentration as shown in Table
4.16 and Figure 4.26. Also, lifetimes of the single exponential fits of the fluorescence decay curves
(Figure 4.26a, Table 4.14) decrease as the PC60BM concentration is increased. The emission of
DPP-(2TPhCN)2 is possibly quenched dynamically by PC60BM.37 The constant for the dynamic
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quenching can be determined based on the fluorescence lifetimes as a function of the PC60BM
concentration. As 0/  = 1 + KD[Q] , KD is 0.026 M-1/10-3 = 26 M-1 and the dynamic quenching rate,
kq, is 26 M-1/1.08 ns = 2.40×1010 M-1 s-1. This value corresponds well with the diffusion controlled
rate constant in chloroform. Thus the quenching of DPP-(2TPhCN)2 with PC60BM is possible, with
the energy transfer mechanism.

Table 4.16 Concentrations, absorbances at the excitation wavelength, transmittances at the excitation
wavelength, measured and corrected fluorescence emission ( ex = 650 nm) intensities at 750 nm, and
fluorescence lifetimes ( mon = 690 nm) of DPP-(2TPhCN)2 and PC60BM solutions 1-7 (Fig. 4.26) in
chloroform.V

Solution/
Curves

[DPP-
(2TPhCN)2]

(mM)

[PC60BM]
(mM) A(650) T(650)

a I(750) Icorr(750)
b (690)

(ns)

1 0.12 - 0.44 0.60 1.00×108 2.51×108 1.08
2 0.12 0.44 0.47 0.58 9.49×107 2.29×108 1.07
3 0.12 0.88 0.48 0.57 8.75×107 2.05×108 1.06
4 0.12 1.76 0.52 0.55 9.23×107 2.06×108 1.03
5 0.12 3.52 0.67 0.46 8.41×107 1.56×108 1.00
6 0.12 7.04 0.70 0.45 6.70×107 1.21×108 0.91
7 - 0.15 0.01 - - - -

aEstimated transmittance of the sample solution for the excitation light: Tex = 10(-1/2×A(650)), as the fluorescence
intensity is measured in 90 degree angle relative to excitation, bCorrected intensity at 750 nm: Icorr= I(750) /(1-Tex)

In the fluorescence lifetime experiments above, the excitation wavelength was 650 nm, where
mainly the DPP-core absorbs. The lifetime of the DPP-group only is 7.1 ns38, but is quenched in the
case of DPP-(2TPhCN)2 due to the two substituted thiophene units, to 1.1 ns. Thus this
intramolecular quenching has a rate of 7.9 × 108 s-1 and the process corresponds to the charge
transfer from the thiophene units to the DPP-core.

Figure 4.27 Fluorescence decay curves ( ex = 650 nm, mon = 690 nm) and 0  as a function of PC60BM
concentration of the DPP-(2TPhCN)2 and PC60BM solutions.V

To estimate the strength of the DPP-(2TPhCN)2/PC60BM interaction, and the possible electron
transfer, pump-probe measurements for the DPP-(2TPhCN)2/PC60BM system were carried out. The
excitation wavelength was 650 nm and only the DPP-moiety was excited. Figure 4.28a presents the
sum of the decay component spectra of DPP-(2TPhCN)2 in chloroform at 0 ps (green curve) and
the component spectra with lifetimes of 6.2 ps and 590 ps (blue and red curves) in the visible
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wavelength range, and 9.8 ps and 740 ps in the near-infrared range. It is worth noting, that none of
the lifetimes observed in the transient absorption experiments corresponds to the fluorescence
lifetime (  1.1 ns) measured by the TCSPC method above. A transient state is formed in an average
lifetime  of  8.0  ps,  which  can  be  seen  as  a  bleaching  of  the DPP-(2TPhCN)2 ground state (blue
triangles) at 550 nm – 650 nm and as a small absorption band at 670 nm. The formed state, with an
average lifetime of 660 ps (red circles), is very probably an intramolecular charge transfer state

(ICTS), as the electrons transfer from the ICT state of DPP-(2TPhCN)2, (P -T +), to the cyano-
phenyl (C) moiety:

(P -T +)*C  (PT +)C -

The absorption band of the cation radical (PT +) has been observed at the wavelength range of 900
– 1200 nm.39 The negative amplitudes of the component spectrum at 550 – 700 nm, with the
average lifetime of 660 ps, correspond to the recovery of the ground state as the ICT state, with the
positive amplitude at 900 – 1100 nm, recombines with the same rate.

Figure 4.28 Decay component spectra of 0.234 mM DPP-(2TPhCN)2 in the absence (a) and in the presence
(b) of 1.76 mM PC60BM in CHCl3 ( ex = 650 nm).V

In  chloroform,  in  the  presence  of  the  PC60BM acceptor (Figure 4.28b), no remarkable changes
appear in the spectra. Here, as well, the excitation at 650 nm, pumps the DPP-core, but also
PC60BM, since the molecule absorbs at the wavelength (Figure. 4.26a). The only small difference
between the spectra in Figures 4.28a and 4.28b are the component average lifetimes, 7 ps and 620
ps,  which  are  5-10  %  shorter  in  the  presence  of  PC60BM. The differences in lifetimes can be
explained rather by the experimental accuracy than by molecular interactions, because PC60BM, at
the used experimental concentration, 1.76 mM, can not interact with components of lifetimes < 700
ps. This is also the reason, why no evidences for electron transfer from DPP-(2TPhCN)2 to
PC60BM  were  observed  by  the  pump  probe  experiments.  Higher  concentration  of  PC60BM could
not be used, because PC60BM absorbs at 650, and the sample absorbance exceeds the instrumental
limit. Interaction between P3HT and DPP-(2TPhCN)2 was studied by corresponding steady state
and transient absorption measurements. Clear interaction between the molecules was not observed.

Intramolecular charge transfer in DPP-(2TPhCN)2, from the thiophenes and DPP-group to the
cyanophenyl group, was computed by DFT. Electron density of the HOMO is concentrated on the
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thiophenes and DPP-core of the molecule, whereas the LUMO electron density extends to the
cyanophenyl groups as well (Figure 4.29 and Table 4.17).

Figure 4.29 Frontier molecular orbitals of DPP-(2TPhCN)2 calculated at the B3LYP/6-31G** level of
theory.V

Table 4.17 Contributions (%) of the whole backbone, separate thiophenes and DPP-group, and cyanophenyl
end-groups to the HOMO and LUMO of DPP-(2TPhCN)2.V

HOMO LUMO
Backbone
(thiophenes+DPP) Thiophenes DPP End-

groups
Backbone
(thiophenes+DPP) Thiophenes DPP End-

groups
96.2 42.6 53.6 3.8 91.35 53.41 37.94 8.65

4.3.2.4 Spectroscopic studies on the intra- and intermolecular interactions of di-(p-CNPh)4T
with PC60BM

As the LUMO level of di-(p-CNPh)4T (-2.62 eV)IV is higher than that of PC60BM (-3.7 eV) and di-
(p-CNPh)4T is excited, photoinduced energy or electron transfer is possible from the former to the
latter (Figure 4.32). Emission of di-(p-CNPh)4T is  quenched  as  a  function  of  PC60BM
concentration (Figure 4.30 and Table 4.18).

Table 4.18 Concentrations, absorbances at the excitation wavelength, transmittances at the excitation
wavelength, measured and corrected fluorescence emission ( ex = 483 nm) intensities, and fluorescence
lifetimes ( mon = 525 nm) of di-(p-CNPh)4T and PC60BM solutions 1-7 (Figure 4.30) inchloroform.V

Solution/
curves

[di-(p-CNPh)-
OT4](mM)

[PCBM]
(mM)

A(483) T(483)
a A(525)

b T(525) I(525) Icorr(525)
c

(525)
(ns)

1 0.18 - 0.39 0.64 0.015 0.98 5.81×107 9.26×107 0.72
2 0.18 0.22 0.41 0.62 0.050 0.92 4.96× 107 8.70×107 0.70
3 0.18 0.44 0.46 0.59 0.086 0.87 4.38×107 8.53×107 0.69
4 0.18 0.88 0.54 0.54 0.156 0.78 3.33×107 7.91×107 0.66
5 0.18 1.76 0.64 0.48 0.276 0.64 2.19×107 7.13×107 0.62
6 0.18 3.52 0.93 0.34 0.532 0.42 8.88×106 6.22×107 -d

7 0.18 7.04 1.57 0.16 1.095 0.17 8.32×105 3.06×107 -d

aEstimated transmittance for the excitation light: T(483) = 10(-1/2×A(483)), as the fluorescence intensity is measured in 90
degree angle relative to excitation, bEstimated transmittance of the sample for the emission light at 525 nm: T(525) =
10(-1/2×A(525)), cCorrected intensity at 525 nm: Icorr= I(525) /(1-(T483×T525), dNumber of counts too small for a reliable fit
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Figure 4.30 Absorption (a) and emission (b) ( ex = 483 nm) spectra and emission decay curves ( ex = 483 nm,
mon = 525 nm) (c)  and Stern-Volmer plot  (d)  of di-(p-CNPh)4T with different concentrations of PC60BM

(concentrations shown in Table 4.18).V

As the emission decay curves (Figure 4.30c) show, lifetimes of single exponential fits decrease in
the presence of PC60BM. The quenching of di-(p-CNPh)4T could be both static and dynamic37 in
the presence of PC60BM, as the increase in I0/I is  exponential  as  a  function  of  PC60BM
concentration (Figure 4.30d).

 In order to investigate the kinetics, pump-probe measurements were carried out. The excitation
wavelength, 483 nm, corresponds to the thiophene absorption band. Figure 4.31a presents the sum
of the decay component spectra of di-(p-CNPh)4T in  chloroform  at  0  ps  (green  curve)  and  the
component spectra with lifetimes of 1.0 – 5.1 ps (blue curves) and 700 – 920 ps (red curves). The
first decay component (1.0 – 5.1 ps, blue triangles) could be an ICT state as electrons spread from
the quaterthiophene backbone to the aryl group forming a quaterthiophene cation, analogically to
the the sexithiophene (6T+) cation, which absorbs40 around 800 nm, or the sexithiophene dication
(6T2+), which absorbs41 at 940 nm. The second component (  = 707 – 923 ps, red circles) shows the
decay of the ICT back to the ground state. The lifetime of the ICT state is consistent with the singlet
excited state lifetime of 0.72 ns measured for di-(p-CNPh)4T by TCSPC.
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Figure 4.31 Decay component spectra of 0.355 mM di-(p-CNPh)4T in the absence (a) and in the presence
(b) of 1.76 mM PC60BM in CHCl3 ( ex = 483 nm).V

In the presence of PC60BM, the decay component spectra of di-(p-CNPh)4T do not show changes
in the absorption peak positions, but the lifetimes are slightly decreased. The decrease in the
lifetimes is consistent with the results of TCSPC measurements in the presence of PC60BM. Thus,
energy transfer between the molecules is very likely in chloroform solution. Interaction between
P3HT and di-(p-CNPh)4T was studied by steady state and transient absorption measurements.
Clear interaction between the molecules was not observed.

To summarize, DPP-(2TPhCN)2 and di-(p-CNPh)4T dopant molecules absorb light and
donate energy to PC60BM, which increased the cell current. Since the LUMO levels of the dopants
are higher than that of PC60BM (Figure 4.32), electron transfer from the dopants to PC60BM could
be possible, but it was not observed in the experiments. The absorption of the DPP-(2TPhCN)2

dopant  molecules  covers  wider  wavelength  region  than  that  of di-(p-CNPh)4T. Therefore, DPP-
(2TPhCN)2 doping increases the cell current and efficiency more than di-(p-CNPh)4T doping.

Figure 4.32 Energy levels of the inverted cell structure (yellow) and the used dopant molecules DPP-
(2TPhCN)2 and di-(p-CNPh)4T (blue). Direction of the electron and hole transport is shown by arrows.V
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5 Conclusions

Organometallic n-type 5-amino substituted Alq3 derivatives, p-type aryl end-capped
quaterthiophenes and a combined p- and n-type Alq3 end-capped hexathiophene were tested as
anodic hole transporting buffer layers in the inverted cell structure. The use of the buffer materials
aimed to better charge transport and efficiency of the cell. An ideal energy level alignment of the
buffer material with the adjacent photoactive layer and metal anode increased the cell Isc values
significantly. Photoactivity of the buffer layer was considered if the buffer material absorption
matches with the solar emission spectrum. In this case, energy or electron transfer from the buffer
layer to the photoactive layer possibly increases the cell current more. Continuous electron density
of the molecular orbitals, HOMO and LUMO, promoted to an efficient exciton or charge transfer in
the buffer layer.

