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ABSTRACT
Ultrafast Spectroscopy of Polymer: Non-fullerene Small Molecule Acceptor Bulk
Heterojunction Organic Solar Cells

Maha Ahmed Alamoudi

Organic photovoltaics has emerged as a promising technology for electricity generation.
The essential component in an organic solar cell is the bulk heterojunction absorber layer,
typically a blend of an electron donor and an electron acceptor. Efforts have been made
to design new materials such as donor polymers and novel acceptors to improve the
power conversion efficiencies. New fullerene free acceptors providing low cost synthesis
routes and tenability of their optoelectronic and electrochemical properties have been
designed. Despite the efforts, still not much is known about the photopysical processes
in these blends that limit the performance. In this respect, time-resolved spectroscopy
such as transient absorption and time-resolved photoluminescence, can provide in-depth
insight into the various (photo)physical processes in bulk heterojunction solar cell.

In this thesis, PCE10 was used as donor and paired with different non fullerene acceptors.
In the first part of this thesis the impact of the core structure (cyclopenta-[2,1-b:3,4b’]dithiophene (CDT) versus indacenodithiophene (IDTT)) of malononitrile (BM)terminated acceptors, abbreviated as CDTBM and IDTTBM, on the photophysical
characteristics of BHJ solar cells is reported. The IDTT-based acceptor achieves power
conversion efficiencies of 8.4%, higher than the CDT-based acceptor (5.6%), due to
concurrent increase in short-circuit current and open-circuit voltage. Using (ultra)fast
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transient spectroscopy we demonstrate that reduced geminate recombination in
PCE10:IDTTBM blends is the reason for the difference in short-circuit currents. External
quantum efficiency measurements indicate that the higher energy of interfacial chargetransfer states observed for the IDTT-based acceptor blends is the origin of the higher
open-circuit voltage.
In the second part of this thesis, I report the impact of acceptor side chains on the photophysical processes of BHJ solar cells using three different IDT-based acceptors, namely OIDTBR, EH-IDTBR and O-IDTBCN blended with PCE10. Power conversion efficiencies as
high as 10 % were achieved. The transient absorption spectroscopy experiments provide
insight into sub-picosecond exciton dissociation and charge generation which is followed
by nanosecond triplet state formation in PCE10:O-DTBR and PCE10:EH-IDTBR blends,
while in O-IDTBCN triplets are not observed. Time delayed collection field experiments
(TDCF) were performed to address the charge carrier generation and examine its
dependence on the electric field.
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CHAPTER 1
____________________________________________________________
Introduction

The photovoltaic effect is the elementary process of converting solar energy to electrical
energy in a solar cell. For instance, the following example illustrates the significance of
solar energy: The sun delivers around 1.08×1018 kWh per year to earth, which is about
7000 times the global primary energy consumption 1. Assuming that the solar radiation
could be converted with 100% efficiency, less than 0.01% of the total area of 2.15 million
km2 of the Kingdom of Saudi Arabia would have to be covered with solar panels to
generate the gross electricity consumption of 274 TWh. For this region, an average of the
Global Horizontal Irradiance (GHI) of 2232 KWhm-2 was measured in 2014 2. Although this
example stresses the immense potential of solar energy, the assumed efficiency is far
from being realistic and completely ignores the challenges of energy storage.
Currently, the market of photovoltaics (PVs) is dominated by conventional silicon (Si) solar
cells, owing to thier high power conversion efficiency of about 20% and stability of more
than 25 years. However, conventional Si-based PV technology has not yet successfully
replaced other energy sources based on fossil fuels due to the high costs of PV
manufacturing and installation, which have only recently come down.
There are a number of different solar cell technologies apart from the commercially
available silicon solar cells, such as perovskite solar cells and organic photovoltaics (OPV)
solar cells, which can be applied to a range of applications.
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Although perovskite solar cells achieve device efficiencies, which are comparable to
silicon solar cells, they include a toxic element (lead) which complicates commercial
application. In contrast, organic photovoltaics (OPV) cells are made of generally non-toxic
organic semiconducting materials, which are typically sandwiched between two
electrodes. The organic photovoltaics (OPV) solar cells are promising in terms of the
synthetic variability of organic materials, low-temperature processing, and the possibility
of producing lightweight, flexible, easily manufactured, and inexpensive solar cells3.
However, OPV solar cells still face significant challenges that need to be addressed, such
as improving their relatively low efficiency compared with other PV technologies. In
addition, the high device efficiency is required to be stable against degradation for a
period of time comparable to other PV technologies. Another challenge is to scale up a
small area device that is used in research laboratories to a larger area, which usually
results in a reduction of the device efficiency.
Recently, nonfullerene acceptors have emerged as promising candidates for electron
acceptor systems in organic photovoltaics. In fact, non-fullerene acceptors have
outperformed their fullerene counterparts regarding the power conversion efficiency,
which has now reached over 14 %4 and still there is potential to reach even higher
efficiencies. In order to surpass the already encouraging power conversion, fundamental
aspects such as material design, optical properties, electronic properties, and the
associated loss mechanisms have to be understood and optimized in the next generation
of materials. Notably, several advantages, such as the relatively low synthetic cost, band
gap tunability and intense optical absorption are key factors determining the superiority
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ahead of fullerene systems. Moreover, and essential for this thesis, the efficiency-limiting
photophysical processes in non-fullerene blends are not yet well understood. This thesis
focuses on understanding the charge carrier generation and recombination processes in
organic solar cells based on non-fullerene acceptors.
In the second chapter, a brief overview of organic semiconductors and the interaction of
molecules with light is presented followed by a general description of organic
photovoltaics. Thereafter, the photophysics, specifically the loss mechanisms in Organic
Photovoltaics (OPV) are explained.
The third chapter is devoted to the description of the experimental methods and the
material systems used in this thesis.
The experimental results are presented in chapter 4. There, I demonstrate that the high
short circuit current and open circuit voltage in PCE10:IDTT-based acceptor systems is due
to the low geminate recombination and high CT state energy in contrast to PCE10:CDTbased acceptor systems.
Chapter 5 presents an investigation of the influence of side chains on the charge
generation and recombination in PCE10:IDT-based acceptors. The behavior of O-IDTBR
and EH-IDTBR acceptors differs strongly from O-IDTBCN-based blend, as the formation of
triplets by the non-geminate recombination is observed in the former two systems.
Chapter 7 closes this thesis with a summary of the results and an outlook with suggestions
for future work.
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CHAPTER 2
____________________________________________________________
Background

2.1

Organic Semiconductors

Organic semiconductors are a class of materials that incorporate the electronic properties
of semiconducting materials with the chemical and mechanical advantages of organic
compounds. The term organic semiconductors implies that the materials are made of
carbon and hydrogen atoms and -at times- heteroatoms such as nitrogen, sulfur, and
oxygen and they show properties associated with semiconductor materials. The carbon
atom has six electrons with the configuration 1s22s22p2 of which four electrons in the
outer shell take part in bonding interactions. The s‐ and p‐orbitals of this outer shell can
hybridize to form 4 sp3-hybrid orbitals or 3 sp2-hybrid orbitals and 1 p-orbital, or 2 sphybrid orbitals and 2 p-orbitals. In materials used for organic electronics the sp2
hybridization is the most common. The sp2 hybridization consists of 3 planar sp2‐orbitals
with a fourth pz‐orbital perpendicular to the plane of the sp2‐orbitals. When the sp2‐
orbitals of two carbon atoms overlap, they form covalent bonds called 𝜎‐bonds that are
strong and localized, which yields the backbone of a polymer chain. In contrast, highly
delocalized 𝜋‐bonds are formed from overlapping pz‐orbitals (as showing in Figure 2.1.
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Figure 2.1. C2H4 molecule with sp2 hybridization, namely ethylene.

However, the linear combination of atomic orbitals (LCAO) yields a qualitative picture of
the molecular orbitals (MOs) in a molecule. In this theory, there are two types of
combinations to form molecular orbitals:

1) Bonding molecular orbital: this is formed by a combination of two electronic wave
functions that have no phase difference, i.e. the atomic orbitals will interfere
constructively to form a molecular orbital. Electrons in this orbital spend most of
their time in the region directly between the two nuclei and the molecule will
require less energy to hold the atoms together.
2) Antibonding molecular orbital: The atomic orbitals will interfere destructively due
to the out of face combination of two electronic wave functions. The electron
density between the nuclei is less and the molecule will take more energy to hold
the atoms together. The antibonding molecular orbital is denoted with a star (*).
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The bonding and antibonding orbital formation for a hydrogen (H2) molecule are
illustrated in Figure 2.2.

a)

Wave function combined for
𝜎1𝑠

Bonding probability
density

b)

Antibonding probability
density
Wave function combined
∗
for 𝜎1𝑠

∗
Figure 2.2. The formation of a bonding σ1s (a) and antibonding 𝜎1𝑠
(b) molecular orbital

for H2 as the sum and the difference of the wave functions (Ψ) of two H 1s atomic
orbitals, respectively, along with the electron probability density for both
configurations1.

Due to the large energetic difference between the bonding and antibonding 𝜎-bonds,
they do not contribute to the absorption of visible light. By contrast, the energy difference
between the bonding and antibonding 𝜋-bonds depends on the size of the molecule over
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which the 𝜋-bond is delocalized, i.e. increasing the size of the molecule will decrease the
energy gap between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). Therefore, a sufficiently large delocalized 𝜋electron system can strongly absorb light in the visible range: ~400 − 700 𝑛𝑚.

2.1.1 Conjugated Polymers

A polymer (from the Greek poly, which means “many” and mer, which means “part”) is a
large molecule or macromolecule, which is formed by the repetitive union (mer unit or
repeating unit) of a large number of monomers in a regular sequence. For example,
ethylene is the ‘’mer or repeating unit’’ of polyethylene (Figure 2.3).

Figure 2.3. Monomer and repeating unit of polyethylene.

The properties of polymers depend on their molecular structure, molecular weight,
molecular weight distribution, chemical composition, molecular forces, and morphology.
Interestingly, polymers in general are well known as electrically insulating materials, but
the development of conjugated polymers has provided evidence that polymers can
transport charges under special circumstances and with special structural features 2, 3, 4.
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The term conjugation is derived from a Latin word which means "to link together". It
refers to the alternating sequence of single bonds (i.e. only 𝜎-bonds) and double bonds
(i.e. 𝜎- and 𝜋-bonds). The overlapping p-orbitals create a system of delocalized πelectrons. Polyacetylene for example is conjugated; there is a contiguous arrangement of
pz orbitals that can overlap as shown in Figure 2.4.

Figure 2.4. The structure of polyacetylene 5.

Conjugated polymers are not intrinsically conducting charges, but they can be oxidized or
reduced using charge transfer agents (dopants) in order to enhance their electrical
conductivity. The discovery and development of electrically conducting conjugated
polymers has been rewarded with year 2000’s Chemistry Nobel Prize to the discoverers
Prof. Alan J. Heeger, Prof. Alan G. MacDiarmid, and Prof. Hideki Shirakawa6, 7.
As mentioned earlier, when the number of connected repeat units is very high, like in a
long chain conjugated polymer, the energy gap between the HOMO and LUMO will

26

decrease. Figure 2.5 shows the energy splitting resulting from a number n of linked
(conjugated) thiophene molecules.

Figure 2.5. The energy splitting due to delocalization of pi-electrons in conjugated
polythiophene8.

However, delocalization of the 𝜋-electrons in a conjugated polymer leads to partially
localized single and double bonds and consequently an infinite lowering of the bandgap
is not possible according to the so called Peierls distortion 9, 10. That means the polymers
will always be semiconductors. In addition to Peierls distortion, the conjugation in
extended polymers can be interrupted by chemical chain defects, kinks, and twists, which
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break the conjugation and lead to an effective conjugation length much shorter than the
polymer chain length11. Consequently, polymers can be considered as a chain of oligomerlike subunits with a distribution of conjugation lengths that influence all their
characteristics such as absorption as well as other electronic properties such as charge
transport.