Conjugated donor-acceptor copolymers were tested as donor molecules in the organic solar
cells  with  PC60BM  and  PC70BM acceptors. The benzodithiophene-benzotriazole copolymer
performed better as donor material than the fluorine-benzotriazole copolymers. The polymers
molecular geometries, energy levels, molecular orbitals and the effect of their interaction with the
acceptor molecule on the energy levels were calculated with DFT. Based on the calculations, bulky
side groups in the polymer structures of the fluorine-benzotriazole copolymers caused steric
hindrance and twisting or bending of the backbone. As a result, the electron density is concentrated
in parts of the polymer structure and -conjugation is weakened or broken. As the delocalization
does  not  cover  the  whole  polymer  structure,  excitons  or  charges  are  trapped  in  the  gaps  of  the
discontinuous molecular orbitals and Isc remains low. Energy levels of the donor and acceptor
materials change due to their electronic interactions. The cell with benzodithiophene-benzotriazole
copolymer produced a different Voc depending on the used acceptor material, PC60BM or PC70BM.
A correlation between the increased Voc values and changes of the energy levels was found, when
the donor and acceptor are positioned close to each other in a computational model.

Alq3, aryl and 8-phenoxyquinoline end-capped oligothiophenes were used as dopant materials
in the P3HT:PC60BM BHJ photoactive layer. Based on the results of the solar cell experiments and
spectroscopic and electrochemical studies, the dopant molecules function as additional light-
absorbers in the photoactive layer. In the ternary blend of the dopant, P3HT and PC60BM molecules
intermolecular interactions are likely. To better understand the function of the dopant molecules in
the cell, solution studies on the interaction of the dopant molecules with P3HT and PC60BM were
carried out using steady state and time resolved optical spectroscopic methods. The observed
photoinduced energy or electron transfer reactions from the dopant molecules to PC60BM most
likely improve the cell current and power conversion efficiency. If the dopant molecule absorbs at
the near IR region, the cell absorbance broadened and the cell current further increased. The
improvements in the efficiencies of the doped cells were partly due to advantageous morphological
changes in the photoactive layer, which raised the absorbance and improved the charge transport
properties of the photoactive layer.
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Conjugated donor–acceptor (D–A) copolymers in
inverted organic solar cells – a combined experimental
and modelling study†

Venla Manninen,*a Mika Niskanen,a Terttu I. Hukka,a Felix Pasker,b Simon Claus,b

Sigurd Höger,b Jinseok Baek,c Tomokazu Umeyama,c Hiroshi Imahoric

and Helge Lemmetyinena

Quantum chemical methods are useful for materials design to improve the performance of organic bulk

heterojunction (BHJ) solar cells. However, more integrated studies of quantum chemical modelling and

experimental results need to be performed to further improve both the materials design and

understanding of the related photo-induced processes and photocurrent generation. In this work we

investigated the internal relationship between the molecular structures of four donor–acceptor (D–A)

copolymers (P1–P4) and their photovoltaic performances. The effects of the molecular structures on the

generation of photo-induced charge carriers, exciton diffusion, dissociation and carrier transmission

were compared by combining density functional theory (DFT) calculations of intrinsic geometric,

electronic and optical properties with the results of electrochemical, spectroscopic, thermal, AFM and

solar cell measurements of the polymers. The quantum chemical methods, which provided a tool to

assess the electronic properties and conjugation length in the polymers, highly support the

experimental results and therefore the usefulness of quantum chemistry for solar cell materials design.

Introduction

Copolymers with electron rich and electron decient moieties
alternating along the polymer backbone have performed well as
electron donors in polymer solar cells. By adding different
substituents to the polymer backbone, the redox and structural
properties of the polymer can be controlled, which offers a
method for preparing tailored low band gap (LBG) polymers for
photovoltaic applications. Benzodithiophene derivatives as the
electron rich unit have demonstrated excellent photovoltaic
properties as tunable electron donors,1–7 whereas benzotriazole
with various substituents has been used as an electron
acceptor8–11 in LBG donor–acceptor (D–A) polymers. Intra-
molecular charge transfer (ICT) properties of tailored LBG
copolymers based on alternating benzodithiophene and ben-
zotriazole derivatives have demonstrated excellent photovoltaic

properties in D–A polymers, which have been studied experi-
mentally in the conventional indium tin oxide (ITO)|poly(3,4-
ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS)|
polymer:[6,6]-phenyl-C60-butyric acid methyl ester (PC60/70BM)|
Ca|Al organic bulk-heterojunction (BHJ) solar cells.12,13

The photocurrent generation in organic BHJ solar cells takes
place in both polymer and fullerene phases and is initiated by
photoexcitation and formation of excitons. During their life-
time, prior to decay back to the ground state, the excitons need
to diffuse to the donor–acceptor interface for dissociation. The
Coulombic binding potential of excitons has to be overcome
through differences in the chemical potentials of the hole
transporting material (HTM) and the electron transporting
material (ETM). The separated charged polarons, the electron
and the hole, migrate through the HTM and ETM phases and
are collected at the electrodes. Photocurrent generation is a
stepwise process, where all the principal stages need to be
optimized to produce photocurrent efficiently. Therefore, the
essential qualications have been established for the design
and intrinsic material properties of HTM polymers. A planar
structure of the polymer backbone is desired to decrease the
band gap energy (Eg) around 1.77 eV,14 to shi the polymer
absorption to the red towards the maximum intensity range of
the solar irradiation, and to minimize the reorganization energy
upon excitation. Also, suitable energy levels are necessary for
efficient charge transfer, charge separation at the HTM/ETM
interface and charge collection at the electrodes.
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In addition to experimental methods, properties of conju-
gated polymers as donor materials can be studied computa-
tionally. Information can be obtained about polymer chain
geometries, orbitals, HOMO and LUMO energies, electron
affinities, ionization potentials, effective conjugation lengths,
and various excited state properties.15–27 While many of these
properties are accessible through experiments, combining the
methods gives more details on the performance of the chosen
polymers as donor materials. In a real bulk system, intermo-
lecular interactions affect the polymer chain geometry and its
properties. However, modeling of the polymer bulk and donor–
acceptor interfaces is difficult, because the areas of interest are
likely to contain thousands of atoms. Moreover, the periodic
boundary conditions cannot be effectively used, as thematerials
are oen amorphous or semicrystalline, consisting of only
small crystalline domains. The systems are oen too big for
density functional theory (DFT) and correlated method calcu-
lations, whereas semiempirical methods are oen not accurate
enough for such complex systems. As a result, most commonly
only isolated polymer chains are studied computationally and
the models are either short oligomeric chains15–17 or innite
polymers that are built using periodic boundary conditions.28–33

When oligomeric models are used the polymer properties can
be obtained by presenting the results as a function of inverse
constitutional repeating units (1/n) and extrapolating.15,34–36

In this work, the relationship between the molecular struc-
tures of four different donor–acceptor (D–A) copolymers (P1–P4)
and their photovoltaic performances is investigated. To this
aim, a new polymer (P4, Fig. 1) with alternating benzodithio-
phene and benzotriazole moieties was synthesized, character-
ized and used as a donor material in inverted37 ITO|zinc
oxide (ZnO)|polymer:PC60BM/PC70BM|tris-(8-hydroxyquinoline)-
aluminum (Alq3)|Au (Fig. 2) organic solar cells. P4 was compared
with three previously studied38 D–A donor polymers containing
2-aryl-2H-benzotriazoles and bis(thiopheno)dialkyluorenes
(P1–P3, Fig. 1). The well-known donor material, poly(3-hexylth-
iophene) (P3HT, Fig. 2), was used as a reference polymer.

The intrinsic material properties of the D–A polymers were
studied with DFT using oligomeric and periodic isolated chain
models. The geometries, HOMO and LUMO levels, molecular

orbitals and lowest energy excitations of the polymers were
computed and the results were combined with the experimental
data to get a better understanding of the relationship between
the photovoltaic performance and molecular structures. In
addition, active layer structures of the solar cells were analyzed
using AFM. Eventually, the stabilities of the prepared cells were
compared six months aer the cell preparation. This is possible
due to the long lifetime of inverted structure organic solar cells
with an air-stable Au anode.

Photovoltaic performance

The polymers were tested as donor materials in inverted ITO|
ZnO|polymer:PCBM|Alq3|Au solar cells using the well-known
P3HT:PC60BM as a reference cell. Energy levels of the materials
of the constructed solar cells are important for the cell perfor-
mance. The energy level diagram for the cell materials is shown
in Fig. 3, where both the experimental (CV of P4, see ESI†) and
computational values of the HOMO and LUMO energy levels are
presented. Because the LUMO energy levels of the donor poly-
mers are higher than those of the acceptor fullerene derivatives,
each polymer is expected to be able to donate electrons to the
acceptor molecules in the cell structure. Alq3 as a buffer layer
prevents efficiently the unwanted ux of electrons to the
direction of the metal (Au) anode. In addition, the HOMO levels
of the polymers do not differ remarkably from each other.
Thus, the open circuit voltage (VOC), which is proportional to the

Fig. 1 Chemical structures of the polymers P1–P4.

Fig. 2 Chemical structures of PC60BM, PC70BM, Alq3 and reference polymer
P3HT.

Fig. 3 Energy level diagram of the donor molecules (red), acceptor molecules
(blue), buffer layer materials (green) and electrodes (green) used in the organic
solar cells.39 The experimental values are shown in dark blue/red and the modeled
values in light blue/red.
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energy difference between the HOMO of the donor and the
LUMO of the acceptor, should not vary remarkably between
different donor–acceptor combinations.

Photovoltaic parameters of the prepared solar cells using P1,
P2 and P4 as donor materials, measured the following day aer
the cell preparation, are presented in Table 1 and the corre-
sponding I–V curves are shown in Fig. 4. The cell efficiency
using P3 as a donor material was negligible and therefore it is
not included in the solar cell results, but P3 was kept in the
calculations to allow comparison.

P1–P3 have been tested earlier in conventional ITO|
PEDOT:PSS|polymer:PC60BM|Ca|Al solar cells,38 in which case
the reported h values were higher than here in the case of
inverted solar cells. The reasons for this could be that the
certied measuring system could not be applied when
measuring the inverted solar cells studied here. Also, different
cell efficiencies for the same polymer, P3HT, have been reported
depending on the cell structure. The average h for the
P3HT:PCBMBHJ solar cells reported during the years 2002–2010
is around 3%.40 In the conventional P3HT:PC60BM cell structure
the values of h are from3% to 4%,41,42whereas in the inverted cell
structure the reported h values are slightly lower, i.e. 2% to
3%.39b,d,e,43,44 In this article, the polymers are used in the inverted
cell structure and therefore the efficiencies of different polymers
as donor materials can be compared and discussed.

The efficiencies of the solar cells differ remarkably depend-
ing on the donor–acceptor combinations, which cannot be
explained in terms of the energy levels of the compounds. For
example, based on the energy difference between the HOMO of
the donor and the LUMO of the acceptor (Fig. 3), a higher VOC
could be expected for the P1:PC60BM cell than that for the
P3HT:PC60BM cell. However, the former has a lower VOC, 0.48 V,
than the latter, 0.52 V. Similarly, the same VOC values could be
expected for the P3HT:PC60BM and P4:PC60BM cells, because of
the same measured HOMO energies (�5.2 eV) of the donor
polymers. Nevertheless, VOC values are different, 0.52 V and
0.45 V for P3HT and P4, respectively. In the cases of P1 and P4
the donor polymers give very different efficiencies depending on
the acceptors, PC60BM or PC70BM, even though the acceptors
have almost the same HOMO and LUMO energies. For under-
standing these discrepancies a closer quantum mechanical
insight into the polymers' molecular geometry, electronic
structure and donor–acceptor interaction is necessary.

Modelling of the polymer geometry and
electronic structure related properties

In the computational models of P1–P4 the solubility enhancing
long alkyl side chains, –OC10H21, –OCH2CH(C2H5)C4H9, –C6H13

and –C8H17 were replaced by short side chains, i.e. –OCH3 and
–CH3, respectively. This reduced the computational time and
allowed modeling of oligomeric chains up to n ¼ 7–8 and thus
investigation of the convergence of the HOMO–LUMO gaps. The
periodic models were built based on the optimized oligomer
structures. The constitutional repeating unit (CRU) of P1 is bent
due to the dithiophene 2-phenyl benzotriazole moiety so the
periodic P1 model was built from two P1 CRUs which create a
zigzagging, almost planar polymer backbone. The methyl
substituents of the two 3-methylthiophene rings in the CRU
enlarge the backbone dihedral angles in P2 and P3,
which prohibits planarity. As a result, it is expected that the
p-conjugation weakens or is broken at some points in
the backbones of the P2 and P3 polymers. For these polymers
the periodic models were constructed of three CRUs, which
create a helical backbone. We note, however, that there are ways
to build alternative periodic models for P2 and P3. The periodic
model of P4 consists of a linear and almost planar single CRU.
The fully optimized periodic models are presented in Fig. 5.

The geometries of the oligomeric andperiodicmodelswith full
side chains were also fully optimized to compare the backbone
dihedral angles to those of themodels with short side chains. The
backbone dihedral angles of P1 and P4 did not change. However,
those of P2 and P3 increased due to the steric effects caused by
the hexyl substituents of the two 3-hexylthiophenes.