2.1.2 Excited States in Conjugated Polymers
Electronic excitation of a conjugated polymer leads to the promotion of an electron from
the HOMO to the LUMO and the formation of a bound electron-hole pair. As long as the
electron-hole pair is still bound by electrostatic Coulomb force, this state is called an
exciton. Depending on the exciton delocalization, three different kinds of excitons are
distinguished: Wannier-Mott excitons are highly delocalized over several lattice sites and
exist mainly in inorganic semiconductors due to their high dielectric constant. It can
efficiently split at room temperature as its binding energy is on the order of 𝑘𝑇 (≈
25 𝑚𝑒𝑉) resulting in a distance between the electron and hole larger than the lattice
spacing. On the contrary, Frenkel excitons are localized on a site such as a single molecule
or conjugated segment of a polymer chain. The low dielectric constant in conjugated
polymers, roughly about 3, causes the prevalence of Frenkel excitons in this material class.
Finally, there is charge-transfer (CT) exciton, the electron or hole transfer to a neighboring
site / molecule, resulting in a distance between the pair of charges, which is one or two
times greater than the lattice spacing. The exciton types are schematically illustrated in
Figure 2.6. More about the excited states in conjugated polymers can be found in 12, 13.
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a)

Wannier-Mott exciton

b)

c)

Frenkel exciton

Charge-transfer exciton

Figure 2.6. Classification of different exciton types on the basis of the electron-hole pair
delocalization distance: a) Wannier-Mott exciton is delocalized about one order of
magnitude more than the lattice structure spacing. (b) Frenkel exciton localized on one
site / molecule. (c) CT exciton delocalized over 1-2 neighboring sites / molecules.
Modified from12.

However, probing molecules with light is the best way to understand their excited states.
Figure 2.7 depicts a Jablonski diagram which summarizes the possible processes that can
occur in organic materials including photon absorption. A molecule can absorb a photon
if a transition between symmetry-allowed electronic states is possible and if the photon
has sufficient energy, i.e., the energy of the absorbed photon is equal to or larger than
the energy difference between the electronic states. Therefore, an electron is promoted
from the lowest vibronic level of the electronic ground state S0, typically to a higher
vibronic level of an excited state Sn, where n is an integer number (n=1,2,……) depending
on the excitation energy. The transition probability can be calculated taking into account
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the Franck-Condon principle and depends on the overlap of the initial wave function 𝜓
and final wave function 𝜓′ as well as the dipole operator 𝜇 14,15. A schematic
representation of the Franck-Condon principle is illustrated in Figure 2.8. This principle
assumes that the nuclear motion is much slower (sub-picosecond) as compared to the
electronic transition (sub-femtosecond), so the motion of nuclei is negligible during the
short time required for an electronic excitation.

Figure 2.7. Jablonski diagram providing a summary of the possible photo-physical
processes that accrue in organic materials (left side) along with the characteristic
timescale of these processes (right side) 16.
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Figure 2.8. Franck–Condon principle energy diagram of electronic ground and excited
state and their vibrational modes as a function of nuclear distance17.

The following processes are possible after photon absorption, which usually occurs from
the lowest vibrational level of S0:
•

Internal conversion and vibrational cooling: This is a transition from a higher
excited state to a lower excited state of the same spin multiplicity without photon
emission. The energy change is absorbed into the molecule's vibrational modes
and generates heat on a timescale of 0.1-10ps.

•

Fluorescence: A relaxation from the lowest excited singlet state S1 to the ground
state S0 accompanied by emission of radiation on a timescale of normally 0.1 – 10
ns. The light emitted is always of longer wavelength than the light absorbed. This

31

is due to the vibrational relaxation that occurs between excited levels (heat
dissipation e.g., internal conversion), followed by dissipation of the excess energy
by emission of a photon, which allows the system to return back to the electronic
ground state. The energetic difference between the maximum of absorption and
fluorescence spectrum is known as Stokes Shift. Typical absorption and
fluorescence spectra are depicted in Figure 2.9.
•

Intersystem Crossing: This is a transition between two electronic states of
different spin multiplicities. In this transition the excited singlet states convert to
triplet states. This transition is weak in most organic materials, but can be
facilitated by strong coupling between singlet and triplet states, e.g. in the
presence of heavy atoms like metals or halogens, which cause strong spin-orbital
coupling.

•

Phosphorescence: The triplet can relax non-radiatively via vibrational relaxation
or radiatively via phosphorescence, which occurs on a timescale of microseconds
to seconds. The triplet decay rate is much slower than for singlet excitons as the
recombination is a spin-forbidden process. In addition, phosphorescence is redshifted compared to fluorescence, as the lowest vibrational level of T1 is lower in
energy than S1.
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If the concentration of triplets is very high, two triplets can react, which leads to
the population of an excited state and ground state. This process is known as
triplet-triplet annihilation (TTA). Sternlich et al.18 described a delayed fluorescence
originating from regenerated singlet states via TTA for pure and mixed organic
crystals.

Figure 2.9. Typical absorption and emission spectra. The Stokes Shift is the difference
between the 0-0 transitions of absorption and emission16.
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2.2

Organic photovoltaics (OPV)

2.2.1 History of OPV
In 1986, Tang et al. reported the first OPV device with a PCE of ~ 1% using the bi-layer
structure. Thin layers of p-type small molecules (copper phthalocyanine: CuPc) as electron
donor (D) and n-type molecules (perylene diimide derivative: PDI) as electron acceptor
(A) were thermally evaporated and sandwiched between two electrodes (indium tin
oxide, ITO and silver, Ag). This thin film cell’s heterojunction is analogous to that
employed in a conventional pn-junction in an inorganic semiconductor PV cell. For this
cell, the most efficient charge separation occurred at the DA interface as demonstrated
in 19. The driving force of exciton (electron-hole pair) dissociation is the energy offset at
the interface created by the different electron affinities (ionization potentials) between
the donor and acceptor materials. However, the low efficiency of the bi-layer structure
device is caused by recombination of excitons prior to reaching the interface due to their
short life time and associated short diffusion length LD of 50 Å, which is typically shorter
than the optical absorption length (LA~500 -1000Å). To avoid exciton recombination, the
active layers must be very thin. However, such a thin film (~ 20 nm) exhibits insufficient
optical absorption.
The observation of ultrafast photoinduced electron transfer (~ 50 𝑓𝑠) from a conjugated
polymer (MEH-PPV) to fullerene C60 was reported by Heeger and Sariciftci in 1990s and
opened up the possibility of using conjugated polymers as donor and fullerenes as
acceptor in solution-processed OPV devices 20.

34

In 1992, the bulk heterojunction (BHJ) structure was invented by Sariciftci and Heeger 21.
Figure 2.10 shows the difference between the BHJ solar cell: 2.10a, and bilayer solar cell:
2.10b shows that this particular design gives rise to a large interfacial area, allowing for
efficient exciton dissociation. More specifically, charge photogeneration is increased as
the diffusion distance is significantly shortened. As a matter of fact, BHJ has become the
standard device structure in OPV research.

a)

b)

Figure 2.10. a) Bilayer solar cell. b) Bulk heterojunction solar cell.

The need for designing and synthesizing new materials is aimed at primarily developing
new donor materials, seeking for improved properties such as better spectral sensitivity,
enhanced hole transport and favorably tuned HOMO (Highest occupied Molecular orbital)
and LUMO ((Lowest Unoccupied Molecular Orbital) energy levels, which match the classic
fullerene acceptors, typically [6,6]-phenyl-C61 (or C71)-butyric acid methyl ester
(PC61BM or PC71BM) 22. Fullerene acceptors serve as key materials being traditionally
the most effective electron-transport material in BHJ solar cells with π-conjugated
polymer and small-molecule (SM) donors. Moreover, they possess several distinct
advantages such as large electron affinity (EA) and ionization potential (IP) with values of
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4.1−4.3 and 5.9 eV, respectively23, which make them compatible with many donor
materials, isotropic charge transport properties and a tendency to ‘’crystallize‘’ in the
bulk, which creates a sufficient energetic driving force from the interface towards the
bulk, thereby aiding charge separation.
However, incentives remain to develop other electron acceptors with structures that will
not only retain the favorable properties of fullerenes, but also overcome their
insufficiencies, such as weak absorption of photons in the visible range, which is
synthetically challenging to modify, thus has limited tunabilitity, comparatively expensive,
especially PC71BM, photostability and degradation issues, moderate electron mobilities
of 10−4- 10−3 𝑐𝑚2 /(𝑉𝑠), and low-energy interfacial charge transfer charge transfer (CT)
states, leading to low open-circuit voltages (𝑉𝑜𝑐 ). Before the end of 2013, several review
papers were published that reported small-molecule and polymeric organic acceptors 2425.

In addition, other reports, typically from the molecular point of view, have addressed

this research topic 26-27. BHJ devices based on solution-processed non-fullerene acceptors
have shown PCEs over 9 %

28-29.

Among electron-accepting materials for organic

photovoltaics, small molecule (SM) acceptors have attracted considerable interest. PCEs
around 12 % for non-fullerene SM acceptor-based organic solar cells have now been
obtained 30, 31. In this regard, non-fullerene materials have emerged as serious contenders
to their fullerene counterparts and are implemented in recent studies, leading to
significant progress made on power conversion efficiencies. More specifically, nonfullerene systems allow for easy tuning of the electronic properties and further more they
possess absorption in the visible range, and allow fine tuning of the electronic properties.
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2.2.2 Electronic Structure of Interfaces in OPV
A common architecture of an organic BHJ solar cell is presented in Figure 2.11a. The
device has an anode, consisting of a glass substrate, covered by a transparent conducting
oxide (TCO) such as indium tin oxide (ITO). Almost all organic solar cells use ITO as
transparent electrodes. Followed by a hole transportation layer (HTL), typically
PEDOT:PSS, that smooths the surface roughness of the ITO and enables good hole
extraction from the photoactive layer. On top of the PEDOT:PSS layer the photoactive
layer is spun-cast. The final layer is an evaporated metallic electrode that acts as a
cathode, usually aluminum, silver, gold, or calcium.
The photoactive layer is comprised of a blend of an electron donor (D) and electron
acceptor (A). The donor material has higher HOMO and LUMO energy values, equivalent
to a lower ionization potential (IP) and electron affinity (𝛘), while the acceptor molecule
has lower HOMO and LUMO values as shown in Figure 2.11b. The contact between the
acceptor and the donor materials represents the most important element of an OPV
device, because only at that interface, exciton dissociation can occur with high probability
and efficiency.
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a)

b)
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Figure 2.11. a) The device structure of an organic BHJ solar cell. b) The electronic
structure of a donor–acceptor organic photovoltaic at open-circuit conditions.

Once the electron and hole are separated, they are transported to the respective
electrodes. Consequently, the energy levels at the interface between the electrodes and
the organic semiconductor materials must be matched to allow optimal charge separation
and thus energy conversion efficiency 32. This interface can be described by the metalsemiconductor-metal model. When the contact is made, charge flows from one material
to the other, until the Fermi levels of the two electrodes align. Therefore, a band bending
in the organic layer is caused at the interface due to Fermi-level pinning. As a
consequence, and depending on the work function of the metal and the energy level of
the material in contact, Ohmic and Schottky contacts are formed. Four possible
combinations of p-type (donor) and n-type (acceptor) semiconductors with electrodes of
high and low work function metals are explained below and are illustrated in Figure 2.12
16:
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-

In the case of n-type (acceptor ) semiconductor:



A Schottky contact is formed if the work function of the metal (Φ𝑀 ) > the work
function of the semiconductor(Φ𝑆 ). A depletion layer appears in the
semiconductor due to the diffusion of the electrons from the semiconductor to
the metal, leading to a small carrier density in the semiconductor and high carrier
density in the metal.



An Ohmic contact is formed if (Φ𝑀 ) <(Φ𝑆 ). There is a negative accumulation in
the acceptor as electrons diffuse from the metal to the semiconductor, no barrier
forms.

-

In the case of p-type (donor) semiconductor:



A Schottky contact is formed if Φ𝑀 < Φ𝑆 . Holes diffuse from the semiconductor
to the metal leading to small carrier density in the semiconductor and to high
carrier density in the metal electrode, and a depletion layer appears in the
semiconductor.



An Ohmic contact is formed if Φ𝑀 > Φ𝑆 . There is a positive accumulation in the ptype semiconductor as electrons diffuse from the semiconductor to the metal, and
no barrier forms33.

Therefore, as the HOMO of the donor transports holes, high work-function electrodes are
used as cathode material to form barrier-less, Ohmic contacts. On the other hand, lowwork function metals are required to form Ohmic contact and extract the electrons from
the LUMO of the acceptor. In addition, interfacial layers at electrode/active layer
interfaces can enhance significantly the efficiency of the organic solar cells. The
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importance of the interfacial layers in increasing the photocurrent and reducing the
recombination at the electrodes is explained in detail later in this chapter.

Figure 2.12. Metal semiconductor interface for high and low work function metals in
combination with p-type and n-type semiconductor. The energetics are shown with and
without contact for each combination16.
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2.2.3 Basic Working Principle

The processes leading from photon absorption to charge generation are summarized in
Figure 2.13. At the beginning of these processes is the absorption of a photon. The
absorption of a photon in an organic semiconductor does not directly lead to the
generation of free charge carriers. Instead a bound singlet exciton, a Frenkel-type exciton,
i.e. an exciton, which is tightly bound by Coulombic interaction, is created as a
consequence of the low dielectric constant of the organic material (𝜀 r≈ 2–4).

I

II)
LUMO

LUMO
LUMO

LUMO

HOMO

HOMO
HOMO

III

HOMO

IV

LUMO

LUMO
LUMO

HOMO

HOMO

LUMO

HOMO

HOMO

Figure 2.13. Charge generation mechanism in an organic solar cell including I) Exciton
generation upon absorption and exciton diffusion to the interface, II) Charge-transfer
state formation, III) Charge transfer state dissociation, and IV) transport to and
extraction of charges at the respective electrodes16.
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The exciton can diffuse to an interface between the two materials and be dissociated by
a charge‐transfer process. The result of the dissociation of Frenkel excitons can either be
a charge‐transfer exciton or free charge carriers. If charge‐transfer excitons are formed,
a large number of parameters, like excess energy, morphology, or the influence of the
electric field, have to be considered to ensure efficient dissociation of the charge‐transfer
excitons into free charge carriers. Eventually, the free charge carriers have to be
transported so they can be collected at the electrodes. The processes above are explained
in details in the Photophysics vs. loss mechanisms in Organic photovoltaics (OPV) section.

2.2.4 Figures of Merit

The main figure-of-merit of any type of solar cell is the efficiency with which the solar cell
converts the optical power of incident light into electrical power, i.e., the power
conversion efficiency (PCE). The PCE is the most important parameter for the
characterization of a solar cell, which is defined as the ratio of the maximum power point
Pmpp of the solar cell and the incident radiant power PLight:

𝑃𝐶𝐸 =

𝑃𝑚𝑝𝑝
𝑃𝐿𝑖𝑔ℎ𝑡

At the maximum power point 𝑃𝑚𝑝𝑝 , the solar cell delivers its maximum power and thus
it is preferably operated at the MPP. 𝑃𝑚𝑝𝑝 can be calculated from characteristic
parameters of the solar cells, i.e., the short circuit current density 𝐽𝑠𝑐, the open circuit
voltage 𝑉𝑜𝑐, and the fill factor 𝐹𝐹 (see Figure 2.14) by
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𝑃𝑚𝑝𝑝 = J𝑆𝐶 × V 𝑂𝐶 × FF

The short circuit current density 𝐽𝑆𝐶 is the current when no external bias is applied
(𝑉 = 0) (maximum current extractable from device). At 𝑉 = 0 , the charge carriers drift
due to the influence of the internal field, which is given by the difference of the work
functions of the electrodes.
The open circuit voltage 𝑉𝑂𝐶 is the maximum voltage obtainable from the device at which
no net current flows in the external circuit as the charge carrier generation is
compensated by recombination processes inside the device. The difference between the
LUMO of the acceptor and the HOMO of the donor allows to the estimation of the
theoretical maximum value of 𝑉𝑂𝐶 . This theoretical maximum value cannot be reached in
real devices due to recombination losses and injection barriers at the contacts, as it has
been pointed out by Rauh et al 34.
The fill factor FF is defined as the ratio of the product of the voltage and the current at
the maximum power point to the product of 𝐽𝑆𝐶 and 𝑉𝑂𝐶 . :

𝐹𝐹 =

𝐽𝑚𝑝𝑝 × 𝑉𝑚𝑝𝑝
𝐽𝑆𝐶 × 𝑉𝑂𝐶

In other words, the FF describes the quality of a device, i.e., how “rectangular” the current
density–voltage (J–V) curve is in the 4th quadrant. In addition, the FF is a measure of field
dependent loss mechanisms in a solar cell. In the absence of any field dependence, the
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fill factor approaches unity and in the case of a strong field dependence of the
photocurrent it can be reduced considerably.
The power conversion efficiency 𝑃𝐶𝐸 is determined by factors that can easily be obtained
from the device current-voltage characteristics:

𝑃𝐶𝐸 =

J𝑆𝐶 × V 𝑂𝐶 × FF
𝑃𝐿𝑖𝑔ℎ𝑡

PCE10:IDTTBM

Figure 2.14. Current–voltage characteristics of PCE10:IDTTBM BHJ solar cell. The ratio of
the grey and the purple rectangle defines the fill factor of the device.

In order to enable a worldwide comparability of power conversion efficiencies of results
measured in different laboratories, standard illumination conditions need to be defined.
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The standard illumination conditions that are typically used in laboratories correspond to
a simulated global air mass 1.5 (AM 1.5G) solar spectrum at 25oC with an irradiance of
1000 Wm-2.

2.2.5 Interfacial layer effects on the PCE

Due to the blend morphology of the BHJ organic solar cells, both the donor (holeconducting) and acceptor (electron-conducting) phases are typically in contact with both
electrodes. Therefore, recombination at these interfaces is a potential loss mechanism.
Interfacial layers at electrode/photoactive layer interfaces can significantly suppress the
recombination and increase the extraction of charges at the electrodes. At the anode for
example, if both holes and electrons are extracted then immediate recombination can
be expected. In this case, the Interfacial layer plays two important roles. First, to enhance
hole extraction, hence the layer is termed a “hole transport layer” (HTL). The second role
is to block the injection of the electrons, hence the layer is termed an “electron blocking
layer” (EBL). A more detailed picture of this type of recombination is illustrated in Figure
2.15.
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a)

b)

c)

Figure 2.15. Diagram of three different situations of the interface between the electron
acceptor and anode. a) Without electron blocking layer (EBL) at strong electric field (low
cell voltage), b) without EBL for a weak electric field (high cell voltage), and (c) with EBL
independent of the field strength. Modified from35.

The figure shows a competition between carrier diffusion 𝐽𝑑𝑖𝑓𝑓 and drift 𝐽𝑑𝑟𝑖𝑓𝑡 current
densities. Under typical operating conditions of photovoltaic solar cells, the average
electric field across the active layer can be approximated as E=(𝑉0 − 𝑉)/𝑑, where 𝑉0 is
the built-in voltage, 𝑉 is the cell voltage, and 𝑑 is the active layer thickness. The built-in
voltage (𝑉0 ) helps to drive electrons to the cathode and holes to the anode, while the cell
voltage (𝑉) works against the 𝑉0. That means, when the cell voltage increases, the electric
field decreases and vice versa. Figure 2.15a shows the case where the cell voltage is low
and the electric field is relatively strong. Therefore the electron drift current
predominates over the diffusion current and the charge carriers drift to their respective
electrodes. Figure 2.15b shows the opposite case where the cell voltage is high (i.e. near
to the open circuit voltage) and the average electric field is relatively weak. Consequently,
the diffusion current dominates over the drift current, and more electrons move to the
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anode, which is also populated by holes, leading to recombination losses. The EBL is
designed so that its LUMO level is positioned sufficiently high to suppress the electron
diffusion current to the anode and its HOMO level is aligned with the HOMO level of the
donor material and the anode work function to facilitate hole extraction as shown in
Figure. 12.15c 35.
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2.3

Photophysics vs. loss mechanisms in Organic photovoltaics (OPV)

The basic photophysical processes and their competing loss mechanisms that occur in
organic BHJ solar cells are exemplified and illustrated in Figure 2.16.

I. Exciton Generation and Diffusion vs. Exciton Decay
II. Charge Transfer (CT) State Separation vs. Geminate Charge Recombination
III. Free Charge Transportation and Extraction vs. Non-geminate Charge Recombination

Figure 2.16. Photo-physical processes and their competing loss mechanisms in OPV.

2.3.1 Exciton Generation and Diffusion vs. Exciton Decay

Before discussing the actual generation of excitons, it is important to understand the
significance of the limiting factors affecting the absorption of the solar radiation such as
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absorption range, absorption coefficient, the layer thickness, and the optical band gap.
Organic semiconductors have a relatively high absorption coefficient allowing these
materials to capture most of the photons. That leads to efficient light harvesting in layers
that are relatively thin, so the thickness is in the range of 100-200 nm. The photocurrent
generation is directly related to the fraction of light absorbed by the blend film 36, which
depends on the absorption strength, the layer thickness, and the optical band gap. The
optical band gaps of conjugated polymers are often not well matched to the solar
emission spectrum, thus limiting the fraction of solar radiation absorbed. However, taking
the absorption of the solar cell and the photon flux can provide an idea about the fraction
of photons that can be harvested for photocurrent generation in solar cells. Figure 2.17
shows the photon flux calculated from the AM1.5G solar spectrum together with the
normalized integrated photon flux, indicating that about 63% of the emitted solar
photons can be harvested for photocurrent generation in silicon-based solar cells with an
onset of absorption around 1100 nm, almost a factor of 3 larger than a mid-bandgap
polymer:fullerene device such as P3HT:PCBM with only 22%. A low-bandgap
polymer:fullerene device like PCE10:PCBM increases the harvested photon flux to 38% of
the total solar photon flux.
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Figure 2.17. Photon flux calculated from the AM1.5G solar spectrum together with the
normalized integrated photon flux and the approximate onset of absorption of silicon,
P3HT:PCBM , and PCE10:PCBM materials used in photovoltaic devices.

The first step of charge generation in organic solar cells is the absorption of a photon by
the donor or/and acceptor. Upon photon absorption, Frenkel excitons are generated due
to the low dielectric constant (𝜀 r≈ 2–4) and the localized nature of the electronic states
in organic semiconductors. The binding energy of the Frenkel exciton is in the range of
0.3–1 eV, unlike the Wannier exciton (free electron–hole pairs at room temperature) in
inorganic semiconductors that have a binding energy comparable to thermal energy at
room temperature ~25 meV

37.

However, the diffusion of Frenkel excitons to the

interface is not influenced by an electric field, as they are neutral species. Therefore, they
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diffuse randomly. The photogenerated excitons need to diffuse to the interface between
the D and A components before they decay back to the ground state (and are lost for
photocurrent generation), which occurs typically after hundreds of ps to 1 ns. Accordingly,
the domain sizes known as phases of the donor or/and acceptor must be in the range of
the exciton diffusion length LD (~10 − 20 𝑛𝑚) in standard conjugated polymers, such as
P3HT or PPV 38-39, but can also exceed 65 nm in evaporated CuPc layers related to a higher
degree of molecular order 40. Despite this, LD depends strongly on the material systems
and their trap density.
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2.3.2 Charge Transfer (CT) State Separation vs. Geminate Charge Recombination

Upon reaching the interface, the exciton undergoes charge transfer (CT), which is driven
by the energy offset between the donor’s and acceptor’s LUMO or HOMO levels, i.e.
∆(LUMOD-LUMOA) > exciton binding energy, or ∆(HOMOD-HOMOA) > exciton binding
energy, depending on whether the donor or acceptor have been excited.
Although the electron and hole are now located on different molecules, they can still be
coulombically bound across the interface. Here, the binding energy of this charge pair is
weaker due to their larger spatial separation, which is also enhanced by the delocalization
of CT states. In fact, the binding energy of this CT state is an order of magnitude higher
than the thermal energy at room temperature (few hundreds of meV vs. 25 meV) 40, 41, 42.
However, efficient photocurrent generation requires separation of the photogenerated
electron-hole pair (polaron pair) into long-lived separated charges (free polarons), which
is considered the key challenge in organic based solar cells. In principle, electron-hole
pairs will only split into free charges, if the energy gain is larger than the Coulombic
binding energy. Although several studies show that increasing the D/A energy offset
corresponds to higher efficiency of charge separation

43-44,

the theoretical basis for this

notion is still limited.
After interfacial charge transfer the CT state undergoes fast relaxation (~100 𝑓𝑠) to its
lowest excited electronic and vibrational level, denoted as CT1. This particular state is the
lowest energy CT state, where the hole is located on the HOMO level of a D molecule and
the electron on the LUMO level of an adjacent A molecule 40. If the electron-hole pair (also
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called CT exciton) is not able to overcome its mutual Coulomb attraction, it decays back
to the ground state (GS). This is only one of several models of the charge transfer
mechanism, which was initially explained by Braun-Onsager45 as shown in Figure 2.18.