Energy level gaps, orbitals and TD-DFT calculations

The HOMO–LUMO gaps of the short side chain oligomeric
models and the gaps between the highest occupied crystal
orbital and the lowest unoccupied crystal orbital (the HOCO–
LUCO gap) of the short side chain periodic models were
examined. The HOMO–LUMO gap energies of oligomers

Table 1 Photovoltaic parameters of the solar cells containing P3HT, P1, P2 or P4
as donors and PC60BM or PC70BM as acceptors measured the following day after
the cell preparation

Active layer
components
(lm thickness, nm)

Mass ratio
polymer:
PCBM

Jsc
(mA cm�2)

Voc
(V)

FF
(%)

hbest
(%)

havg
(%)

P3HT:PC60BM (100) 1.26 : 1 �3.09 0.52 68.96 3.04 2.47
P1:PC60BM (65) 1 : 3.99 �1.53 0.48 42.35 0.83 0.58
P1:PC70BM (55) 1 : 4.63 �0.73 0.34 40.31 0.27 0.25
P2:PC60BM (130) 1 : 4.14 �0.65 0.43 28.86 0.21 0.12
P4:PC60BM (40) 1 : 2.69 �1.17 0.45 41.18 0.57 0.43
P4:PC70BM (30) 1 : 3.09 �1.13 0.41 58.71 0.74 0.66

Fig. 4 I–V curves of the P1/P2/P4:PC60BM/PC70BM cells measured the following
day after the cell preparation.

This journal is ª The Royal Society of Chemistry 2013 J. Mater. Chem. A, 2013, 1, 7451–7462 | 7453

Paper Journal of Materials Chemistry A



approach the HOCO–LUCO gap energies of the periodic models
as the oligomer length is increased (see ESI, Table S3†), so the
HOCO–LUCO gaps are taken as nal computational results for
the P1–P4 polymers. The HOCO–LUCO gaps were direct band
gaps. The computational energies were shied by subtracting
0.62 eV from the values so that the computational HOCO and
experimental HOMO levels of P1 are equal. The shied HOCO
and LUCO energies based on the periodic calculations are
presented and compared to the experimental HOMO and LUMO
energies in Fig. 3. The HOCO–LUCO gaps are systematically
only a bit larger (0.12 eV to 0.26 eV) than the experimental
values obtained by cyclic voltammetry, and the agreement
between the energy levels is qualitatively good.

The HOMO–LUMO gaps of the short oligomers and the
HOCO–LUCO gaps of the periodic models with the full side
chains were examined as well. Incorporating the full side chains
does not change the gaps of P1 and P4 in the longest oligomers
and periodicmodels, but the gap increases slightly in the case of
P2 (0.08 eV) and P3 (0.06 eV) due to increased steric stress caused
by the 3-hexylthiophenemoieties that hinder thep-conjugation.

Next, the frontier molecular orbitals of P1–P4 were analysed.
The D–A polymers consist of electron rich and electron decient
moieties to achieve a narrower HOMO–LUMO gap. The CRUs of
P1, P2 and P3 are composed of three different building blocks, of

which uorene and thiophene derivatives are the electron rich
moieties and 2-phenyl benzotriazole derivatives are the electron
decient moieties. In P4 the electron rich moiety is the benzo-
dithiophene derivative and the electron decientmoiety is the 2-
phenyl benzotriazole derivative. Periodic models are used to
calculate and visualize the orbitals. This way the CRUs along the
polymer backbone have the same orbital energy levels and the
molecular orbitals are distributed equally in the CRUs along the
innite, non-terminating polymer chain. The orbitals are pre-
sented in Fig. 6 and the contributions to the orbitals from
different backbone fragments are presented in Table 2. In P1, P2
and P3 theHOCO is evenly distributed, i.e. delocalized, along the
polymer backbone whereas the LUCO ismuchmore localized on
the 2-phenyl benzotriazolemoieties, particularly in P2 and P3. In
the case of P2 and P3, localization most probably results from a
weakerp-conjugation along the polymer backbone, as suggested
above. In P4 both HOCO and LUCO are evenly delocalized along
the polymer backbone, although the LUCO spreads further into
the 2-phenyl benzotriazole derivative. The differences in locali-
zations of the LUCOs are expected to affect the exciton diffusions
in P1–P4, because the LUCO is partly occupied in excitation and
participates in exciton diffusion.

The effect of the length of the oligomer on the rst excitation
energy and its composition was studied by time-dependent

Fig. 5 Periodic models of (a) P1, (b) P2, (c) P3 and (d) P4. The repeating structure is copied and translated from the circled carbon atom to the position marked as a pink
dummy-atom.
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density functional theory (TD-DFT). The calculated excitation
energies are given in Table 3. As the length of the oligomer is
increased, the rst excitation energy gets smaller. However, with
the longest calculated oligomers the TD-DFT results underes-
timate the excitation energy. This is rather common for B3LYP
and usually, if TD-DFT results matching the experimental
values are desired, PBE0 or novel functionals are used together
with a solvation model. Additionally, the used basis set is rather
small. Comparative calculations using the 6-311+G* basis set
are presented in the ESI.† The orbital contributions of the rst
excitation were examined to justify the use of the HOCO–LUCO
gap as the lowest excitation energy of the polymer. For all
oligomers the main component of the rst excitation was found
to be from the HOMO to the LUMO. The HOMO to LUMO
contribution remains dominant (>70% in P4, n ¼ 8) in the total
excitation as the length of the oligomer increases, but other
contributions, such as HOMO-1 to LUMO + 1 appear as well, as
they get closer to the energy of HOMO–LUMO transition. These
orbitals are typical for the low energy excitations of conjugated
systems, which contain p and p* orbitals.

Maximum conducive chain length

The maximum conducive chain length (NMCC)35 was calculated
using the DFT results to compare the conjugation degree of the
polymers. For this method the HOMO–LUMO gaps were plotted
as a function of 1/N (N is the number of double bonds along the
shortest path of the polymer backbone). The innite polymer
HOMO–LUMO band gap was extrapolated for each polymer
from the oligomer results. Polynomial ts were used for the
extrapolation. The third degree polynomial ts described the
plots of the HOMO–LUMO gaps of the oligomers well and

Fig. 6 The HOCO (left) and LUCO (right) of the P1–P4 polymers and P3HT.

Table 2 Contributions (%) of the backbone fragments of the polymers to the HOCO and LUCO

HOCO LUCO

Electron rich Electron decient Electron rich Electron decient

Fluorene Thiophene Benzotriazole Fluorene Thiophene Benzotriazole

P1 31.0 46.3 22.7 15.2 29.0 55.8
P2 34.2 48.1 17.7 11.5 23.6 64.9
P3 35.1 47.9 17.0 9.4 21.0 69.6

Benzodithiophene Benzodithiophene
P4 73.8 26.2 40.4 59.6

Table 3 Excitation energies (eV) of the first excitation of oligomers with TD-DFT

n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4 n ¼ 5 n ¼ 6 n ¼ 7 n ¼ 8 Eecg Eoptg

P1 2.44 2.16 2.07 2.03 2.02 1.99 — — 2.03 2.08
P2 2.63 2.42 2.37 2.34 2.33 2.31 — — 2.47 2.34
P3 2.55 2.35 2.30 2.27 2.26 2.26 — — 2.40 2.30
P4 2.66 2.20 2.01 1.91 1.86 1.83 1.81 1.80 1.89 1.91
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leveled as they approached x ¼ 0. The polynomial ts and
extrapolated gaps are given in the ESI.† The 1/NMCC value was
obtained from the intersection of the line y(x) ¼ b drawn from
the extrapolated HOMO–LUMO gap of an innite polymer and a
line drawn through the steepest descending part of the HOMO–
LUMO plot (see ESI, Fig. S11†). The extrapolated HOMO–LUMO
gaps were used for all polymers, because the oligomeric series
did not approach the periodic values exactly for P2 and P3,
though the differences were small (#0.05 eV). A likely expla-
nation for the differences is the exibility of the P2 and P3
oligomeric models compared to the periodic models. The NMCC

can be obtained accurately for polymers with short CRUs.
However, as the number of double bonds increases in the CRU,
less data points are available for the tting procedure. This can
cause problems if the non-saturated region, where the HOMO–
LUMO gap values drop fast, has only one or two data points. The
method seems to work reliably for P1 and P4, but for P2 and P3
it is likely that the excitation energy saturates too fast (see ESI).
Thus the NMCC values for P2 and P3 should be considered as
upper limits rather than exact values. The obtained NMCC values
are 62 for P1,# 47 for P2,# 37 for P3 and 59 for P4. We can see
that P1 and P4 have higher NMCC values than P2 and P3. Also,
the conjugation can be expected to be more expanded in P1 and
P4 because the HOMO–LUMO gap of their oligomers
approaches the innite polymer limit more slowly. Typically the
NMCC values are much lower, in the range of 18–22 in conju-
gated polymer chains.35 Possible reasons for the high NMCC

values obtained are the donor–acceptor architecture as well as
the large CRU sizes of the studied polymers.

Polymer–PCBM interactions

Single P1 and P4 monomers with full side chains were studied
together with the molecular PC60BM and PC70BM acceptors in
combined models to see how their interaction affects the energy
levels. The energy levels of the combined models were
compared to the energy levels of the isolated monomers and
PCBMs. The PCBMs were arranged in three completely different
positions: (i) close to the side chains away from the main
backbone, (ii) close to the electron rich moiety of the monomer
and (iii) close to the electron decient moiety of the monomer
(Fig. 7), and the models were fully optimized.

The obtained molecular orbital energies are presented in
Fig. 8. Bringing either PC60BM or PC70BM close to the polymer
monomer changes the HOMO and LUMO values of the PCBMs
and monomers slightly, i.e. �0.13 eV to +0.09 eV, compared to
the isolated PCBMs and monomers. The P1 monomer behaves
similarly with both PC60BM and PC70BM. The P4 monomer,
however, behaves differently depending on the PCBMs (see
Fig. 8). The largest changes in energies are observed in the
model consisting of the P4 monomer and PC70BM. Both the
HOMO and LUMO energies of PC70BM increase and those of P4
decrease, which leads to a larger P4 monomer HOMO–PC70BM
LUMO gap when PC70BM is close to either the electron rich or
the electron decient moiety of the P4 monomer. While the
molecular model cannot describe the real interfaces of an active
material, it can be seen that interaction of the donor and

acceptor changes the energy levels of bothmolecules and affects
the electronic properties.

Relationship between the photovoltaic
performance and molecular structures of the
donor polymers

The rst prerequisite to produce photocurrent is the absorption
of light to generate excitons. The overall cell absorption (Fig. 12)
initiates from the absorption of the intrinsic donor and
acceptor materials, which are presented in Fig. 9. The absorp-
tion maximum of P4, at 612 nm, is remarkably red-shied
compared to those of P2 and P3, at 443 nm and 448 nm
respectively, and that of P1, at 537 nm. As shown in Fig. 5, the
backbones of P2 and P3 are helical due to the steric hindrance
of the hexyl chains attached to the thiophene rings, which
weakens the p-conjugation in the polymer backbone. The
structure of P1 is zigzagging, but planar, due to missing hexyl
chains. Therefore p-conjugation is stronger and absorption of
P1 is red-shied compared to P2 and P3. A more planar struc-
ture of P4 compared to those of P1–P3 was achieved by exclusion
of the thiophene moieties from the polymer backbone. In the
nearly planar backbone of P4 the conjugation is the strongest
and absorption of photons becomes possible at longer wave-
lengths (>600 nm) compared to P1–P3.

The absorption of PC60BM covers effectively the wavelengths
up to 400 nm in CHCl3 solution, whereas PC70BM absorbs at a
wider wavelength range up to 700 nm. The absorptions of P1–P3
overlap widely with the absorptions of both PC60BM and
PC70BM. Absorption of P4 takes place at longer wavelengths and
it does not overlap with the absorptions of PC60BM and PC70BM
as widely as the three other polymers. Therefore, photons over a
wider wavelength range up to 700 nm will be collected by the

Fig. 7 Models where PCBM is close to (a) the side chains of P4, (b) the electron
rich moiety of P4 and (c) the electron deficient moiety of P4.
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solar cell with P4 compared to the other cells with P1–P3 as the
donor material.

In addition to a wider range of absorption a planar and rigid
backbone is desired to prevent energy losses caused by reorga-
nization upon excitation. The molecular frontier orbitals (Fig. 6)
show that the LUMO orbitals promote planar structure. There-
fore, the energy losses, i.e. Stokes shis (Table 4), of P2 and P3
are remarkably larger than those of P1 and P4.

Aer excitation the excitons need to diffuse to the donor–
acceptor interface along the polymer phase. Therefore excited
state properties of the polymers have a principal effect on the
exciton diffusion. The lifetime of the excited state denes
the diffusion duration. The exciton diffusion effectivity i.e. the
speed of the exciton, together with the lifetime, denes the
diffusion length. The lifetime of P4, 2.14 ns, is longer than those
of P1–P3, 1.64 ns, 1.10 ns and 1.00 ns, respectively (see ESI,
TCSPC†). The exciton diffusion effectivity in the excited state of
the polymers can be compared based on the molecular frontier
orbitals shown in Fig. 6. The LUMOs of P2 and P3 are strongly

located in the benzotriazole moieties of the polymer backbones
and the orbitals are not continuous. Therefore, the exciton
diffusion length in the excited states of P2 and P3 might be
decreased if the excitons are trapped in the LUMO orbital
spatial gaps. The LUMO orbitals of P1 and P4 have continuous
electron density throughout the polymer backbones. Also, the
calculated NMCC values of P1 and P4, 62 and 59 respectively, are
larger than those of P2 and P3, 47 and 37 respectively. NMCC

values correlate with the conjugation length in the polymer
backbones. Thus, excitons can be expected to diffuse further in
P1 and P4 than in P2 and P3.

Next, aer exciton diffusion to the donor–acceptor inter-
face, the Coulombic binding energy of excitons has to be
overcome to separate the charges. Due to the red-shied
absorption the optical band gap of P4, 1.91 eV, calculated from
the onset wavelength of the absorption spectrum, is smaller
than those of P1–P3, 2.08 eV, 2.34 eV and 2.30 eV, respectively.
The difference in the band gap energies measured by using the
transport technique (CV) and optical excitation, Eecg – Eoptg , can
be directly correlated with the exciton binding energy (EB)45

and the conjugation length in a polymer.46 The bigger the
difference in the band gap energy, the higher the exciton
binding energy and the shorter the conjugation length. The
values of Eecg � Eoptg (Table 4) in the cases of P1 and P4 are close
to zero, within the error of experiments, and smaller than
those of P2 and P3. Thus, less energy is needed to separate the
excitons created in P1 and P4 than in P2 and P3.

The emission spectra of the combined polymer:PCBM lms,
the intensity of which is corrected according to the absorbance
of the lms, are presented in Fig. 10. The emission of P1 from
675 nm to 775 nm is more efficiently quenched with PC60BM
than with PC70BM. This predicts better electron transfer from
P1 to PC60BM than to PC70BM, which can be also seen as an
increase in the PC60BM acceptor emission from 550 nm to
650 nm. The emission of P4 from 600 nm to 700 nm is more
efficiently quenched with PC70BM than with PC60BM, which
supports better electron transfer from P4 to PC70BM than to
PC60BM. The uorescence decay curves of the combined lms
are shown in the ESI (Fig. S12).†

Eventually, the separated charge carriers are transported to
the electrodes along the ETM and HTM paths in the BHJ layer.
The carrier transport in the ETM and HTM together with the
morphology of the phase-separated network governs the

Fig. 8 Molecular orbital energies of the isolated monomers, PCBMs and combined models.

Fig. 9 Normalized absorption (solid lines) and emission (dashed lines, lex ¼ 485
nm) of the donor polymers P1 (red), P2 (orange), P3 (yellow) and P4 (blue) and
absorption of the acceptors PC60BM (dash-dotted line) and PC70BM (dotted line)
in CHCl3.

Table 4 Stokes shifts and band gap energy differences of P1–P4

Polymer Stokes shi (nm) Eecg � Eoptg
a (eV)

P1 55 �0.05
P2 107 0.13
P3 114 0.1
P4 87 �0.02

a See ESI for P4 and ref. 38 for P1–P3.
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transport. The HOMOs of P1–P4 are relevant for the hole
transport in the materials. Our models do not include thermal
motion that would change the energy of CRUs with respect to
each other, so the obtained HOMO electron densities are rather
evenly distributed (Table 2). However, longer conjugation along
the backbones leads to better hole transport in P1 and P4 than
in P2 and P3, as in the latter, backbone twists are more likely
and may create hole traps.

The differences in the molecular structures of the polymers
lead to differences in phase separation and morphology in the
interpenetrating network of the BHJ structures. A rough insight
into the active layer morphology was achieved by the AFM
images of the cells (Fig. 11). Usually, small roughness (RMS ¼
root mean square) values and small grain features are corre-
lated with enhanced crystallinity, which offers better energy
conversion efficiency.47 Based on the DSC measurements of P1–
P4 (see ESI† and ref. 38), there are no remarkable differences in
the crystallinity, but P4 is thermodynamically more stable than
P1–P3. Therefore, RMS values are valuable for estimating the
morphology of the BHJ structure formed by the polymers. The

RMS value of P1:PC70BM, 1.92 nm, is signicantly larger than
that of the P1:PC60BM lm, 0.45 nm. Large aggregates with large
grain features can be seen in the P1:PC70BM lm. Aggregation
may lead to current losses due to excessively long conduction
paths compared to the exciton diffusion length in the
P1:PC70BM lm. Therefore, the excitons created in the
P1:PC70BM cell recombine before reaching the donor–acceptor
interface more probably than in the P1:PC60BM cell, and the
P1:PC60BM cell (h ¼ 0.80%) worked better than the P1:PC70BM
cell (h ¼ 0.35%). In the case of P2 the active layer morphology
formed by P2:PC60BM seems fairly uniform. Thus, it seems that
P2 is capable of forming a good quality BHJ layer with PC60BM.
However, as discussed before, due to the gaps in the LUMO and
small NMCC values, both exciton and charge transfer are ineffi-
cient in P2 and the performance of the cell remains low (h ¼
0.12%). Active layer morphologies of the P4:PC60BM and
P4:PC70BM cells appear very similar, and also the RMS values,
0.92 and 0.94 respectively, are practically the same. Thus, the
lm formation properties do not seem to cause the difference
between the performances of the P4:PC60BM (h ¼ 0.33%) and
P4:PC70BM (h ¼ 1.03%) cells. Because PC60BM absorbs effi-
ciently only up to 400 nm, the absorption and the exciton
formation of the P4:PC60BM solar cell device will mainly take
place in the P4 donor phase, whereas in the P4:PC70BM device
both the donor and the acceptor participate in the exciton
creation. Even though the combined lm of P4:PC70BM is
thinner (30 nm) than the P4:PC60BM lm (40 nm), the superi-
ority of P4:PC70BM is caused by the higher absorption of
the cell.

Lastly, the EPCEs of the cells show (see Fig. 12) how effi-
ciently absorption of photons leads to current production. The
absorption of the cells with P1 is remarkably higher than that of

Fig. 10 Absorption and emission (corrected according to absorbance) spectra of
the polymer:PCBM photoactive layers.

Fig. 11 AFM images of the P1:PC60BM/PC70BM and P4:PC60BM/PC70BM cells.
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the cells with P4, which originates from the differences of the
active layer thicknesses in the optimized cells (Table 1).
However, the P4:PC70BM cell produced the highest h, although
this cell has a remarkably lower absorption up to 600 nm than
the cells with P1. This further validates better exciton diffusion
and charge transport in P4 compared to P1. The absorbance of
the P1:PC70BM cell is higher from 400 nm to 500 nm than that
of the P1:PC60BM cell, but the EPCE of P1:PC70BM is lower in
the same wavelength range. This is consistent with the
assumption that the exciton transfer is better due to the
smoother morphology of the P1:PC60BM cell.

The superiority of P3HT as a donor material compared to
the copolymers tested here can be explained by structural
differences, which inuence both the exciton diffusion and
hole transfer between adjacent polymer chains. The bulky side
chains in P1–P4 decrease the p–p stacking between adjacent
polymer chains and reduce the intermolecular interaction.5,48

The photogenerated excitons are transported in the polymer
phase of the BHJ blend only one-dimensionally along the
backbones of the polymers,49 and hopping between the chains
is limited. Also, aer exciton dissociation, holes are trans-
ferred only one-dimensionally along the polymer chains.
Intermolecular exciton diffusion and hole transfer in the
regioregular P3HT is possible due to H-aggregation in thin
lms.42,50 The polymer self-organizes into two-dimensional p-
stacked lamellar structures, which allow two-dimensional
charge transport.51

Stability measurements

The efficiencies of the solar cells were measured again � six
months aer the cells were prepared to compare the stabilities
of the cells of different donor–acceptor combinations with time.
The photovoltaic parameters of the cells and the changes in the
h and VOC values compared to those measured on the following
day aer the cells were prepared are presented in Table 5 (for I–
V curves, see ESI†). The largest increase in the efficiency, 37.7%,
was measured for the P4:PC70BM cell aer the storage of 6
months. The largest decrease in the efficiency, 42.9%, was
measured for the P2:PC60BM cell. The VOC values increased
remarkably, 0.13 V, 0.13 V and 0.18 V, for the P1:PC60BM,
P2:PC60BM and P4:PC70BM cells, respectively, during the
storage.

The serial resistances (Rs) and shunt resistances (Rsh) of the
cells were calculated (see ESI, Table S2†) as explained in the

literature.52 Based on the changes in h values, the morphology
of the cells is expected to change during the storage. Therefore,
the resistances were calculated from both the I–V curves
measured the following day aer the cell preparation and the I–
V curves of the aged cells. Rs is closely related to the intrinsic
resistance and thickness of the semiconductor layer and it
should be as small as possible. Rsh can be correlated with the
charge recombination and leakage current in the cell and it
should be as large as possible.

Clearly the P4:PC70BM cell underwent the largest increase in
Rsh, from 2759 U cm2 to 7062 U cm2, during the storage. This
means that the amount of recombinations was decreased due to
the improved morphology of the P4:PC70BM layer. Therefore a
better ll factor was produced by the cell. In addition, the
increase in the cell efficiency during the storage can be specif-
ically assigned to the highly improved VOC (+0.18 V). The
changes in the active layer morphology cause changes also in
the HOMO and LUMO levels of the donor and acceptor. The
changes in the energy levels are dependent on the position of
the donor polymers in relation to the acceptor molecules at the
donor–acceptor interface, as shown before (Fig. 8). The largest
changes in the HOMO and LUMO energies were observed in the
computational model consisting of the P4 monomer and
PC70BM, which leads to a larger P4 monomer HOMO–PC70BM
LUMO gap, i.e. higher VOC, when PC70BM is close to either the
electron rich or the electron decient moiety of the P4 mono-
mer. This suggests that during the 6 month storage the mole-
cules in the active layer move in relation to each other to form a
more ideal BHJ structure, which changes the energy levels of the
donor polymer and acceptor molecules and improves the cell
voltage remarkably.

Materials and methods used for studying the
polymer structures and photovoltaic
performance

The Gaussian 09 program package53 was used to model isolated
chains of the polymers presented in Fig. 1 or the corresponding
oligomers. The B3LYP hybrid density functionals54–57 combined
with the 6-31G* basis set were used in the calculations. A
periodic boundary condition (translation vector, Tv, in the
input) was applied in one dimension in the case of polymer
models. A default option was used for the number of k-points,

Fig. 12 Absorption and EPCE spectra of the P1:PC60BM/PC70BM and
P4:PC60BM/PC70BM cells.

Table 5 Photovoltaic parameters of the solar cells composed of P3HT, P1, P2 and
P4 as donors and PC60BM and PC70BM as acceptors measured 6 months after the
preparation and the changes in the cell efficiency and voltage during the 6 month
storage

Active layer
Jsc
(mA cm�2)

VOC
(V)

FF
(%)

hbest
(%)

havg
(%)

Dh

(%)
DVOC
(V)

P3HT:PC60BM �2.46 0.55 59 2.16 2.06 �29 +0.03
P1:PC60BM �1.31 0.56 40 0.80 0.70 �3.6 +0.08
P1:PC70BM �0.69 0.47 40 0.35 0.28 +30 +0.13
P2:PC60BM �0.31 0.56 25 0.12 0.09 �43 +0.13
P4:PC60BM �0.63 0.43 45 0.33 0.30 �42 �0.02
P4:PC70BM �1.01 0.59 62 1.03 0.93 +38 +0.18
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which resulted in 9, 6, 6, and 27 k-points due to the sizes of the
P1, P2, P3, and P4 periodic models, respectively. As a test,
optimization with only 11 k-points for the P4 model was done
and the results were identical to the 27 k-point case. This means
that the default k-point values are adequate for our models. The
structures were optimized and frequency calculations were
performed on the shortest oligomers (n ¼ 1–2) to ensure that
the optimized structures were at minima. Additionally, the rst
excitation in the UV-Vis spectra of the oligomeric chains (n# 6–
8) was calculated using TD-DFT. Chemcra58 was used for
visualization of the structures and molecular orbitals.

The solvents and Alq3 (99.995%) were purchased from
Sigma-Aldrich and used without further purication. The solar
cell samples were prepared on ITO coated glass substrates (1.2
cm � 3.5 cm) purchased from Solems. Zinc–acetate (Zn(O-
COCH3)2$2H2O) for ZnO layer preparation was purchased from
Sigma-Aldrich. The reference polymer, P3HT, was purchased
from Rieke Metals, and acceptors PC60BM (99.0%) and [6,6]-
phenyl-C70-butyric acid methyl ester (99.0%, PC70BM) from
Nano-C. The P1–P3 polymers were synthesized at the Kekulé-
Institut für Organische Chemie und Biochemie der Rheinischen
Friedrich-Wilhelms-Universität Bonn following the Suzuki-
polycondensation procedure38 and P4 as described below.