Figure 2.18. The Braun-Onsager mechanism of charge generation and separation. In this
mechanism, the thermalized CT state separates to spatially-separated charges (SSC) on a
time scale of ns or it decays back to the ground state GS. Here, the 𝑘𝐸𝑋→𝐶𝑇 is the charge
transfer rate from the excited state to the hot CT state, 𝑘𝑖𝑛𝑡 is the internal conversion of
the CT state, 𝑘𝐶𝑇→𝑆𝑆𝐶 is the separation rate from the CT1 to the SSC and 𝛾 is the
nongeminate recombination rate45.

The recombination of the CT exciton is termed geminate recombination. Due to the
localization of CT states at the interface, they are less mobile than free charges, and thus
the geminate recombination is intensity-independent. In other words, the fraction of CT
excitons that recombine geminately is the same at both low and high light intensities.
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However, a high fraction of geminate recombination results in a reduced short circuit
current and therefore limited device performance. The geminate recombination rate
𝑅𝑔𝑒𝑚 is given by 39:
𝑅𝑔𝑒𝑚 = 𝑘𝐶𝑇→𝐺𝑆 𝑛
Where 𝑘𝐶𝑇→𝐺𝑆 is the recombination prefactor, which is independent of the charge carrier
density 𝑛 39. In TA experiments, geminate recombination is identified as pump intensityindependent decay of both ground-state bleach and photo-induced absorption of
charges.
In addition to a high open circuit device, at which the CT state is higher than the triplet
state(> 0.1 𝑒𝑉), the CT exciton can be transferred to the triplet state. In this case, the
triplet state can serve as an additional loss mechanism by providing an efficient pathway
for deactivation of CT states 40, 41, 46.

2.3.3 Charge Transportation vs. Non-geminate Charge Recombination

When electron-hole pairs overcome their mutual Coulomb attraction, they form chargeseparated states referred to as holes on the donor material and electrons on the acceptor.
The free charge carriers move due to an electric field (drift) or carrier concentration
gradients (diffusion) toward their respective electrodes where they are extracted as
photocurrent. In inorganic semiconductors, electrons and holes are transported freely
within the conduction/valence band due to the delocalization of the electron wave
functions over the crystal lattice. Instead, in organic semiconductors, wavefunctions are
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delocalized over single molecules, conjugated polymer segments, or at the most partly
crystalline regions, leading to more localized states. This results in a fast charge transport
within these localized states, but limited transport between them due to the energetic
and spatial disorder. Occasionally, overlap between neighboring orbitals allows a charge
transport between the localized states, commonly described by a hopping process of
charges. Several models have been used to describe the mechanism of charge collection.
However, this is not the scope of this thesis.
If the free electrons and holes on their way to their respective electrodes encounter each
other and come close enough to their mutual capture radius, i.e., the distance at which
columbic binding energy and thermal energy are equal, they can recombine. The
recombination of free charge carriers is termed non-geminate recombination as the
recombining carriers originate from different photoexcitations (excitons).

The non-geminate recombination was first described by Langevin's equation, which was
originally developed for the recombination of ions in gases 47-48. In this theory, the time
needed for charge carriers to recombine in coordinate space under the influence of
coulomb interaction is given by:
𝑟𝑐

𝜏𝐿 = ∫
0

𝑑𝑟
(𝜇𝑒 + 𝜇ℎ )𝐸(𝑟)

where

𝐸(𝑟) =

𝑒
4𝜋𝜀𝜀0 𝑟 2
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𝑒 is elementary charge, 𝜇𝑒, 𝜇ℎ are the mobilities of the electron and the hole, respectively,
𝜀𝑜 𝜀𝑟 is the effective dielectric constant of the organic semiconductor, and 𝑟𝑐 is the
interaction radius, which in a 3D case is determined by

4𝜋𝑟𝑐3
3

1

= 𝑛, where 𝑛 is the charge

carrier density equal to (𝑛𝑝 − 𝑛𝑖2 ) ≈ 𝑛𝑝. 𝑛𝑖 is the intrinsic charge carrier concentration
which is negligible under solar illumination, that is 𝑛𝑖2 ≪ 𝑛𝑝. Therefore, the Langevin
recombination rate can be simplified to:
𝑅𝐿 =

1
𝑒(𝜇𝑒 + 𝜇ℎ )
=
𝑛𝑝 = 𝛾3𝐷 𝑛𝑝 = 𝛾3𝐷 𝑛2
𝜏𝐿
𝜀𝜀0

where 𝛾3𝐷 is the Langevin recombination prefactor in 3D which depends on the sum of
(𝜇𝑒 ) 𝑎𝑛𝑑(𝜇ℎ ) and the dielectric constant of the material 𝜀 49. The assumption of 𝑛 = 𝑝
is valid for photogenerated charges due to the requirement of charge neutrality.
According to this formalism the recombination rate increases, if there are more charge
carriers (higher carrier concentration) and if the charge carriers move faster (have higher
mobility).
Experimentally, deviations from Langevin’s recombination have been observed in many
polymer-fullerene systems 50, 51. This is not surprising, as organic semiconductors are twodimensionally anisotropic and heterogeneous media unlike gases, for which the theory
was originally developed. As an example, in blends of donor and acceptor molecules, the
recombination is limited to the interface between both materials as the hole and electron
are confined to their respective phase. Consequently, in a two-dimensional media 𝑟𝑐 is
1

determined by 𝜋𝑟𝑐2 𝑙 = 𝑛 , thus the recombination probability becomes:
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𝑅2𝐷 =

3
3√𝜋 𝑒(𝜇𝑒 + 𝜇ℎ )
(𝑙𝑛)2 = 𝛾2𝐷 𝑛 = 𝛾2𝐷 𝑛𝑝
4
𝜀𝜀0

Here 𝑙 is the thickness of the confined dimension. Therefore, the 2D nongeminate
recombination prefactor 𝛾2𝐷 will be reduced in comparison to the 3D case by:
𝛾2𝐷 =

3√𝜋 (3) (1)
𝑙 2 𝑛 2 𝛾3𝐷
4

That requires the insertion of an additional prefactor ξ into the Langevin recombination
rate equation that accounts for the reduced interfacial area and is typically about 10‐1 to
10‐3 50, 52. Other effects, like shifts of the energy levels due to disorder, re-dissociation of
bound pairs

53,

and the presence of charge carrier concentration gradients
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might

further contribute to the reduced recombination rate compared to that predicted by the
original Langevin theory.
Aside from the recombination rate reduction, different nongeminate recombination
orders have been observed in experiments, which cause further deviations from the
original Langevin recombination model. The recombination order can be viewed as the
number of charge carriers required for a recombination event. The order of nongeminate
recombination depends on the probability of a charge to find an oppositely charged
carrier to recombine. For instance, the pure annihilation of two mobile charges leads to a
nongeminate recombination of second order, as highlighted in Figure 2.19a. However, it
is also possible that a charge is trapped and recombines with a mobile one, resulting in a
recombination order that depends on the density of trapped charge carriers 𝑛𝑡 . If 𝑛𝑡 ≫
𝑛𝑐 with 𝑛𝑐 representing the density of mobile charge carriers, the process is simply first
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order. On the contrary, nongeminate decay of second order is observed if 𝑛𝑡 ≪ 𝑛𝑐 as
shown in Figure 2.19 b.
a)

b)

Figure 2.19: a) Second order bimolecular recombination of two mobile charge carriers.
b) If the density of trapped charge carriers clearly exceeds the density of the mobile
ones, the recombination process is a first order process; otherwise the bimolecular
recombination is of second order55.

In transient experiments on organic solar cells, several groups also reported a
recombination order higher than two 38, 51. The modified Langevin recombination rate can
then be described by
𝑅𝑛𝑜𝑛𝑔𝑒𝑚 = 𝜉

𝑒(𝜇𝑒 + 𝜇ℎ ) 𝜆+1
𝑛
𝜀𝜀0

In which 𝜉 is the Langevin reduction factor and 𝜆 + 1 is the generalized reaction order.
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2.4

The two pool model of recombination

The charge carrier dynamics are fitted using a model, which is called two pool model, as
it accounts for both geminate and nongeminate recombination. The model is based on
the assumption that we have an ultrafast charge transfer and it provides an accurate
estimation of the associated charge recombination processes. In the model, the rate of
the spatially separated charges from a hot charge-transfer state 𝐾𝑆𝑆𝐶 is in competition
with the internal conversion in the CT manifold 𝐾𝑖𝑛𝑡 thus the free spatially separated
charges are generated on an ultrafast timescale (<100 fs) which is illustrated in Figure
2.20

Geminate
Recombinatio
n

Non-geminate
Recombinatio
n

Figure 2.20: The ultrafast charge separation mechanism. CT is the charge-transfer state,
SSC is the spatially separated (free) charges, and GS is the ground state. The parameters
shown are all described in the text45.
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We assume that No is the initial charge density, that is the total number of free (spatiallyseparated) charges and bound charge-transfer states divided into two pools. The first pool
is populated by a density of f × N0 , where f is the fraction of the singlet excitons, creating
spatially separated charges via a hot charge-transfer state. The second pool is populated
by (1-f) × N0 where (1-f) is the remaining fraction of the singlet excitons creating chargetransfer states which are Coulombically bound and decay geminately with a rate
constant 𝐾𝐶𝑇→𝐺𝑆 . Therefore, the change in the CT state population can be expressed by
the following equation 45.

𝑑𝐶𝑇
𝑑𝑇

= −𝐾𝐶𝑇→𝐺𝑆 (1 − 𝑓)𝑁𝑜 = −

1
𝜏𝐶𝑇→𝐺𝑆

(1 − 𝑓)𝑁𝑜

where CT is the charge transfer state population and 𝜏𝐶𝑇→𝐺𝑆 is the lifetime of the CT state.
The solution to this equation is:

𝐶𝑇(𝑡) = (1 − 𝑓)𝑁𝑜 𝑒𝑥𝑝(−𝐾𝐶𝑇→𝐺𝑆 t) = (1 − 𝑓)𝑁𝑜 𝑒𝑥𝑝(−t/𝜏𝐶𝑇→𝐺𝑆 )

The recombination of the spatially-separated charges follows ideally a Langevin-type nongeminate recombination as explained in section 2.3.3 and can be described by

𝑑𝑆𝑆𝐶
= − 𝛾 𝑓𝑁𝑂 𝜆+1
𝑑𝑡
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Where SSC is the spatially separated charge population, 𝜆 is the order of the
recombination, and 𝛾 is the non-geminate recombination rate.
The solution to this equation is:

𝑆𝑆𝐶(𝑡) = (𝜆𝛾𝑡 + (𝑓𝑁𝑂 )−𝜆 )−1/𝜆

This yields the following analytical solution used to fit the charge-induced absorption
decay.

𝑑𝐺𝑆
= 𝑘𝐶𝑇→𝐺𝑆 𝐶𝑇 + 𝛾 𝑆𝑆𝐶 𝜆+1
𝑑𝑡

𝐺𝑆(𝑡) = (1 − 𝑓)𝑁𝑜 (1 − 𝑒𝑥𝑝(−𝐾𝐶𝑇→𝐺𝑆 t) ) + 𝑓𝑁𝑜 − (𝜆𝛾𝑡 + (𝑓𝑁𝑂 )−𝜆 )−1/𝜆

Where GS is the ground state population at time t
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CHAPTER 3
_____________________________________________________________
Experimental methods and materials

In this chapter, the basic preparation protocol of a solar cell, including the materials and
various characterization methods will be presented. In addition, a description of the
implemented experimental techniques and facilities will follow.

3.1

Device preparation

In the current work, thin film BHJ solar cell with inverted device structure was adopted as
presented in Figure 3.1a. This device structure consists of tin-doped indium oxide (ITO)
with a resistivity of 15 Ω sq-1 patterned on the surface of a glass substrate. The ITO is
covered by a layer of amorphous ZnO thin film (𝛼 − 𝑍𝑛𝑂), this layer and the ITO layer
serve as electron transport layer (ETL) and extraction layer, respectively. On top, the
photoactive layer is spin-casted, followed by evaporating molybdenium oxide MoO3 and
silver layers. The 𝑀𝑜𝑂3 and 𝐴𝑔 are serving as hole transport layer (HTL) and extraction
layer, respectively. The actual device fabrication protocol is described below:


ITO patterning: Six ITO stripes are patterned to the right-hand and left-hand side
on the surface of the glass with a thickness of 130 nm as sketched in Figure 3.1b.
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𝛼 − 𝑍𝑛𝑂: After ultrasonic cleaning in several solvents, a 𝛼 − 𝑍𝑛𝑂 layer of
approximately 30 nm is spin-casted on top of the ITO and afterwards annealed at
1500C for 20 minutes.



Active layer: After thermal annealing, the device is transferred into a dry nitrogen
glovebox. Herein, the photoactive layer, consisting of a blend of polymer and non
fullerene materials, is spin casted on top of the 𝛼 − 𝑍𝑛𝑂 layer. Further details for
the individual material systems investigated in this work are given in chapter 3.
The active and the 𝛼 − 𝑍𝑛𝑂 layers are removed by scratching, so that contact with
ITO is directly achieved.



Evaporation: The MoO3 and Ag electrode are evaporated on top of the
photoactive layer without exposing any material to air. The evaporation mask
creates six equal pixels on each substrate with an active area of 0.1 cm 2. The
choice of the electrode depends on the active layer material.
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A)

B)

Figure 3.1: a) The inverted device structure with all the associated layers. (B) Layout of
organic BHJ the solar cell, where the transparent light grey represents the ITO stripe on
top and bottom side of the glass. The overlap of the dark grey electrodes with the ITO
stripe defines the pixel size of 0.1 cm2.

3.2

Photo-thermal Deflection Spectroscopy (PDS)

Photothermal deflection spectroscopy measurements were performed with a home-built
setup. Incident light from a 250 W quartz-tungsten-halogen lamp was fed through a
monochromator and illuminated the sample which was kept in a liquid
(tetradecaflurohexane) within a cuvette. The probe source was a He-Ne laser, Thorlabs
HRS015, operating at 633 nm. A small fraction of the monochromatic light was split off as
an intensity reference measured by a lock-in amplifier, model Stanford Research Systems

69

SR830, implementing a pyro-electric detector from Newport DET-L-PYC5-R-P. The actual
signal was detected as the deviation of the probe beam by a silicon quadrant detector,
model Thorlabs PDP90A using another lock-in amplifier.

3.3

Transient Absorption Spectroscopy (TAS)

Transient absorption spectroscopy is a time‐resolved optical pump‐probe technique that
can be used to monitor excited state populations after a short excitation pulse. A short
laser pulse acting as a pump beam is irradiated on a sample. This pump beam excites the
sample and an electron is promoted from the low lying ground state to the higher lying
excited state. Moreover, a second laser pulse, usually a broadband white light continuum,
is illuminated on the sample such that it is overlapping spatially with the pump beam on
the sample surface. The white light is acting as a probe beam and is transmitted through
the sample. The transmission of the light through the sample in the ground state is
denoted as 𝑻𝑷𝒖𝒎𝒑 𝒐𝒇𝒇 , while the transmission of the light through the sample in the
excited state is denoted as 𝑻𝑷𝒖𝒎𝒑 𝒐𝒏 . By changing the time delay 𝑡 between the pump
and the probe and recording

𝚫𝑻
𝑻

at each time delay where

profile as a function of 𝑡 and wavelength 𝜆, i.e

𝚫𝑻
𝑻

𝚫𝑻
𝑻

=

𝑻𝑷𝒖𝒎𝒑 𝒐𝒏 − 𝑻𝑷𝒖𝒎𝒑 𝒐𝒇𝒇
𝑻𝑷𝒖𝒎𝒑 𝒐𝒇𝒇

,a

(𝒕, 𝝀) is obtained. The parameter

Δ𝑇
𝑇
𝚫𝑻
𝑻

(𝒕, 𝝀) contains information on relaxation, transition and recombination processes of
excited states.
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3.3.1

Signals in Transient Absorption Spectroscopy

Three different mechanisms contribute to the transient absorption spectrum and are
directly associated to the excited state spectrum

Δ𝑇
𝑇

. Below, the description of these

mechanisms is outlined.

1) Ground state bleach (GSB)
Upon the interaction with the pump pulse, a fraction of molecules will be promoted
to the excited state and thus the number of molecules in the ground state will be
reduced. Hence, the transmission of the light through the sample in the excited state
is higher than that in the non-excited sample. As a result, a positive signal in the

Δ𝑇
𝑇

spectrum is observed in the wavelength region of ground state absorption, as
schematically indicated in Figure 3.2a (dashed blue line). The origin of GSB in terms
of transition between states is illustrated in Figure 3.2b.

2) Stimulated emission (SE)
Stimulated emission occurs when the pump pulse populates fluorescent excited
states that can decay to the ground state radiatively and simultaneously emit
photons. These states are stimulated by other photons coming from the probe pulse
when it passes through the excited sample. The stimulated emission photon is
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emitted in the exact same direction as the probe photon and hence both will be
detected resulting in light intensity increment on the detector and therefore a
positive

Δ𝑇
𝑇

signal. Stimulated emission has a spectral position which is in agreement

with the fluorescence spectrum of the excited sample, i.e., it is Stokes-shifted with
respect to the ground-state bleach as schematically indicated in Figure 3.2 a (dashed
green line).

3) Photoinduced absorption (PIA)
The population in the excited state S1 undergoes a transition from this particular state to
a higher-lying excited state S2 by absorbing photons from the probe pulse in the region of
excited-state absorption (Figure 3.2a), dashed red line). This photoinduced absorption
decreases the transmission in the wavelength region corresponding to that transition
resulting in a negative

Δ𝑇
𝑇

signal. Tracking the PIA signal provides information about not

only the primary excited states (excitons), but also charge-transfer states, free charges
and triplets.

72

a)

b)

GSB

PIA

SE
GSB

SE

PIA

Figure 3.2: a) Constructed TA spectrum consisting of ground state bleach (GSB, dashed
blue line), stimulated emission (SE, dashed green line) and photo-induced absorption
(PIA, dashed red line). The black line represents the TA signal which is the sum of all
contributions. b) The different mechanisms are shown in the energy diagram1.

In this thesis the transient absorption (TA) spectroscopy was carried out using a homebuilt pump-probe setup. Two different configurations of the setup were used for either a
short delay, namely 100 fs to 8 ns experiments, or a long delay, namely 1 ns to 100 μs
delays, as described below:
The output of titanium:sapphire amplifier (Coherent LEGEND DUO, 4.5 mJ, 3 kHz, 100 fs)
was split into three beams (2 mJ, 1 mJ, and 1.5 mJ). Two of them were used to separately
pump two optical parametric amplifiers (OPA) (Light Conversion TOPAS Prime). The
TOPAS 1 generates tunable pump pulses, while the TOPAS 2 generates signal (1300 nm)
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and idler (2000 nm) only. A fraction of the output signal of titanium:sapphire amplifier
was focused into a c-cut 3 mm thick sapphire window, thereby generating a white-light
supercontinuum from 500 to 1600 nm. For short delay TA measurements, we used the
TOPAS 1 for producing pump pulses while the probe pathway length to the sample was
kept constant at approximately 5 meters between the output of the TOPAS1 and the
sample. The pump pathway length varied between 5.12 and 2.6 m with a broadband
retroreflector mounted on an automated mechanical delay stage (Newport linear stage
IMS600CCHA controlled by a Newport XPS motion controller), thereby generating delays
between pump and probe from -400 ps to 8 ns. For measuring TA whole visible range, we
used 1300 nm (signal) of TOPAS 2 to produce white-light super continuum from 350 to
1100 nm.
For the 1 ns to 100 μs delay (long delay) TA measurement, the same probe white-light
supercontinuum as for the 100 fs to 8 ns delays was used. However, the excitation light
(pump pulse) was provided by an actively Q-switched Nd:YVO4 laser (INNOLAS picolo
AOT) frequency-doubled to provide pulses at 532 nm. The laser was triggered by an
electronic delay generator (Stanford Research Systems DG535), itself triggered by the TTL
sync from the Legend DUO, allowing control of the delay between pump and probe with
a jitter of roughly 100 ps.
Pump and probe beams were focused on the sample with the aid of proper optics, which
was kept under a dynamic vacuum of <10-5 mbar. The transmitted fraction of the white
light was guided to a custom-made prism spectrograph (Entwicklungsbüro Stresing)
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where it was dispersed by a prism onto a 512 pixel NMOS linear image sensor
(HAMAMATSU S8381-512). The probe pulse repetition rate was 3 kHz, while the
excitation pulses were mechanically chopped to 1.5 kHz (100 fs to 8 ns delays) or directly
generated at 1.5 kHz frequency (1 ns to 100 μs delays), while the detector array was read
out at 3 kHz. Adjacent diode readings corresponding to the transmission of the sample
after excitation and in the absence of an excitation pulse were used to calculate ΔT/T.
Measurements were averaged over several thousand shots to obtain a good signal-tonoise ratio. The chirp induced by the transmissive optics was corrected with a home-built
Matlab code by revaluating for each wavelength the delay at which pump and probe
simultaneously arrive on the sample at the time of the signal amplitude.

3.4

Time-resolved photoluminescence spectroscopy (TRPL)

Time-resolved photoluminescence (TRPL) spectroscopy is an instructive tool to measure
radiative decay processes in an excited sample. In OPV material systems, the TR-PL can
be used to measure the exciton diffusion process by probing the subset of radiative
excitons, which is not immediately quenched at internal interfaces, revealing information
about the morphology of the pure domains of the donor or acceptor component. In
addition, it can be used to detect radiative and interfacial CT states. The working principle
of the TRPL is schematically depicted in Figure 3.3.
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Figure 3.3: Schematic illustration of the operation principle of a streak camera2.

1.

The sample is excited by a short laser pulse and it emits photons accordingly.

2.

The emission of the sample is diffracted by the spectrograph in the horizontal direction
in order to spectrally resolve the incoming light.

3.

The spectrograph is connected to a photocathode which converts the incident photons
into electrons.

4.

The electrons then interact with a time dependent electric field perpendicular to the
propagation direction and to the spectrograph dispersion. Therefore, the electrons
deflect in the direction of the electric field with different angles, depending on their
time of arrival.

5.

The generated electrons are incident on a phosphorescent screen where they convert
back into photons.

6.

A two dimensional CCD camera records the number of photons.
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As an output, an image of the PL of the sample that is spectrally resolved in the x-axis and
time-resolved in the y-axis is obtained. In this work, the measurements were conducted by
applying an optical parametric oscillator (OPO) from Radiantis pumped by a Spectra
Physics Maitai oscillator. The output from the OPO was routed through the pulse picker
(Pulse Select from A.P.E) and aligned on the sample. The PL signal was then collected and
focused through optical lenses to the slit entrance of the spectrograph and carried to the
streak camera (Hamamatsu), and finally the collected signal was analyzed and optimized
on a computer.

3.5

Time-delayed collection field (TDCF)

The time delayed collection field (TDCF) technique was introduced 30 years ago and was
originally applied to inorganic devices 3, but later also used to study organic BHJ solar
cells 4,5,6.
In this thesis the TDCF is used to study the field dependence of charge generation,
charge extraction, and photogenerated charge density. In TDCF an electrical probe is
applied following an optical excitation. In order to illuminate the sample and generate
charges, we used the second harmonic (532 nm) of an actively Q-switched sub-ns
Nd:YVO4 laser (InnoLas picolo AOT) operating at 5 kHz. The intensity of the incident
laser on the sample was varied by filter wheels with different neutral density filters to
vary the amount of charges generated in the device. Samples were measured under
dynamic vacuum conditions to avoid degradation in the air. The sample was illuminated
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while being kept at constant prebias voltage 𝑉𝑝𝑟𝑒 . The 𝑉𝑝𝑟𝑒 defines the internal electric
field Fint as shown in equation
𝐹𝑖𝑛𝑡 =