The synthetic scheme of P4 is presented in Scheme 1. 4,7-
Dibromo-2-(4-decyloxy-3,5-diuorophenyl)-2H-benzotriazole 1
(102 mg, 0.188 mmol), 2,6-bis(trimethyltin)-4,8-bis(2-ethyl-
hexyloxy)benzo[1,2-b:3,4-b']dithiophene 2 (145 mg, 0.188 mmol)
and Pd(PPh3)4 (12 mg, 10.4 mmol) were stirred for 68 h at 105 �C
in a mixture of toluene (abs., 6 mL) and DMF (abs., 1.5 mL)
under argon. The polymer was end capped by the addition of 2-
(tributylstannyl)-thiophene (16 mg, 42.9 mmol) and additional
stirring for 2 h. Then, 2-bromothiophene (100 mg, 0.613 mmol)
was added and the mixture was stirred for another 4 h. Aer
cooling to room temperature and ltration through celite, the
polymer was precipitated by addition of the organic phase to
MeOH. The polymer was extracted using a Soxhlet-apparatus
with acetone for 3 h, n-hexane for 4 h and MTBE for 4 h. The
polymer was redissolved in THF and precipitated from MeOH.
The precipitate was collected by ltration and dried in vacuo at
70 �C to yield a blue solid (139mg, 89%). 1H NMR (500MHz, 373
K, 1,2-dichlorobenzene-d4, d, ppm, see ESI†): 9.19–7.39 (m, 1H),
5.13–3.23 (m, 2H), 2.31–0.88 (m, 14H). 19F NMR (471 MHz, 373
K, 1,2-dichlorobenzene-d4, d, ppm, see ESI†):�125 (br, 2F). GPC
(THF, polystyrene): Mn ¼ 15 200 g mol�1, PDI ¼ 4.6.

The steady state absorption and uorescence were measured
employing a UV-3600 Shimadzu UV-VIS-NIR spectrophotometer
and a Jobin Yvon-SPEX uorolog. The uorescence lifetimes

were determined in CHCl3 (99.0–99.4%) solution using a time
correlated single photon counting (TCSPC) system equipped
with a Picoharp 300 controller and a PDL 800-B driver for
excitation and a microchannel plate photomultiplier (Hama-
matsu R3809U-50) for detection in a 90� conguration. The
excitation wavelength was 405 nm and the pulse frequency was
2.5 MHz. The experimental set-up of the measuring instru-
mentation was similar for all polymers.

External photon-to-current efficiency (EPCE) measurements
of the solar cells were monitored using a voltage/current
measuring instrument (E5272A, Agilent Technologies). The
excitation light source was a Xe-arc lamp coupled with a
monochromator for selecting the excitation wavelength. The
excitation power density alternated between 0.12 mW cm�2 and
0.68 mW cm�2 depending on the wavelength of 400 to 800 nm
where the background current from ITO is negligible.59 Stepwise
(light-on/off) currents produced by the excitations as a function
of time were measured with 0 V. The EPCE spectra were calcu-
lated by averaging the measured currents.

To determine the active layer thickness of each poly-
mer:PCBM blend, a narrow strip of the lm was removed with a
cotton stick dipped in CHCl3 and the step was measured with a
Veeco Wyko NT-1100 prolometer. The prolometry data were
recorded from 230 � 300 mm2 and analyzed in phase shi
interferometry (PSI) mode. The vertical resolution of this
method is close to 1 Å according to the instrument manual and
the horizontal resolution of the objective (20�magnication) is
0.75 mm.

Solar cells were constructed on commercial ITO covered
glass substrates. The ITO layer was taped and lacquered for
aqua regia etching to achieve a patterned ITO. The etched plates
were cleaned by sonicating in acetone, chloroform, SDS solu-
tion (20 mg sodium dodecyl sulphate in 500 mL Milli-Q H2O),
Milli-Q H2O and 2-propanol 30 min in each, in this order, and
dried in a vacuum at 150 �C for one hour. Aer a 10 min N2

plasma cleaning procedure (Harrick Plasma Cleaner PDG-236),
a 20 nm ZnO layer was deposited by 1 min spin-coating in a
WS-400B-6NPP/LITE spin-coater from Laurell Technologies
from 50 g L�1 zinc-acetate in 96% 2-methoxyethanol and 4%
ethanolamine solution following the literature process.37

The photoactive layer compounds P1, P2, P3, P4 or P3HT and
PC60BM or PC70BM were dissolved in 1,2-dichlorobenzene and
stirred (250 rpm) overnight at 50 �C. The temperature was raised
to 70 �C for 30 min prior to spin-coating of the BHJ photoactive
layer from the polymer:PCBM blend for 5 minutes (600 rpm) in
the spin-coater under N2 ow. The spin-coated lms were
annealed in a vacuum at 110 �C for 10 min. The buffer layer and
the Au anode were evaporated in the vacuum evaporator under
�3 � 10�6 mbar pressure. The evaporation rate and lm
thickness were controlled by evaporator crystals to deposit
�5 nm thick buffer and �50 nm thick Au anode layers on top of
the photoactive layer. The cells were stored in an ambient
atmosphere in the dark before measurements and analysis.

The photovoltaic parameters were obtained and calculated
from current–voltage (I–V) curves, which were measured in the
dark and under simulated AM 1.5 sunlight illumination (50 mW
cm�2) using an Agilent E5272A source/monitoring unit.Scheme 1 Synthesis of P4.
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A voltage of �0.20 V to 0.60 V was applied in 10 mV steps. The
measurements were carried out in an ambient atmosphere at
room temperature without encapsulation of the devices. The
illumination was produced by a ltered Xe-lamp (Oriel Corpo-
ration & Lasertek) in the Zuzchem LZC-SSL solar simulator. The
illumination power density was measured by using a Coherent
Fieldmax II LM10 power meter. Because a certied measuring
system could not be employed, the absolute efficiency values are
not directly comparable with the other published results.
However, the reported efficiencies and the relative efficiency
changes are comparable within the presented devices.

The photoactive layer morphologies of the different donor-
acceptor combinations in the solar cell samples were inspected
with AFM at the Department of Molecular Engineering in Kyoto
University. The measurements were carried out with an Asylum
Technology MFP-3D-SA instrument in the AC mode.

Conclusions

We studied the internal relationship between the molecular
structures of four donor–acceptor (D–A) copolymers (P1–P4)
and their photovoltaic performances. Molecular geometries and
the properties related to the electron structures of P1–P4 were
studied by DFT using B3LYP. The copolymers were used as
donor materials in inverted organic ITO|ZnO|donor:acceptor|
Alq3|Au solar cells. The DFT information on electron structure
related properties was combined with the results of photovol-
taic, electrochemical, spectroscopic, and thermoanalytical
measurements.

The cell with P4 as a donor material performed better and
was more stable than the cells with P1–P3. The optimizations of
the CRUs resulted in a more planar structure for P4 than for P1–
P3. Also, the computed frontier molecular orbitals show that the
LUMOs of P2 and P3 are not continuous as the electron densi-
ties are concentrated on the benzotriazole moieties of the
copolymers. Therefore, the better exciton transfer properties of
P4 are due to a more planar molecular structure with a
continuous LUMO electron density. Moreover, P4 has better
charge transfer properties as HTM, which is consistent with the
bigger NMCC values computed for P4 and P1 than for P2 and P3.

Further calculations show that interaction between the
donor and acceptor molecules affects their electronic struc-
tures, which changes the energy levels of both molecules.
During the six month storage the molecules in the active layer
move with respect to each other, which changes the energy
levels. The biggest calculated energy level changes of the donor
HOMO and the acceptor LUMO of the P4:PC70BM cell correlate
with the increased VOC of the cell. AFM studies on the active
layers of the solar cells yielded insight into the morphology
which allowed us to better analyze the differences between the
solar cell performances of different donor:acceptor
combinations.

These studies show that computational methods are a
valuable tool for dening the molecular structure related
properties of D–A copolymers and for predicting their perfor-
mances as donor materials. The DFT calculations provided
data, which supplement the experimental results. Therefore,

even more research and clarication of the available computa-
tional methods are important for chemists in the evolving eld
of organic materials and photovoltaics.
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M. Fernández-Gómez, J. Phys. Chem. C, 2011, 115, 2865–
2873.

31 Y. Li and I. Dabo, Phys. Rev. B: Condens. Matter Mater. Phys.,
2011, 84, 155127.

32 A. Ferretti, G. Mallia, L. Martin-Samos, G. Bussi, A. Ruini,
B. Montanari and N. M. Harrison, Phys. Rev. B: Condens.
Matter Mater. Phys., 2012, 85, 235105.

33 L. Deng, W. Shen, X. Xie, L. Jiang, B. Liu and M. Li, Struct.
Chem., 2012, 23, 97–106.

34 S. S. Zade and M. Bendikov, Org. Lett., 2006, 8, 5243–5246.
35 J. Gierschner, J. Cornil and H.-J. Egelhaaf, Adv. Mater., 2007,

19, 173–191.
36 S. S. Zade, N. Zamoshchik and M. Bendikov, Acc. Chem. Res.,

2011, 44, 14–24.
37 M. S. White, D. C. Olson, S. E. Shaheen, N. Kopidakis and

D. S. Ginley, Appl. Phys. Lett., 2006, 89, 143517.
38 F. M. Pasker, M. F. G. Klein, M. Sanyal, E. Barrena,

U. Lemmer, A. Colsmann and S. Höger, J. Polym. Sci., Part
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Spectroscopic study of a synthesized Alq3

end-capped oligothiophene applied in organic
solar cells†

Venla M. Manninen,*a Juha P. Heiskanen,b Kimmo M. Kaunisto,a Osmo E. O. Hormib

and Helge J. Lemmetyinena

In this paper, we report the spectroscopic properties of a synthetically tailored Alq3 end-capped

oligothiophene ((Alq3)2-OT) studied by steady state and time resolved spectroscopic methods in

chloroform and solid films. In chloroform a photo-induced intramolecular electron transfer from the

oligothiophene backbone to the Alq3 moiety was observed. When (Alq3)2-OT was mixed with a fullerene

derivative (PCBM) in chloroform, we demonstrate that (Alq3)2-OT donates an electron to PCBM. With

that in mind, (Alq3)2-OT was applied as a dopant molecule to improve the efficiency of P3HT:PCBM bulk

hetero junction (BHJ) solar cells.

Introduction

Growing interest in organic electronics, such as organic solar
cells (OSCs) and organic light emitting diodes (OLEDs), has
increased the need to synthesize new organic materials that can
be applied in producing low-cost and light weight devices.
Detailed understanding of molecular properties and inter- or
intramolecular interactions is a prerequisite for developing new
photoactive and functional materials. In recent years, solution-
processable small molecule donor materials have gained
increasing amounts of attention in solar cell research. Small
molecule materials have several advantages over polymers
including well-dened structures and easier purication.

A large number of small-molecule compounds used in
organic electronic devices utilize thiophene units as compo-
nents of their chemical structure. Thiophene containing
compounds have been used as photoactive donor molecules
and hole transporting materials in OSCs that show good
photovoltaic performance.1 Thiophene also plays an important
role in many organic dyes used in dye-sensitized solar cells by
acting as a p-conjugation bridge.2

Tris-(8-hydroxyquinoline)aluminum (Alq3) complex has widely
been used as light-emitting and electron transporting material in
OLEDs, since its electroluminescence properties were discovered
by Tang and VanSlyke.3 Aer that, the electron mobility of Alq3
has been extensively studied4 and it has been used as an electron
transporting buffer layer in conventional organic solar cells to
increase the stability and lifetime of the cells.5

Recently, various Alq3 derivatives with tailored energy levels
exhibited up to a 30% increase in the efficiency of the inverted
cell compared to those with the parent Alq3 as a hole-trans-
porting anode buffer layer.6 Furthermore, Alq3 and its deriva-
tives have been used as dopants in the photoactive layer of
OSCs, which increased the efficiency of the cells remarkably.6a

In this paper, we present the synthesis of Alq3 end-capped
oligothiophene ((Alq3)2-OT) and extensively study its spectro-
scopic properties. Fluorescence properties of (Alq3)2-OT differ
drastically from those of the parent Alq3 complex and the
thiophene oligomer. We concentrate on understanding the
properties of the synthesized molecule by steady state and time-
resolved spectroscopic methods. The spectroscopic measure-
ments strongly support an intramolecular electron transfer
from the oligothiophene backbone to the Alq3 complex.