𝑉𝐵𝑖 − 𝑉𝑝𝑟𝑒
𝑑

Here, 𝑉𝐵𝑖 is the built-in potential and 𝑑 the thickness of the photoactive layer. In order
to support the polaron pair dissociation, a highly negative 𝑉𝑝𝑟𝑒 which results in a high
electric field inside the sample is required. While 𝑉𝑝𝑟𝑒 is applied, charge carriers are
generated via the laser pulse and produce a photocurrent 𝐼𝑝ℎ . After the delay time
𝑡𝑑𝑒𝑙𝑎𝑦 , all remaining charges are extracted by a highly negative collection voltage 𝑉𝑐𝑜𝑙 .
Typically, the 𝑡𝑑𝑒𝑙𝑎𝑦 should be ≤ 100 𝑛𝑠 to ensure that the charge generation process
via a CT-state is finished, but nongeminate losses of already separated charges can be
neglected. In contrast, the extraction time 𝑡𝑒𝑥𝑡𝑟 needs to be sufficiently long to ensure
that no photogenerated charges remain inside the sample. The 𝑉𝑝𝑟𝑒 e and 𝑉𝑒𝑥𝑡𝑟 were
provided by A Keysight S1160A functional generator while the current response of the
device was measured by a Keysight four channel digital oscilloscope. The voltage signal
applied to the sample by the function generator is shown in Figure 3.4a. In Figure 3.4b
the resulting measurement signal is displayed. The area below the first peak of the TDCF
signal corresponds to the amount of charge carriers extracted during delay time 𝑡𝑑𝑒𝑙𝑎𝑦
(denoted as 𝑄𝑝𝑟𝑒 ) and is directly influenced by the 𝑉𝑝𝑟𝑒 . While, the area below the
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second peak of the TDCF signal corresponds to the amount of charge carriers extracted
during the extraction time 𝑡𝑒𝑥𝑡𝑟 (denoted as 𝑄𝑐𝑜𝑙 ) and is due to 𝑉𝑐𝑜𝑙 . The integration of
the two areas yields 𝑄𝑝𝑟𝑒 and 𝑄𝑐𝑜𝑙 as in the equation shown

𝑡

𝑄𝑝𝑟𝑒 = ∫0 𝑑𝑒𝑙𝑎𝑦 𝐼𝑃ℎ (𝑡) 𝑑𝑡

𝑡

𝑄𝑐𝑜𝑙 = ∫0 𝑑𝑒𝑙𝑎𝑦+𝑡𝑒𝑥𝑡𝑟 𝐼𝑃ℎ (𝑡) 𝑑𝑡

𝑄𝑡𝑜𝑡 = 𝑄𝑝𝑟𝑒 + 𝑄𝑐𝑜𝑙
𝑄𝑡𝑜𝑡 is the total amount of initially photogenerated charges minus those lost to
recombination and equals to the sum of 𝑄𝑝𝑟𝑒 and 𝑄𝑐𝑜𝑙

Figure 3.4. Schematics of the TDCF experiment. a) Applied voltage during a TDCF
measurement, b) Typical TDCF signal, shows the prebias charge 𝑄𝑝𝑟𝑒 during the delay
time 𝑡𝑑𝑒𝑙𝑎𝑦 and the collection charge𝑄𝑐𝑜𝑙 during the extraction time 𝑡𝑒𝑥𝑡𝑟 7.
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3.6

Materials
b) IDTTBM

a) CDTBM

c) O-IDTBR R=n-octyl
EH-IDTBR R=2-ethylhexyl

d) O-IDTBCN

R=n-octyl chain
or ethylhexyl branch

Figure 3.5. : The chemical structures of different non fullerene acceptors.
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In this work five different non-fullerene acceptors were investigated; CDTBM, IDTTBM, OIDTBR, EH-IDTBR, and O-IDTBCN. Figure 3.5 shows the chemical structures for the
investigated materials.
The CDTBM (A) and IDTTBM (B) acceptors contain the same electron-withdrawing unit
which is a so called BM (2-(benzo[c][1,2,5]-thiadiazol-4-ylmethylene)-malononitrile) and
this end group is used due to its strong electron affinity which can result both in low-lying
energy levels and effective intramolecular charge transfer (ICT). The principal difference
between CDTBM8 and IDTT-2BM9 systems is in their core units. Whereas the CDTBM use
cyclopenta-[2,1-b:3,4-b′]dithiophene (CDTBM), the IDTT-2BM use a larger core of
indacenodithiophene (IDT). These particular core units are used to construct electron
donors.
The IDTBR acceptors (C) are derivatives of the indacenodithiophene (IDT) core. They were
synthesized according to the procedure described

10, 11

and alkylated using either linear

n-octyl (O-IDTBR) or branched 2-ethylhexyl (EH-IDTBR) side chains. More details about
the chemical synthesis are given in 12.
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CHAPTER 4
____________________________________________________________
Impact of Nonfullerene Acceptor Core Structure on the Photophysics and
Efficiency of Polymer Solar Cells
The following article was published in the American Chemical Society (ACS) Energy
Letters.
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4.1

ABSTRACT

Small‐molecule (SM) ‘nonfullerene’ acceptors are promising alternatives to fullerene
(PC61/71BM) derivatives often used in bulk heterojunction (BHJ) organic solar cells; yet,
the efficiency‐limiting processes and their dependence on the acceptor structure are not
clearly understood. Here, we investigate the impact of the acceptor core structure
(cyclopenta‐[2,1‐b:3,4‐b′]dithiophene

(CDT)

vs.

indacenodithiophene

(IDTT))

of

malononitrile (BM)‐terminated acceptors, namely CDTBM and IDTTBM, on the
photophysical characteristics of BHJ solar cells. Using PCE10 as donor polymer, the IDTT‐
based acceptor achieves higher power conversion efficiencies (8.4%) than the CDT‐based
acceptor (5.6%) due to a concurrent increase in short‐circuit current and open circuit
voltage. Using (ultra)fast transient spectroscopy we demonstrate that reduced geminate
recombination in PCE10:IDTTBM blends is the reason for the difference in short‐circuit
currents. External quantum efficiency measurements indicate that the higher energy of
interfacial charge transfer states observed for the IDTT‐based acceptor blends is the origin
of the higher open‐circuit voltage.

4.2

Introduction

Organic photovoltaic (OPV) devices are predominantly based on solution-processed bulk
heterojunction (BHJ) photoactive layers, typically composed of an electron-donor, a
conjugated polymer or small molecule, and an electron-acceptor molecule, often a
fullerene PC61/71BM.1-3 Until recently, fullerene derivatives prevailed as acceptors for high
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performance OPV devices,4-9 while device efficiencies with ‘nonfullerene acceptors’
(NFAs) remained limited.10-11 However, NFAs have now reached performance parity with
fullerene acceptors and several materials even outperform fullerenes in terms of
efficiency and (photo)stability.12-19 Very recently, a new record efficiency of 13% achieved
with novel NFAs has been demonstrated.20 Owing to the demonstration of higher power
conversion efficiencies achieved with NFAs, efforts to design and synthesize novel NFAs
have considerably increased.21-23 Several advantages such as lower costs, the possibility
to tune the band-gap,24 strong optical absorption,25 and improved photostability are key
factors making NFAs very attractive.26 In fact, by tuning the optical and electronic
properties, open-circuit voltages, VOC,27 often higher than those achieved with fullerene
acceptors can be obtained. Furthermore, the increased absorption of the photoactive
layer and the broader spectral coverage of the solar spectrum should be conducive to
higher short-circuit current densities, JSC,28 than those possible with fullerenes. Better
control over the acceptor’s energy levels with respect to the donor material can help to
further increase the power conversion efficiencies,29 which is not trivial when fullerenebased acceptors are used.

Among the vast number of donor polymers available to date, PCE10 is now widely
used as a model system in OPV devices.30 Applications of PCE10 as donor polymer in solar
cells with fullerene acceptors have yielded power conversion efficiencies of up to 10%.
Nevertheless, implementation of NFAs in conjunction with PCE10 is still limited, and even
more limited is the insight into the photophysical processes that determine the efficiency
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of PCE10:NFA devices. In short, our general understanding of the physical processes
occurring in BHJ solar cells is as follows: photoexcitation of the bulk heterojunction
creates bound electron-hole pairs (Frenkel-type excitons).31-32 The excitons dissociate at
the donor-acceptor interface, which in intimately mixed blends leads to ultrafast exciton
quenching on a time scale of less than hundred femtoseconds (fs). Exciton quenching by
interfacial charge transfer eventually leads to the formation of interfacial charge transfer
(CT) states and spatially-separated (free) charge carriers.33 Ultimately, the free charges
drift-diffuse through the donor and acceptor network and are collected at the electrodes,
resulting in a photocurrent in the external circuit. However, in the case of large-scale
donor-acceptor demixing, diffusion of excitons can also be observed on the timescale of
several picoseconds (ps) in addition to ultrafast dissociation.34 Furthermore, CT states
generated upon charge transfer at the interface may not dissociate entirely into free
charges, if the charges cannot overcome their mutual Coulomb attraction. These CT states
recombine geminately, typically on the timescale of hundreds of picoseconds to several
nanoseconds. Recent theoretical insights into what determines the efficiency of the
interfacial CT state dissociation have demonstrated that the driving force for the CT state
splitting depends on the quadrupole moments of the donor and acceptor, as well as
roughness of the interface.35-38 Furthermore, free charge carrier extraction competes
with nongeminate recombination, potentially leading to low fill factors.34 Both geminate
and nongeminate recombinations are loss channels that reduce the quantum efficiency
of the solar cell. From a spectroscopic viewpoint, geminate and nongeminate
recombinations can be distinguished by the different response of their dynamics to the
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light intensity. CT states are coulombically-bound charges localized and immobilized at
the donor-acceptor interface. Hence, their decay is typically fluence independent. In
contrast, nongeminate recombination of free charge carriers is more probable at higher
carrier densities, i.e. at higher light intensities. Nongeminate recombination can also lead
to the population of the triplet state, as spin correlation is lost when charges are fully
separated, and recombination of free charges follows spin-statistics leading to
preferential triplet state formation, which can impact device performance and stability.
In this study, we investigate the impact of the chemical structure of the NFA core
on the photophysical processes that determine the device efficiency. Blending the SM
acceptor IDTTBM and the commercial low-bandgap polymer donor PCE10 yields power
conversion efficiencies in excess of 8% – efficiencies that are significantly higher than
those achieved with the structurally-related SM acceptor CDTBM that has been reported
previously by us.39 Here, we use PCE10 as donor polymer for reasons of consistency with
our previous study on CDTBM, which showed good device performance. Furthermore, we
focus on the comparison of the impact of the acceptor’s core structure on the device
performance and photophysics rather than on further evaluation of the acceptors’
performance when combined with different donor polymers. Specifically, we employ
optical spectroscopy, including time-resolved photoluminescence and transient
absorption (TA) spectroscopy to disentangle the various charge generation and
recombination channels and to examine their impact on device performance in these two
structurally-related systems. Our findings indicate: 90 % of the charges generated upon
photoexcitation in the PCE10:IDTTBM blend system are spatially-separated and undergo
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nongeminate recombination, if not extracted, compared to 71 % in the PCE10:CDTBM
blend system. This is in excellent agreement with the internal quantum efficiencies (IQE)
determined for the two blend systems in actual BHJ solar cells, precisely 90 % vs. 74 %,
implying that geminate recombination is a more significant loss channel in PCE10:CDTBM,
leading to lower photocurrents. Our experimental results are supported by theoretical
calculations, which demonstrate a larger quadrupole moment of the IDTTBM acceptor,
which in turn improves CT state dissociation, as well as smaller energetic disorder in
IDTTBM domains, favoring more efficient electron transport and smaller 𝑉𝑜𝑐 reduction. In
fact, the energy of the interfacial CT states is found to be higher in PCE10:IDTTBM, largely
explaining the difference in the open-circuit voltage between the two systems. Finally, we
conclude that field-dependent generation or nongeminate recombination competing
with extraction are not important loss processes in these blends, which is consistent with
their fill-factors in excess of 60%.
4.3 Results and Discussion
Materials and Device Performance. The steady-state absorption spectra of PCE10 and
the NFAs in neat films, and the J-V characteristics of optimized PCE10:NFA devices are
provided in Figure 4.1. The CDTBM and IDTTBM acceptors carry the same terminal (2(benzo[c][1,2,5]-thiadiazol-4-ylmethylene)-malononitrile) electron-withdrawing groups
(BM) (Figure 4.1a, appended because of their strong electron-withdrawing character,
resulting in low-lying LUMO energy levels. The principal structural difference between the
CDTBM39 and IDTTBM40 acceptors is their core: CDTBM uses cyclopenta-[2,1-b:3,4-
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b′]dithiophene (CDT) as the core and IDTTBM uses a more extended indacenodithiophene
(IDTT) core.
Steady-state absorption spectra of neat PCE10 films, CDTBM films, and
PCE10:CDTBM blends alongside the respective IDTTBM and PCE10:IDTTBM samples are
shown in Figure 4.1b and 4.1c, respectively. The absorption of PCE10 is broad, ranging
from 550 to 780 nm, with vibronic peaks at 644 nm and 710 nm. CDTBM exhibits a broad
absorption band peaking at 677 nm however, a clear vibronic structure is not observed.
IDTTBM films absorb mostly in the spectral region from 550 nm to 850 nm, with a peak
absorption at 677 nm and a vibronic progression at 663 nm. Comparing the absorption
spectrum of PCE10 with both acceptors shows that their absorption largely overlaps.
However, CDTBM has a broader absorption than IDTTBM, extending further into the
spectral region of 800-900 nm, as shown in Figure 4.1b. Hence, the PCE10:CDTBM blend’s
absorption spectrum extends also further into the red spectral region, peaking at 722 nm,
compared to that of the PCE10:IDTTBM blend, which peaks at 720 nm. The reason for the
lower energy absorption of CDTBM compared to the absorption of IDTTBM is not obvious.
However, aggregation of the smaller acceptor core structure of CDTBM in the solid state
could lead to a red-shift of the absorption spectrum, which also explains the rather
featureless shape of the absorption spectrum.
Thin-film