Interaction of (Alq3)2-OT with PCBM was also studied. Based
on those results, we propose that (Alq3)2-OT can donate an
electron to PCBM. With that in mind, (Alq3)2-OT was tested as a
dopant molecule in the P3HT:PCBM bulk hetero junction (BHJ)
layer for improving cell efficiency. Previous reports have sug-
gested that the cell efficiency was increased due to improved
morphology, crystallization, and charge transport caused by
doping with Alq3 molecules.6a Here we propose that (Alq3)2-OT
can function in the BHJ active layer as an additional light-
absorber and donate electrons to PCBM, thereby improving the
cell efficiency.
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The hole transporting properties of (Alq3)2-OT were also
tested by using it as a buffer layer in inverted OSCs. The
improved cell efficiencies and stabilities measured several
weeks aer the cell preparation demonstrate that the compat-
ibility of the parent Alq3 with BHJ materials and its charge
transporting properties can be improved by combining the
complexes with the oligothiophene structure.

Results and discussion
Synthesis of (Alq3)2-OT

Commercially available starting material, compound 1, was
brominated with N-bromosuccinimide (NBS) to afford
5,50 00-dibromo-3,300 0-dihexyl-2,20:50,200:500,20 0 0-quaterthiophene (2)
(Scheme 1). Compound 2 has been previously prepared by time
intensive methods with various yields (50–92%).7 Our method
applies the recent observation that thiophenes can be

brominated neatly with NBS by using ultrasound irradiation and
a suitable solvent.8 Aer 1 h of reaction time and chromato-
graphic purication, compound 2 could be collected in high
yield (91%). Ultrasound has previously been utilized together
with NBS in bromination reactions of phenyl and naphthalene
backbones.9 In the best case, ultrasound irradiation offers a way
to produce the desired bromination product efficiently: fast and
facilely with a high yield and selectivity in mild conditions.

The literature provides one preparation method to produce
3,30 0 0 00,30 0 0 0 0,40-tetrahexyl-2,20:50,200:500,200 0:50 0 0,20 00 0:50 0 00,200 0 0 0-sexithio-
phene (3).7c Nickel catalyzed coupling with Grignard reagent
produced compound 3 in low yield (31%). In our hands,
compound 3 was prepared and isolated in high yield (97%) by
applying Suzuki–Miayura cross-coupling approach.

Ultrasound assisted bromination could be also used
to synthesize 5,50 00 0 0-dibromo-3,300 0 0,30 00 0 0,40-tetrahexyl-2,20:50,200:
50 0,20 0 0:500 0,20 00 0:50 0 00,20 0 0 00-sexithiophene (4). Compound 4 was

Scheme 1 Synthetic scheme of (Alq3)2-OT.
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isolated in good yield (89%). The traditional method has
previously given compound 4 in lower yield (77%).7c

Compound 5,5,50-(3,300 0 0,30 00 0 0,40-tetrahexyl-2,20:50,20 0:50 0,20 00:
500 0,20 0 0 0:50 00 0,20 0 0 00-sexithiene-5,50 00 0 0-diyl)bis[8-(benzyloxy)quino-
line], can be synthesized by using two different methods. A
traditional cross-coupling method, like Suzuki–Miayura used
here, needs halogenated starting material (compound 4) and a
boronic acid derivative, (8-(benzyloxy)-5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)quinolone), to undergo coupling. The
Suzuki–Miayura reaction gave compound 5 in good yield (85%).
An alternative way to prepare compound 5 is to use the direct
arylation method. Palladium catalyzed direct arylation of thio-
phenes has recently shown potential as an efficient coupling
reaction.10 Indeed, the direct arylation method was shown to be
a more convenient approach to produce compound 5.
Compound 3 underwent direct arylation smoothly with
8-(benzyloxy)-5-bromoquinoline to afford compound 5 in good
yield (87%). In this way, two additional reaction steps of Suzuki–
Miyaura reaction, bromination of compound 3 and borylation
of 8-(benzyloxy)-5-bromoquinoline, can be avoided and the
desired product 5 can be isolated using a simple ltration and
washing procedure.

Removal of the benzyl protecting group was done with
BBr3 to afford 5,50-(3,300 0 0,30 00 0 0,40-tetrahexyl-2,20:50,20 0:50 0,20 00:
50 0 0,20 00 0:50 0 00,20 0 0 00-sexithiene-5,50 0 00 0-diyl)diquinolin-8-ol (6) in
good yield (75%). Complexation of compound 6 and xed
amount of 8-hydroxyquinoline ligands (4 equiv.) with Al3+ was
performed by using Al(i-PrO)3 (2 equiv.) as an aluminum source.
Finally, the target compound (Alq3)2-OT was isolated in high
yield (94%).

Spectroscopic and electrochemical analysis

Steady state and time-resolved absorption and uorescence
emission measurements were carried out in order to compare
the properties of the (Alq3)2-OT, Alq3, and the oligothiophene
compound (5). Compound 5 and (Alq3)2-OT were studied in 0.22
mM CHCl3 solutions, while Alq3 in 0.44 mM CHCl3 solution.
These concentrations were used to allow easier comparison
between the free Alq3 complex and (Alq3)2-OT, where two
complexes are bound to one oligothiophene backbone. Results
of the spectroscopic measurements are collected in Table 1.

Normalized steady state absorption and uorescence emis-
sion spectra of compound 5, (Alq3)2-OT, P3HT, and Alq3 are
presented in Fig. 1a. The absorption of the (Alq3)2-OT is slightly
red-shied compared to that of compound 5. The uorescence

properties of the compounds differ signicantly. The emission
band of the (Alq3)2-OT is remarkably broadened, red-shied
and signicantly lower in intensity compared to that of
compound 5. Time correlated single photon counting (TCSPC)
measurements showed that the decays of compound 5 and Alq3
are clearly monoexponential, but (Alq3)2-OT has a biexponential
decay (Fig. 1b and c). The decay associated spectra (DAS) show
that compound 5 has one component with a lifetime of 0.71 ns
and the (Alq3)2-OT has two components with lifetimes of 0.40 ns
and 14.0 ns (Fig. 1d and e). Obviously, the longer lived
component corresponds to the lifetime of Alq3 moiety and the
shorter one to the oligothiophene backbone of the (Alq3)2-OT.

The uorescence intensity of (Alq3)2-OT is signicantly lower
compared to those of the free Alq3 and compound 5 (Table 1).
The reason for the decreased uorescence is most likely an
intramolecular charge transfer from the oligothiophene back-
bone to the Alq3 moieties. To better understand the possible
charge transfer in the molecule, the energy levels of the
compounds shown in Fig. 2 were measured by differential pulse
voltammetry (DPV curves: see ESI, Fig. S6†). The LUMO level of
(Alq3)2-OT corresponds to that of Alq3 and the HOMO level of
(Alq3)2-OT is the same as that of compound 5. This demon-
strates that the redox properties of (Alq3)2-OT originate from its
components Alq3 and compound 5. The LUMO energy level of
the compound 5 (�2.2 eV) is higher than that of Alq3 (�2.4 eV).

Table 1 Summary of the spectroscopic properties of compound 5,
(Alq3)2-OT and Alq3. A405 nm and IPL refer to absorbance at 405 nm and
fluorescence intensity maxima, respectively

Compound
(conc. mM)

labs,max

(nm)
lPL,max

(nm) A405 nm

IPL,max

(pure)
IPL,max

(mixture)

5 (0.22) 423 545 1.46 4.9 � 107 3.4 � 107

(Alq3)2-OT (0.22) 427 604 0.98 2.7 � 106 1.7 � 106

Alq3 (0.44) 388 528 0.42 1.9 � 107 6.1 � 106

Fig. 1 (a) Normalized absorption (solid lines) and emission (dashed
lines) spectra of compound 5 (blue), (Alq3)2-OT (red), Alq3 (black) and
P3HT (green). (b) Fluorescence decay curves of compound 5 and
(Alq3)2-OT (lex ¼ 405 nm). (c) Fluorescence decay curve of Alq3 (lex ¼
405 nm). (d) Fluorescence DAS of compound 5 (lex ¼ 405 nm). (e)
Fluorescence DAS of (Alq3)2-OT, (lex ¼ 405 nm: black and red curves,
lex ¼ 483 nm: blue curve). All measured in CHCl3.
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Therefore, it is reasonable that the intramolecular electron
transfer in (Alq3)2-OT from the excited oligothiophene back-
bone to the charge transfer state (CTS) of the end-capped Alq3
complexes occurs and it is a competing process with oligo-
thiophene uorescence relaxation. In addition, the maximum
of (Alq3)2-OT excitation spectra blue shis compared to its
absorption maxima (see ESI, Fig. S5†) due to the intramolecular
electron transfer.

For TCSPC measurements of (Alq3)2-OT, the excitation
wavelength of 483 nm was used to solely excite the oligothio-
phene backbone of (Alq3)2-OT. As shown in Fig. 1e, excitation at
483 nm results in only one component, similar to the short
living component in the 405 nm excitation. Energy transfer
from the oligothiophene backbone to the Alq3 moieties can be
excluded, because the 14 ns component does not exist when
exciting at 483 nm.

The behaviour of the molecules in the presence of a
quencher molecule, PCBM, was investigated in additional
steady state measurements. The compounds were measured
without PCBM and then immediately aer with PCBM. There-
fore, the intensities of the absorption and emission spectra are
comparable. Absorption and emission spectra of compound 5,
(Alq3)2-OT and Alq3 in the presence and absence of PCBM in
CHCl3 are shown in Fig. 3a and b.

As the lifetimes of the oligothiophene backbones are 0.7 and
0.4 ns for compound 5 and (Alq3)2-OT, respectively, and the
concentration of PCBM is as low as 0.84 mM, the 40–60%
decrease in the uorescence intensities (Fig. 3b) would not be
possible by diffusion. Thus the observed quenching is due to
static quenching (see also ESI, p. 17†).

The lms prepared from (Alq3)2-OT, PCBM and mixtures of
the three different mass ratios, (Fig. 3c) were studied using
steady state emission (Fig. 3d) and TCSPC methods. The emis-
sion of (Alq3)2-OT is quenched (Fig. 3d) as a function of PCBM
content in the solid lms. The emission intensity also decreases
in TCSPC measurements when the PCBM content is increased
and same photon collection time is used (see ESI, Fig. S1†).

Because PCBM efficiently quenches the emission of (Alq3)2-
OT, it seems that (Alq3)2-OT is able to donate an electron to
PCBM. Therefore, to further study the intra- and intermolecular
electron transfer, time resolved absorptions of (Alq3)2-OT in the
presence and absence of PCBM were measured with a pump-
probe set-up in chloroform. The transient absorption and decay
component spectra are shown in Fig. 4. Themeasurements were

carried out until a 2000 ps delay. Therefore the components
with lifetimes longer than that are extrapolations and given as
s > 2000 ps, the upper limit of the time-resolution of the
instrument.

Fig. 4a, which presents the decay component spectra (blue,
black, and red curves) and the transient absorption spectrum at
delay time 0 ps (green curve) for (Alq3)2-OT, describes together
with Fig. 5a the processes following the photoexcitation. With
the 390 nm excitation, both the oligothiophene backbone and
Alq3 moieties are excited. The rst component (blue triangles),

Fig. 2 HOMO and LUMO energy levels of compound 5, (Alq3)2-OT
and Alq3.6a

Fig. 3 (a) Absorption and (b) emission spectra (lex ¼ 405 nm) of the
compound 5 (0.22 mM), (Alq3)2-OT (0.22 mM), and Alq3 (0.44 mM) in
the absence (solid lines) and presence of PCBM (0.84 mM) (dashed
lines) in CHCl3. (c) Absorption and (d) emission (lex ¼ 405 nm) spectra
of (Alq3)2-OT, PCBM and their mixtures of three different mass ratios in
films.

Fig. 4 Decay component spectra and calculated transient spectrum
at 0 ps delay time of (Alq3)2-OT (0.22 mM) (a) in the absence and (b) in
the presence of PCBM. (c) Calculated transient absorption spectra of
(Alq3)2-OT (0.22 mM) in the absence (black squares) and presence
(red circles) of PCBM (0.84 mM) after 300 ps of the excitation (lex ¼
390 nm).
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is formed very fast (�2 ps) indicated by negative bands at the
wavelength areas, where hexathiophene cation radical, around
800 nm,11 and Alq3 anion radical, around 550 nm,12 have their
absorptions. We describe this state as excited charge transfer
complex (CTC), covering the positive bands from 600 to
1050 nm. CTC decays in 2 ps to an intramolecular charge
transfer state (ICTS, black circles). The broad absorption of
ICTS, 600–1000 nm, consists of the broadened and red shied
intramolecular absorptions of the Alq3 anion (550 nm and
longer) and hexathiophene cation radicals (800 nm and longer).
The charge transfer state recombines to the ground states with
lifetime of 250 ps. The third component with s > 2000 ps
(red squares) is associated to the broad and long-lived (s¼ 14 ns
by TCSPC) singlet excited state of the Alq3 moiety.13

Mixing (Alq3)2-OT with PCBM causes changes both in the
decay component spectra (Fig. 4b and 5b) and in the time-
resolved absorption spectra (Fig. 4c and S4†). The rst compo-
nent, 3 ps (blue triangles), corresponds the CTC state similar as
in Fig. 4a, in the absence of PCBM. The essential changes are
observed in the second component, 290 ps (black squares), in
which the short wavelength (600 nm–750 nm) component of the
absorption, corresponding to the Alq3 anion radical band in
Fig. 4a, is absent. Evidently, PCBM has captured the electron
from the formed ICTS and only the absorption of the hexa-
thiophene cation radical is le. Its lifetime is increased, because
the recombination with the counter anion radical is delayed.
Instead it recombines with the PCBM radical anion in time of
about 290 ps.