BHJ

solar

cells

with

inverted

device

structures,

ITO/a-

ZnO41/PCE10:SM/MoO3/Ag, and a device area of 0.1 cm2 were fabricated and tested
under AM1.5G solar illumination at an irradiance of 100 mW/cm2. More specifically,
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CDTBM-based cells were fabricated according to the optimized conditions reported in our
previous work (2:3 wt./wt.).39 This material system was cast from chlorobenzene (CB)
with 0.8% 1-chloronaphthalene (CN) as additive, whereas optimized PCE10:IDTTBM blend
BHJ devices (1:1 wt./wt.) were cast from CB (cf. details in SI). Figure 4.1d depicts the
current density-voltage (J-V) characteristics of optimized CDTBM and IDTTBM-based BHJ
solar cells with PCE10 as the polymer donor. As previously reported, optimized
PCE10:CDTBM devices reached maximum PCEs of up to 5%.39 Here, the PCE has been
improved further compared to our previous work, to average PCE values of 5.3% (max.
PCE 5.6%), a short-circuit current (JSC) of 12.7 mA/cm2, an open-circuit voltage (VOC) of
0.67 V, and a fill-factor (FF) of 62% as shown in Table 4.1. BHJ devices made with the
IDTTBM acceptor achieved higher average PCEs of 8.1% with a maximum value of 8.4%
because of higher JSC > 15 mA/cm2, increased VOC of 0.83 V, and similar FF of 63%.
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Figure 4.1. a) Chemical structures of the nonfullerene acceptor molecules CDTBM,
IDTTBM, and of the donor polymer PCE10. b) Normalized steady-state UV-Vis absorption
spectra of neat PCE10, CDTBM, and PCE10:CDTBM (2:3 wt./wt.) blends. c) UV-Vis
absorption of neat PCE10, IDTTBM, and PCE10:IDTTBM (1:1 wt./wt.) blends. d) J-V
characteristics of PCE10:CDTBM and PCE10:IDTTBM devices.
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The JSC values measured from optimized CDTBM and IDTTBM-based BHJ solar cells (Table
4.1) are consistent with the corresponding values from spectrally-integrated external
quantum efficiency (EQE) measurements presented in Figure S4.1. From ellipsometry
measurements and transfer matrix simulations, the maximum Jsc was estimated as 18.5
mA/cm2 for PCE10:CDTBM (2:3 wt./wt.) and 18.6 mA/cm2 for PCE10:IDTTBM (1:1 wt./wt.)
for their respective optimal thicknesses ( 65 nm and  80 nm, respectively). Further
details of the ellipsometry experiments are presented in Figures S4.2 and S4.3. The strong
photoresponse from both devices in the spectral region of 1.55-2.2 eV is consistent with
the absorption spectra of the materials as shown in Figure 4.1b and 4.1c. The
corresponding internal quantum efficiency (IQE) spectra inferred from EQE and blend
absorptance as determined from a combination of data from photothermal deflection
spectroscopy (PDS) and UV-Vis spectrophotometry experiments are shown in Figure 4.2a
and 4.2b. Here, the IQE was calculated from the EQE signal and the absorption A(E)
measured by PDS, EQE(E)/A(E),42 further details are given in the SI. Maximum IQE values
of 74 % for CDTBM and 90 % for IDTTBM were found in the range of 1.6 eV-2.2 eV. The
low-energy tail of the sensitive EQE measurement was fitted with a Gaussian to determine
the CT state energy according to the method previously described by Vandewal et al.42
The estimated values of the CT state energy are 1.34 eV and 1.48 eV for PCE10:CDTBM
and PCE10:IDTTBM, respectively. We note that the difference in CT state energy can (to
a large extent) be ascribed to the difference in LUMO energies between the two
acceptors: -4.27 eV for CDTBM and -4.03 eV for IDTTBM as determined from cyclic
voltammetry measurements and the absorption onset of the materials. As can be seen
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from Figure 4.2, the IQE response for PCE10:IDTTBM and PCE10:CDTBM steadily
decreased below the bandgap. As reference, we determined the IQE characteristics for
the system PCE10:PCBM, shown in Figure S4.4 We confirmed that the IQE remains high
even below the bandgap of the blend, as reported earlier for many other
polymer:fullerene blends.43 The reason for the steady drop of the IQE observed for the
PCE10:NFA blends requires further studies. Here we conclude from our measurements,
that the observed difference in CT state energies explains well the difference in opencircuit voltage observed for the two systems.

Photovoltaic
Blend

D/A
Ratio

VOC

JSC

[V]

[mA/cm2]

PCE10:CDTBM

2:3

0.67±0.01

12.7±0.4

PCE10:IDTTBM

1:1

0.83±0.01

15.5±0.34

JSC(EQE)A

FF

Max. PCE

[mA/cm2]

[%]

[%]

12.5±0.4

62±1.3

5.6

15.8±0.4

63±1.3

8.4

Table 4.1. Figures of merit of optimized PCE10:CDTBM (2:3 wt./wt.) and PCE10:IDTTBM
(1:1 wt./wt.) devices.A The EQE corrected values of Jsc.
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Figure 4.2. Steady-state blend absorptance A(E) determined by PDS and UV-Vis
measurements, sensitive EQE(E) measurements, and the calculated IQE(E) of a)
PCE10:CDTBM and b) PCE10:IDTTBM devices. The insets display the sensitive EQE data
fitted with a Gaussian to obtain the CT state energy.
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Density functional theory calculations.
We performed density functional theory (DFT) calculations using the B3LYP functional
and 6-311g(d,p) basis set. Optimized geometries of CDTBM and IDTTBM in their neutral
states are shown in Figure S4.5. For CDTBM we show three conformers with different
orientations of the BM groups with respect to the core. The lowest energy conformer
(formation energies are summarized in Table S4.1 is CDTBM-tt. This conformer has a
large dipole moment of approximately 10 Debye. The second lowest in energy conformer,
CDTBM-ct, has practically no dipole moment, while the third conformer, CDTBM-cc, has
a dipole moment of ca 4 Debye. IDTTBM has no dipole moment in its lowest energy
conformation. The reason for the absence/presence of the dipole moment in the ground
state is the symmetry of the conjugated core of the donor. The CDT unit has a mirror
symmetry (reflection in the zy-plane), while the conjugated core of the IDTT donor has an
inversion center. Since S and N heteroatoms coordinate better with hydrogens, the
ground states of the entire molecules have a mirror or an inversion symmetry, including
the BM groups. This symmetry determines whether the dipole moments of two donoracceptor subunits compensate each other or not. The ground state dipole moment has a
clear impact on the width of the density of states: larger dipole moments lead to broader
density of states, which typically has an effect on the charge carrier mobility. In addition,
a broader density of states leads to a reduction of the chemical potential of holes in the
acceptor and thus a larger reduction of VOC with respect to the photovoltaic gap, namely
IPdonor – EAacceptor, which is also observed experimentally (see above). CDTBM and IDTTBM
have different lengths of conjugated donor cores. A direct implication of this is a much
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larger value of the quadrupole tensor. The actual values of the diagonal elements of the
quadrupole tensor are also given in Table S4.1. The quadrupole moment affects both the
solid-state energy level alignment and the efficiency of the CT state splitting.

35-38

The

exact effect on the CT state splitting and level alignment depends on the orientation of
acceptor molecules at the interface. If we assume, for both CDTBM and IDTTBM, a
particular orientation that helps splitting CT states (as both solar cells are efficient), the
quadrupole moment of IDTTBM is almost twice as large as that of CDTBM, hence the
electrostatic driving force for CT state splitting will be almost higher in IDTTBM. In
addition, this force impedes geminate recombination of CT states and therefore should
increase the short circuit current, which is again observed experimentally.43

Time-resolved spectroscopic studies.
To understand the origin of the device performance difference across the two NFA
systems, exciton and charge carrier dynamics were studied by time-resolved
photoluminescence (TRPL) and transient absorption (TA) pump-probe spectroscopy. We
specifically address the difference in photocurrent by transient spectroscopy across a
time range from picoseconds to microsecond (ps-µs). Using TA, exciton dissociation and
fast (sub-ns) charge recombination were examined on the ps-ns timescale, whilst slower
recombination of spatially-separated charges was investigated on the ns-µs timescale.
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Figure 4.3. Time-resolved photoluminescence data of the PCE10:IDTTBM system: a)
Picosecond time-resolved spectra after excitation at 600 nm (delay times denoted in the
legend). b) Time-integrated spectra of a neat PCE10 film, IDTTBM film, and
PCE10:IDTTBM blend. c) Component spectra obtained by multivariate curve resolution
(MCR) analysis of PCE10:IDTTBM blend PL spectra. Component 1 is assigned to
photoluminescence from PCE10 and component 2 to PL from IDTTBM due to the
spectral similarity to the emission of neat film shown in b). d) Transients of components
fitted with single exponential decays. The inset describes a larger time window up to
400 ps.
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Exciton quenching and charge transfer.
Steady-state PL (quenching) data is presented in Figure S4.6 for PCE10:IDTTBM and
PCE10:CDTBM blends. We reported previously that the PL quenching in PCE10:CDTBM is
around 99 %.39 Here, a further investigation of the exciton dynamics was performed by
transient PL measurements on PCE10:IDTTBM blends following excitation at 600 nm using
a Streak camera system. The transient PL spectra of the PCE10:IDTTBM blend are shown
in Figure 4.3a for different time delays. The equivalent data of PCE10:CDTBM are shown
in Figure S4.7. The blend spectra are broad and featureless and peak at 740 nm instantly
after excitation. The spectra show a pronounced red shift in the first 16 ps, with another
feature becoming apparent around 800 nm. The PL transients of neat IDTTBM and the
blend were fitted with single-exponentials; the associated PL lifetimes obtained from the
fits are 97 ps and 36 ps, respectively, confirming the occurrence of exciton quenching in
the blend. To obtain further insights into the spectral evolution, we plotted the
normalized spectra of neat PCE10 and IDTTBM films alongside the spectra of the blend as
shown in Figure 4.3b. The features observed at 750 nm and 800 nm in the blend spectrum
match the PL maxima of the donor and acceptor components. Hence, we conclude from
the spectral shape, that the observed PL spectra of the blend consist of convoluted
spectra of both the donor polymer PCE10 and the acceptor IDTTBM, as both are present
in the blend. In order to distinguish the contributions of the two components, we
performed multivariate curve resolution (MCR) analysis.44 The results of MCR are shown
in Figure 4.3c. The component spectra obtained from MCR analysis are similar to the PL
of the neat materials (see Figure 4.3b). However, we note that the peak position of

100

component 1 as obtained from MCR analysis and assigned to the emission of PCE10 in the
blend, is blue-shifted compared to the experimentally-determined steady-state PL
spectrum of PCE10. We hypothesize this could be caused by dilution of PCE10 polymer
chains in the blend with the NFA, leading to more disorder in the polymer and thus some
emission from higher-lying sites in the density of states.
Furthermore, MCR was also used to determine the component-associated dynamics,
which are depicted in Figure 4.3d for a time range of up to 100 ps, and in the inset up to
400 ps. Fitting the component-associated decays to single exponential functions yields PL
lifetimes of PCE10 and IDTTBM emission in the blend of 10 ps and 35 ps, respectively.
The fluorescence decays were further analyzed by a simple kinetic model (Figure S4.8),
assuming that two parallel decay channels exist for the excitons, namely recombination
to the ground state (via a combination of radiative and non-radiative processes) and
charge transfer at the interface, creating charge-transfer states. We use this simple model
here, as we found it accurately describes the PL dynamics. Furthermore, adding more
decay processes would lead to over-parametrization of the model, while not yielding
additional insights. We denote the decay rate associated with the fluorescence of the
excited state (exciton) to the ground state as kF, and analogously the rate of charge
transfer from the excited state to the interfacial CT state as kCT. Hence, the exciton
quenching efficiency due to charge transfer can be deduced from the following
expression: 𝜑𝐶𝑇 = 𝑘