There are, however, PCBM anion radicals present aer
300 ps (Fig. 4b and c) and 1000 ps (Fig. S4†) aer excitation, as
indicated by the absorption bands at 1050 nm.11 Thus there is
another way for its formation. As can be seen from Fig. 3b and
Table 1, the uorescence of Alq3 moiety in (Alq3)2-OT was
quenched about 40% in the presence of PCBM. Thus an alter-
native path for formation of PCBM radical anion is the electron
transfer from Alq3 singlet excited state to PCBM. This can also

be seen as Alq3 cation radical band at 550 nm (ref. 12) in Fig. 4b
and c, as well as in Fig. S4.† The most probable reactions paths
in the presence of PCBM are presented in Fig. 5b.

Photovoltaic performance

Compound 5, (Alq3)2-OT and Alq3 were applied as dopants in
the photoactive BHJ layer of inverted ITO|ZnO|P3HT:PCBM|
Alq3|Au organic solar cells. The schematic structure of the cell
and the chemical structures of the donor molecule P3HT,
acceptor molecule PCBM, and buffer layer material Alq3 are
presented in Fig. 6. The use of compound 5 as the dopant
molecule decreased the cell efficiency when compared to the
undoped reference cell (see ESI, Table S1†). Instead, the best
cell doped with (Alq3)2-OT had an efficiency of 2.63%, which is
higher than that of the reference cell (Table 2). Aer a four week
storage period, efficiencies of all doped devices were better than
that of the reference cell. Moreover, the efficiency of the best cell
doped with (Alq3)2-OT had increased to 2.85%, which demon-
strates high stability of cells doped with (Alq3)2-OT.

The effect of doping with large concentrations of free Alq3
complex and the equivalent amount of Alq3 bound to the

Fig. 5 Reaction scheme of the phenomena in (Alq3)2-OT (blue arrows)
after photoexcitation (yellow arrows) (a) in the absence and (b) in the
presence of PCBM.

Fig. 6 Structure of the inverted solar cell and chemical structures of
P3HT donor, PCBM acceptor and Alq3 buffer layer material.

Table 2 Photovoltaic parameters of the cells doped with (Alq3)2-OT

c((Alq3)2-OT)
a

(mM)
Storage
time

Jsc,best
(mA cm�2)

Voc,best
(V)

FFbest
(%)

hbest
(%)

havg
(%)

0 1 day �2.86 0.50 59 2.33 2.06
0.15 “ �2.97 0.52 61 2.63 2.50
0.60 “ �3.04 0.52 60 2.62 2.31
0.90 “ �2.52 0.53 55 2.07 1.90

0 4 weeks �2.74 0.53 57 2.31 2.06
0.15 “ �2.99 0.55 62 2.85 2.55
0.60 “ �2.66 0.56 60 2.49 2.22
0.90 “ �2.59 0.55 60 2.36 2.13

a Concentration of (Alq3)2-OT in the spin-coated P3HT:PCBM solution.

Table 3 Photovoltaic parameters of the cells doped with (Alq3)2-OT
and Alq3

Dopant
cdopant
(mM)

Jsc,best
(mA cm�2)

Voc,best
(V)

FFbest
(%)

hbest
(%)

havg
(%)

— — �2.67 0.53 63 2.51 2.33
(Alq3)2-OT 0.57 �2.84 0.56 60 2.69 2.40
Alq3 1.14 �2.74 0.51 49 2.41 2.12
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oligothiophene backbone in (Alq3)2-OT was compared in solar
cells. As shown in Table 3, the use of a relatively high content of
free Alq3 dopant decreases FF and cell efficiency compared to
cells doped with equivalent amounts of the complexes bound to
(Alq3)2-OT or without doping. The cell containing (Alq3)2-OT as a
dopant showed highest Jsc, Voc, and efficiency. The results
clearly demonstrate that the oligothiophene backbone of
(Alq3)2-OT increases the compatibility of Alq3 with the
P3HT:PCBM blend, and (Alq3)2-OT can be inserted in the BHJ
layer as a third component without destroying the layer
morphology.

The use (Alq3)2-OT as a buffer layer was also investigated.
(Alq3)2-OT was thermally vacuum evaporated (185–285 �C)
between the photoactive layer and Au anode. Absorption and
emission spectra of the evaporated lms and the differential
scanning calorimetry (DSC) curve of (Alq3)2-OT are shown in the
ESI (S2 and S3†). (Alq3)2-OT is thermally stable until 400 �C
based on the DSC measurement.

The cell parameters were measured one day and four weeks
aer the cell preparation (Table 4). Meanwhile, the cells were
stored in the dark and the ambient atmosphere. The cells with
the parent Alq3 as a buffer layer showed a slight decrease in
current and efficiency over the time, whereas the cells equipped
with (Alq3)2-OT as a buffer layer showed improved cell
parameters.

Based on the results, it is evident that the used cell structure
has a relatively high shelf-lifetime and that (Alq3)2-OT seems to
function better as a hole transporting buffer layer than Alq3.
Also, the remarkable decrease in the series resistance (Rs)
implies that (Alq3)2-OT decreases the intrinsic resistance of the
cell when compared to Alq3.15

Energy levels of (Alq3)2-OT are suitably aligned with those
of the other materials used in the cell. The HOMO and LUMO
levels of (Alq3)2-OT are shown together with the energy levels
of the inverted cell structure in Fig. 7. The 0.3 eV higher
HOMO level of (Alq3)2-OT compared to that Alq3 produces
smaller extraction barrier for the photogenerated holes to
escape the device6b when (Alq3)2-OT is used as a buffer
material instead of Alq3. This may explain the observed
reduction of Rs values of the cells with (Alq3)2-OT as a hole
transporting buffer material compared to cells with an Alq3
buffer layer (Table 4).

The cell absorption spectra in Fig. 8 show that the absorp-
tion of the cells is increased in the area around 400 nm, where
the absorption of (Alq3)2-OT takes place. Therefore, more
photons are absorbed when (Alq3)2-OT is used as a dopant.
LUMO levels of (Alq3)2-OT and Alq3 are nearly the same and
higher than the LUMO of PCBM. Therefore, they can donate
electron to PCBM. Because (Alq3)2-OT is capable of donating
electrons to PCBM, as shown also by spectroscopic studies, it
functions as an additional light-absorber and donates elec-
trons to PCBM which increases the current of the cells. Also,
some increase in the cell absorption can be seen as shoulders
around 550 nm and 600 nm. This is possibly caused by the
improved crystallinity of P3HT due to the inserted dopant
molecules, which further supports the high compatibility of
(Alq3)2-OT in the BHJ layer.

Table 4 Photovoltaic parameters and resistances of the cells with Alq3 or (Alq3)2-OT buffer layers

Buffer layer (thickness) Storage time Jsc,best (mA cm�2) Voc,best (V) FFbest (%) hbest (%) havg (%) Rs (U cm2) Rsh (U cm2)

Alq3 (�5 nm) One day �2.62 0.55 60 2.42 2.25 39.64 1499
(Alq3)2-OT (�6.5 nm) “ �2.71 0.50 58 2.18 1.93 28.72 1385
(Alq3)2-OT (�9 nm) “ �2.84 0.46 54 1.99 1.86 29.19 931

Alq3 (�5 nm) 4 weeks �2.54 0.54 61 2.33 2.05 45.12 1998
(Alq3)2-OT (�6.5 nm) “ �2.85 0.53 58 2.45 2.22 29.62 1310
(Alq3)2-OT (�9 nm) “ �3.11 0.51 56 2.47 2.06 33.43 1494

Alq3 (�5 nm) 12 weeks �2.32 0.55 61 2.28 2.03 46.20 2098
(Alq3)2-OT (�6.5 nm) “ �2.76 0.52 61 2.54 2.10 29.44 1545
(Alq3)2-OT (�9 nm) “ �2.81 0.54 56 2.45 2.13 35.84 2453

Fig. 7 Energy levels6,14 of the solar cell structure and HOMO and
LUMO levels of (Alq3)2-OT.

Fig. 8 Absorption spectra of the reference cell without doping and
cells with (Alq3)2-OT as a dopant in the BHJ layer.
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Conclusion

Detailed understanding of inter- and intramolecular properties
and molecular interactions is a prerequisite for developing new
photoactive and functional materials with desired properties.
We synthesized an Alq3 end-capped oligothiophene, (Alq3)2-OT,
and concentrated on understanding its photophysical proper-
ties utilizing steady state and time resolved optical spectro-
scopic methods. When (Alq3)2-OT was photoexcited, an
intramolecular electron transfer from the oligothiophene
backbone to the Alq3 moiety was observed. In the presence of
PCBM (Alq3)2-OT donates electron to PCBM. Aer these obser-
vations (Alq3)2-OT was applied as a dopant molecule in the
P3HT:PCBM active layer of BHJ based organic solar cell, which
increased the cell efficiency. Previous reports suggested that the
cell efficiency is increased due to improved morphology of the
BHJ photoactive layer caused by doping. The current studies
strongly support the idea that (Alq3)2-OT can also function in
the BHJ active layer as an additional light-absorber which
donates electrons to PCBM and improves the cell efficiency.
Moreover, the suitable energy levels allow the use of (Alq3)2-OT
as an interfacial layer between the active layer and gold anode
improving the cell performance and shelf-lifetime. These nd-
ings provide new insights useful in designing more effective
photoactive materials for photovoltaic applications.

Experimental section
Synthesis of the compounds

(8-(Benzyloxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)qui-
nolone) and 8-(benzyloxy)-5-bromoquinoline were synthesized
using previously published methods.16

Compound 2. Commercial starting material 1 (200 mg,
0.40 mmol), NBS (151 mg, 0.85 mmol) and ethyl acetate (7 mL)
were placed in a reaction ask. The reaction mixture was irra-
diated by ultrasound for 1 h.17 The solvent was evaporated and
the product was puried by ash-chromatography (SiO2,
n-hexane). Compound 2 was collected as yellow powder
(239 mg, 91%). 1H NMR (CDCl3, 300 MHz): d ppm 0.89 (t, J ¼
6.60 Hz, 6H), 1.28–1.42 (m, 12H), 1.59–1.67 (m, 4H), 2.72 (t, J ¼
7.50 Hz, 4H), 6.91 (s, 2H), 6.97 (d, J ¼ 3.93 Hz, 2H), 7.12 (d, J ¼
3.93 Hz, 2H).

Compound 3. Compound 2 (201 mg, 0.31 mmol), toluene
(9 mL), ethanol (3 mL) and distilled water (3 mL) were bubbled
with argon for 15 min. K2CO3 (181 mg, 1.31 mmol), Pd(PPh3)4
(44.8 mg, 0.039 mmol) and 3-hexylthiophene-2-boronic acid
pinacol ester (0.20 mL, 0.63 mmol) were added and the reaction
mixture was reuxed under argon for 5 h. The solvents were
evaporated and ethyl acetate (20 mL) was added. The solution
was extracted two times with distilled water (6 mL) and the
organic layer was dried with MgSO4. The solution was ltered
and evaporated to dryness. Flash-chromatography (SiO2,
n-hexane) afforded the compound 3 as a yellow reddish oil
(246 mg, 97%). 1H NMR (CDCl3, 300 MHz): d ppm 0.89–0.94
(m, 12H), 1.30–1.45 (m, 24H), 1.62–1.76 (m, 8H), 2.78–2.83
(m, 8H), 6.95 (d, J ¼ 5.20 Hz, 2H), 6.97 (s, 2H), 7.07 (d, J ¼ 3.74
Hz, 2H), 7.16 (d, J ¼ 3.74 Hz, 2H), 7.18 (d, J ¼ 5.20 Hz, 2H).

Compound 4. Compound 4 was prepared using the same
method as compound 2. The specic amounts of chemicals
used: compound 3 (170 mg, 0.20 mmol), NBS (76.9 mg,
0.43 mmol) and 4 mL ethyl acetate. Flash-chromatography
(SiO2, n-hexane) afforded the compound 4 as a red powder
(180 mg, 89%). 1H NMR (CDCl3, 300 MHz): d ppm 0.88–0.93
(m, 12H), 1.30–1.40 (m, 24H), 1.57–1.73 (m, 8H), 2.70–2.81
(m, 8H), 6.90 (br. s, 4H), 7.05 (d, J ¼ 3.74 Hz, 2H), 7.15 (d, J ¼
3.74 Hz, 2H).

Compound 5. Method A: Suzuki–Miyaura coupling. Toluene
(4.5 mL), ethanol (1.5 mL) and distilled water (1.5 mL) were
bubbled with argon for 15 min. Compound 4 (150 mg,
0.15 mmol), 8-(benzyloxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)quinoline (109 mg, 0.30 mmol), K2CO3 (93.7 mg,
0.68 mmol) and Pd(PPh3)4 (21.3 mg, 0.018 mmol) were added
and the reaction mixture was reuxed under argon for 5 h. The
solvents were evaporated and the crude product was dissolved
in toluene (15 mL). The solution was transferred to a ash-
chromatography column (SiO2) and eluated with the mixture of
EtOAc–n-hexane (2 : 1). The solid crude product obtained from
column purication was stirred with acetone (3 mL), ltered
and washed with acetone (9 mL). The procedure afforded the
compound 5 as an orange powder (167 mg, 85%). Method B:
direct arylation. Compound 3 (246 mg, 0.30 mmol) was dis-
solved in DMA (3 mL). The solution was bubbled with argon for
15 min. K2CO3 (206 mg, 1.50 mmol), Pd(OAc)2 (6.8 mg,
0.03 mmol), PCy3$HBF4 (22.7 mg, 0.06 mmol), pivalic acid
(19.4 mg, 0.19 mmol) and 8-(benzyloxy)-5-bromoquinoline
(187 mg, 0.60 mmol) were added and the reaction mixture was
heated (150 �C) under argon for 24 h. The reaction mixture was
ltered through a thin pad of silica gel, the lter washed with
chloroform, (ca. 20 mL) and the solvents evaporated. The crude
product was stirred with acetone (3 mL), ltered and washed
with acetone (10 mL) and ethanol (5 mL). The procedure
afforded the compound 5 as orange powder (334 mg, 87%). 1H
NMR (CDCl3, 300 MHz): d ppm 0.89–0.94 (m, 12H), 1.34–1.45
(m, 24H), 1.66–1.78 (m, 8H), 2.79–2.88 (m, 8H), 5.51 (s, 4H), 6.98
(s, 2H), 7.01 (s, 2H), 7.05–7.09 (m, 4H), 7.17 (d, J ¼ 3.74 Hz, 2H),
7.32–7.42 (m, 6H), 7.48–7.56 (m, 8H), 8.64 (dd, J¼ 8.56, 1.71 Hz,
2H), 9.03 (dd, J ¼ 4.20, 1.71 Hz, 2H). 13C NMR (CDCl3, 75 MHz):
d ppm 14.1, 22.6, 22.6, 29.2, 29.3, 29.4, 29.5, 30.5, 30.6, 31.7,
70.7, 109.3, 121.9, 123.9, 124.3, 126.3, 127.0, 127.8, 127.9, 128.2,
128.6, 128.7, 130.2, 130.3, 130.8, 134.0, 134.1, 135.0, 136.7,
136.7, 138.5, 140.0, 140.1, 140.5, 149.4, 154.2. HRMS: calcd for
C80H84N2O2S6Na ([M + Na]+) 1319.4755, found 1319.4812.

Compound 6. Compound 5 (100 mg, 0.077 mmol) was dis-
solved in CH2Cl2 (7.5 mL). The reaction system was charged
with argon and cooled on ice bath. A 1 M BBr3 in CH2Cl2
solution (1.6 mL, 1.60 mmol) was slowly added. The reaction
mixture was stirred at room temperature overnight. The reac-
tion mixture was cooled on ice bath and saturated NaHCO3(aq.)
(8 mL) was slowly added. The mixture was evaporated to
dryness. Toluene (15 mL) and distilled water (5 mL) were added.
The organic layer was dried with Na2SO4 and ltered. The lter
was washed with a small amount of chloroform and the ltrate
was evaporated to dryness. The crude product was stirred with
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acetone (1.5 mL), ltered and washed with acetone (6.5 mL).
The procedure afforded the compound 6 as dark red powder
(65.0 mg, 75%). 1H NMR (CDCl3, 300 MHz): d ppm 0.89–0.94 (m,
12H), 1.35–1.47 (m, 24H), 1.67–1.77 (m, 8H), 2.80–2.89 (m, 8H),
7.01 (s, 2H), 7.03 (s, 2H), 7.09 (d, J ¼ 3.74 Hz, 2H), 7.18 (d, J ¼
3.74 Hz, 2H), 7.22 (d, J ¼ 7.90 Hz, 2H), 7.52 (dd, J ¼ 8.60, 4.20
Hz, 2H), 7.61 (d, J ¼ 7.90 Hz, 2H), 8.68 (dd, J ¼ 8.60, 1.56 Hz,
2H), 8.83 (dd, J ¼ 4.20, 1.56 Hz, 2H). 13C NMR (CDCl3, 50 MHz):
d ppm 14.1, 22.6, 22.7, 29.2, 29.3, 29.5, 29.6, 29.7, 30.5, 30.7,
31.7, 109.5, 122.2, 122.7, 123.9, 126.3, 126.8, 128.7, 129.3, 130.0,
130.2, 130.7, 134.0, 134.6, 135.0, 136.7, 138.3, 138.6, 140.0,
140.1, 147.9, 152.3. HRMS: calcd for C66H73N2O2S6 ([M + H]+)
1117.3996, found 1117.3999.

(Alq3)2-OT. Compound 6 (20.0 mg, 0.018 mmol), 8-hydroxy-
quinoline (10.4 mg, 0.072 mmol), Al(i-PrO)3 (7.3 mg, 0.036
mmol), CHCl3 (2 mL) and ethanol (1 mL) were placed in a
reaction ask which was charged with argon. The reaction
mixture was stirred and reuxed for 17 h. The solvents were
evaporated and methanol (5 mL) was added. The precipitate
was ltered and washed with acetone (10 mL). The procedure
afforded the (Alq3)2-OT as orange powder (29.3 mg, 94%). 1H
NMR (CDCl3, 300 MHz): d ppm 0.91 (br. s., 12H), 1.33–1.42
(m, 24H), 1.71 (br. s., 8H), 2.78–2.86 (m, 8H), 6.92–6.99 (m, 5H),
7.07–7.17 (m, 13H), 7.34–7.54 (m, 11H), 7.62–7.66 (m, 3H), 8.24–
8.32 (m, 4H), 8.76–8.94 (m, 6H). HRMS: calcd for
C102H95N6O6Al2S6 ([M + H]+) 1745.5268, found 1745.5266.

(Alq3)2-OT and PCBM lm preparation. All lm samples were
prepared on quartz plates. The PCBM lm was spin-coated for
5 min (600 rpm) from a 14.1 mg mL�1 DCB solution. The lm of
(Alq3)2-OT was drop-cast from 400 mL of 0.40 mg mL�1 (Alq3)2-
OT chloroform solution. The lm of (Alq3)2-OT with 2.5 m%
PCBM was drop cast from 400 mL of a mixed 0.40 mg mL�1

(Alq3)2-OT and 0.01 mg mL�1 PCBM chloroform solution. The
lm of (Alq3)2-OT with 5 m% PCBM was drop cast from 400 mL
of a mixed 0.40 mg mL�1 (Alq3)2-OT and 0.02 mg mL�1 PCBM
chloroform solution. The lm of (Alq3)2-OT with 9 m-% of
PCBM was drop cast from a 0.40 mg mL�1 (Alq3)2-OT and
0.04 mg mL�1 PCBM chloroform solution.

Spectroscopic measurements. The steady state absorption
and uorescence were measured employing a UV-3600 Shi-
madzu UV-VIS-NIR spectrophotometer and a Jobin Yvon-SPEX
uorolog. The uorescence lifetimes were measured using a
time correlated single photon counting (TCSPC) system equip-
ped with a Picoharp 300 controller and a PDL 800-B driver for
excitation and a microchannel plate photomultiplier (Hama-
matsu R3809U-50) for detection in 90� conguration. The
excitation wavelengths were 405 nm and 483 nm and pulse
frequency 2.5 MHz. Pump-probe technique for time resolved
absorption was used to detect the fast processes with a time
resolution shorter than 0.2 ps. The instrument and the used
data analysis procedure have been reported earlier.18

Solar cell preparation. The solvents and Alq3 (99.995%) were
purchased from Sigma-Aldrich and used without further puri-
cation. The solar cell samples were prepared on ITO coated
glass substrates (1.2 cm � 3.5 cm) purchased from Solems. The
zinc-acetate (Zn(OCOCH3)2$2H2O) for ZnO layer preparation
was purchased from Sigma-Aldrich. Reference polymer, P3HT,

was purchased from Rieke Metals and acceptor PC60BM (99.0%)
from Nano-C.

Solar cells were constructed on commercial ITO covered
glass substrates. The ITO layer was taped and lacquered for
aqua regia etching to achieve a patterned ITO. The etched plates
were cleaned by sonicating in acetone, chloroform, SDS solu-
tion (20 mg sodium dodecyl sulphate in 500 mL Milli-Q H2O),
Milli-Q H2O and 2-propanol (30 min in each), in the previously
stated order, and dried under vacuum at 150 �C for one hour.
Aer a 10 min N2 plasma cleaning procedure (Harrick Plasma
Cleaner PDG-236), a 20 nm ZnO layer was deposited by 1 min
spin-coating in WS-400B-6NPP/LITE spin-coater from Laurell
Technologies from 50 g L�1 zinc-acetate in 96% 2-methoxy-
ethanol and 4% ethanolamine solution following the literature
process.19

The photoactive layer compounds, P3HT, PC60BM and
dopant, were dissolved in 1,2-dichlorobenzene : chloroform
(2 : 1 V%) mixture and stirred (250 rpm) overnight at 50 �C.
Spin-coating of the BHJ photoactive layer from the
P3HT:PCBM:dopant blend took 5 minutes (600 rpm) in the
spin-coater under N2 ow. The spin-coated lms were annealed
under vacuum at 110 �C for 10 min. Buffer layer and Au anode
were evaporated in the vacuum evaporator under �3 �
10�6 mbar pressure. The evaporation rate and lm thickness
were controlled with evaporator crystals to deposit the desired
thickness of the buffer and�50 nm thick Au anode layers on top
of the photoactive layer. The cells were stored in the ambient
atmosphere in the dark before measurements and analysis.

The photovoltaic parameters were obtained and calculated
from current–voltage (I–V) curves, which were measured in the
dark and under simulated AM 1.5 sunlight illumination (50 mW
cm�2) using an Agilent E5272A source/monitoring unit. A
voltage of �0.20 V–0.60 V was applied in 10 mV steps. The
measurements were carried out in ambient atmosphere at room
temperature without encapsulation of the devices. The illumi-
nation was produced by a ltered Xe-lamp (Oriel Corporation &
Lasertek) in the Zuzchem LZC-SSL solar simulator. The illumi-
nation power density was measured using a Coherent Fieldmax
II LM10 power meter. Because a certied measuring system
could not be employed, the absolute efficiency values are not
directly comparable with the other published results. However,
the reported efficiencies and the relative efficiency changes are
comparable within the presented devices.

To determine the thickness of the evaporated buffer layers,
reference quartz plates were placed into the evaporator
chamber for each buffer evaporation. A narrow strip of the
reference lm was removed with a cotton stick dipped in CHCl3
and the step was measured with a Veeco Wyko NT-1100 prol-
ometer. The prolometer data were recorded from (230 � 300)
mm2 and analyzed by phase shi interferometry (PSI) mode. The
vertical resolution of this method is close to 1 Å according to the
instrument manual and the horizontal resolution of the objec-
tive (20 � magnication) is 0.75 mm.

Electrochemical measurements. Differential pulse voltam-
metry (DPV) measurements were carried out by employing an
Iviumstat (Compactstat IEC 61326 Standard) potentiostat and a
three-electrode cell conguration to determine HOMO and
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LUMO energy levels for compound 5 and (Alq3)2-OT. The
measurements were carried out using 0.1 M TBAPF6 in
dichloromethane (DCM) as supporting electrolyte, glass plat-
inum electrode as working electrode, graphite rod as counter
electrode and platinum wire as pseudo reference electrode. For
each sample, the background was measured for 2.5 mL of the
electrolyte solution aer 20 min deoxygenation purging N2. 100
mL of 0.5 mM sample in DCM was inserted and the system was
stabilized again purging N2. Each sample was measured
between �2.5 V and 2.0 V scanning in both directions with
2.5 mV steps. Ferrocene (Acros Organics, 98%) was used as
internal standard reference to scale the measured potentials
against vacuum level.20 HOMO and LUMO level calculations
were based on the formal oxidation and reduction potentials
observed in the DPV curves according to the following
equations:

EHOMO ¼ �(4.8 + Edif,ox)eV

ELUMO ¼ �(�Edif,red + 4.8)eV

where 4.8 eV is the oxidation energy of ferrocene. Edif,ox is the
difference in volts between the formal oxidation potentials of
ferrocene and the measured sample. Edif,red is the difference in
volts between the formal oxidation potential of ferrocene and
the formal reduction potential of the sample. See the HOMO
and LUMO level calculations in ESI p. 19 and 20.†
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