𝑘𝐶𝑇
𝐶𝑇 +𝑘𝐹

. By fitting the PL decays of both components, we found for the

concomitant excitation of PCE10 and IDTTBM (kCT+kF)=1·1011 s-1 and 2.9·1010 s-1,
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respectively. The values of kF were obtained from the PL transients of the neat materials
as 1.9·1010 s-1 for PCE10 and 7.8·109 s-1 for IDTTBM, respectively. From these values kCT
was calculated and the efficiencies φ(CTPCE10) and φ(CTIDTTBM) were estimated to 82 % and
73 %, respectively. Thus, it appears that the charge transfer efficiency from PCE10 to the
acceptor, namely φ(CTPCE10), is higher than from the acceptor to the donor polymer,
namely φ(CTIDTTBM). However, we note that due to the limited time-resolution of the
Streak camera system (1-2 ps in our setup), mostly excitons, which did not immediately
undergo ultrafast charge transfer, are monitored. In other words, excitons that undergo
diffusion-limited dissociation are detected by our transient PL experiment. In comparison,
for PCE10:CDTBM, values of φ(CTPCE10) and φ(CTCDTBM) were estimated as 66 % and 50 %,
confirming that the charge transfer efficiency is higher from PCE10 compared to that from
the acceptor molecules CDTBM. Furthermore, the charge transfer efficiency is higher, 82
%, in the case of PCE10:IDTTBM compared to that estimated for PCE10:CDTBM, 66 %,
indicating more efficient exciton quenching from PCE10 in the former.
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Figure 4.4. a) ps-ns TA spectra of PCE10:CDTBM thin-film blends. b) ps-ns TA spectra of
a pristine CDTBM film. c) Charge carrier dynamics probed in spectral windows of 0.951.15 eV (green dots) and 1.2-1.35 eV (blue dots). Note that the band monitored at 1.21.35 eV exhibits clearly a faster decay. d) Excited state dynamics monitored at the
position of the photo bleach band (1.67-1.71 eV) of the PCE10:CDTBM blend for
different excitation fluences. Note: The shaded, highlighted area in a) and b) indicates
the spectral region affected by the optical filters used to attenuate the probe spectrum
in this region.
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Picosecond−Nanosecond Exciton and Charge Carrier Dynamics.
Figure 4.4a shows the ps-ns TA spectra for different delay times for a PCE10:CDTBM
blend. The TA spectrum consists of the ground state bleach (GSB) spanning the region
from 1.6-2.2 eV and a broad photoinduced absorption (PA) in the spectral range of 0.951.35 eV peaking 3 ps after excitation. The decay of the PA was found to be faster in the
spectral region of 1.2-1.35 eV compared to the spectral region of 0.95-1.15 eV, indicating
that different states contribute to the PA. We assign the fast decay observed in the region
between 1.2-1.35 eV to quenching and dissociation of CDTBM singlet excitons, while the
slower decay is attributed to ps-ns charge recombination. This assignment is supported
by TA experiments on thin films of the neat acceptor CDTBM as shown in Figure 4.4b and
by the spectra of neat PCE10 shown in Figure S4.9. A broad and unstructured ground state
bleach band in the region of the CDTBM absorption is apparent in the neat film, which is
different in shape from the GSB observed in the blend however, it matches the TA
observed from neat PCE10. Furthermore, the PA band observed for the neat CDTBM film
is significantly narrower compared to the PA of neat PCE10 and the blend and it peaks
around 1.22 eV. Here, we assign the PA in the region of 1.2-1.35 eV to exciton-induced
absorption of CDTBM. Comparing the spectra of the neat CDTBM film and the
PCE10:CDTBM blend, it becomes clear that the faster decaying PA feature in the blend is
at the same spectral position as the exciton-induced absorption observed in the neat
CDTBM film, hence, the assignment of this part of the PA to excitons. We note, that in the
blend, the excitonic PA feature vanishes after 300-450 ps, and thereafter the remaining
PA signal is solely attributed to charge-induced absorption. Overall, 35 % of the initial
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signal amplitude remain after 8 ns in the blend. We also note that a significant
contribution to the blend’s PA stems from PCE10 cations, which is supported by
comparing the TA spectra to the absorption spectra of chemically-oxidized PCE10 films as
shown in Figure S4.10. In fact, the overall PA band is composed of PCE10 cation-induced
absorption and CDTBM anion-induced absorption, as further confirmed from the anioninduced absorption of CDTBM of chemically-reduced films of neat CDTBM.
In order to further investigate the charge carrier recombination, the associated
kinetics is extracted at the respective bands as displayed in Figure 4.4c and 4.4d. More
specifically, the fluence dependence of the dynamics is monitored for a series of fluences
between 1.4 µJ/cm2 and 22.7 µJ/cm2. Clearly, the charge carrier dynamics is fluence
dependent, indicating that non-geminate recombination dominates the dynamics on this
timescale. A signal rise up to 50 ps at low fluences and 10 ps at high fluences is observed,
indicating a contribution from diffusion-limited dissociation of excitons at the interface to
the charge generation, as also indicated from TRPL experiments (vide supra). Figure 4.4c
shows the charge carrier dynamics extracted from the spectral regions of 1.2-1.35 eV and
0.95-1.15 eV. Here, the higher-energy region exhibits a faster decay compared to the
lower-energy region of the PA, as exemplified in Figure 4.4c for the lowest fluence of 1.4
µJ/cm2.
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Figure 4.5. a) ps-ns TA spectra of a PCE10:IDTTBM blend after excitation at 700 nm and
b) TA spectra of the PA region up to 10 ps, showing an isosbestic point at 1.14 eV. c) TA
dynamics monitored at 1.14 eV point.
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Similarly, the TA spectra and dynamics were measured for PCE10:IDTTBM films as
presented in Figure 4.5a. Here, the GSB spans a range of 1.6–2.2 eV and is effectively a
superposition of the individual GSB bands of the donor polymer PCE10 and the acceptor
IDTTBM (Figure S4.10), whilst the PA band is dominated by charge-induced absorption
from PCE10 cations. Interestingly, the spectral region probed here shows no contribution
from IDTTBM anions, as confirmed by separate absorption measurements on chemicallyreduced IDTTBM films (Figure S4.10). Here, the peak position of the PA band is at 1.05 eV
and a red-shift similar to that of the GSB is observed. We attribute this to the relaxation
of charges to lower energy sites. In addition to the bands mentioned above and, in stark
contrast to the experiments on CDTBM, an isosbestic point is observed at 1.14 eV in
PCE10:IDTTBM, which is clearly seen in Figure 4.5b. The TA signal amplitude at the
isosbestic point stays constant throughout the first 10 ps, while the TA signal (the PA)
decays at higher probe photon energies and raises at lower probe photon energies. At
the isosbestic point, the changes of the contributions of exciton-induced PA and chargeinduced PA to the total signal amplitude cancel during charge transfer. In other words,
the exciton-induced PA signal reduces, and simultaneously the charge-induced PA signal
rises by the same amount, thus the net change remains zero and the total signal
amplitude becomes an exclusive measure of the carrier recombination dynamics. The
associated charge carrier dynamics monitored at the isosbestic point are depicted in
Figure 4.5c; they correspond to the population of the charge carrier pool and indicate:
almost no charge carrier loss occurs in the first 10 ps. Furthermore, and in line with the
results on CDTBM, the kinetics at low fluences show a rise up to 100 ps, a clear indication
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of diffusion-limited charge generation from excitons in pure PCE10 domains. On the other
hand, for higher fluences such as 11.5 𝜇J/cm2, the delayed (diffusion-limited) charge
generation is less prominent and even absent for 23 𝜇J/cm2, indicating the presence of
exciton-charge annihilation and/or fast carrier recombination due to the high excited
state densities generated at higher fluences in the TA experiments. As shown in Figure
4.4c, the kinetics show an instantaneous rise and subsequent decay after 10 ps. We note
that comparing the exciton lifetimes from TR-PL experiments and charge generation
dynamics from TA shows that the latter are faster compared to the former. As mentioned
above, we hypothesize that the exciton quenching monitored by TR-PL spectroscopy is
not representative for the entire pool of excitons, yet only for the fraction, which
undergoes diffusion-limited dissociation. In other words, a large fraction of excitons,
which is quenched ultrafast, faster than the time resolution of our Streak Camera system
(about 2ps), is not detected. That this fraction is not monitored by the TRPL experiment
becomes obvious when looking at the PL quenching efficiency obtained from steady-state
PL experiments on neat materials and blends, which demonstrate more than 98% exciton
quenching in the PCE10:IDTTBM blend. Thus, the reduction in lifetime does not match the
quenching observed in the TRPL experiment. However, TA is faster (few hundred fs time
resolution) and thus monitors also the fraction of charges, which are quenched on a sub1ps timescale. For comparison, we have also presented the excited state dynamics of the
PCE10:IDTTBM in Figure S4.11 and S4.12.
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Nanosecond−Microsecond Charge Carrier Recombination
The ns-𝜇s TA measurements were conducted to evaluate the charge carrier
recombination in both photovoltaic systems on the timescale relevant for charge
extraction from a photovoltaic device. The obtained spectra and dynamics are shown
in Figure 4.6. Excitation of the blends was carried out at 532 nm with sub-ns laser
pulses. Notably, from the steady-state UV-Vis absorption, both the donor and the
acceptor exhibit absorption at this particular wavelength. The TA spectrum of
PCE10:CDTBM exhibit a PA signal at 1.08 eV (Figure 4.6a). This PA band was assigned to
charge-induced absorption in line with the assignment presented for the ps-ns TA
experiments, as on this timescale charges represent the main population in the blend.
Furthermore, a ground-state bleach was observed in the same spectral region as
reported for the ps-ns TA experiments. Interestingly, we observe that in the case of
CDTBM the early time dynamics up to 1.5 ns exhibit only little intensity dependence in
contrast to the ps-ns dynamics. This indicates that geminate recombination dominates
at early times after photoexcitation on the ns-µs time range, which is not observed in
the case of the PCE10:IDTTBM blend system (Figure 4.6b). However, we note that in
the ns-µs time window the resolution of our setup is limited to about 1 ns due to the
laser pulse length and excitation was performed at 532 nm due to experimental
limitations. Furthermore, the shorter excitation laser pulse length (about 100 fs) used
in the ps-ns TA experiments typically causes exciton-exciton and exciton-charge
annihilation with increasing fluence.
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Figure 4.6. ns-µs TA spectra for a) PCE10:CDTBM and b) PCE10:IDTTBM thin-film blends.
Charge carrier dynamics monitored at 0.95-1.15 eV at different fluences (dots) and fits
(solid lines) to a two-pool recombination model for c) PCE10:CDTBM and d)
PCE10:IDTTBM blends. Note: The shaded highlighted area in a) and b) indicates the
spectral region affected by the optical filters used to attenuate the probe spectrum in
this region.
The fluence dependence of the charge-induced absorption dynamics is further analyzed
by fitting the data to a two-pool recombination model as previously introduced by
Howard et al.45 The fits to the experimental data from PCE10:CDTBM and PCE10:IDTTBM
blends are depicted as solid lines in Figure 4.6c and 4.1.6d, respectively.45 The two-pool
recombination model used here accounts for both geminate and non-geminate
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recombination processes, considered as two independent populations however,
spectrally indistinguishable. As demonstrated previously, under these boundary
conditions the charge carrier dynamics can be described by the following equation:
1

𝑌 = (𝑁0 (1 − 𝑓)[1 − exp(−𝑘𝐶𝑇→𝐺𝑆 )] + 𝑁0 𝑓 − [𝜆𝛾𝑡 + (𝑓𝑁0 )−𝜆 ]𝜆 )/𝑁0

(1)

Herein, 𝑘𝐶𝑇→𝐺𝑆 is the monomolecular (geminate) rate constant, λ is the non-geminate
recombination order, and γ is the non-geminate coefficient respectively, f is the fraction
of charges that undergo non-geminate recombination, and N0 is the total initial
population of charges. The values of N0 can be approximated from the fluences and the
absorbance of the thin-film sample at the excitation wavelength as shown in the SI, Table
S4.2, however, they may be overestimated as recombination can also occur within the
sub-ns excitation pulse. Thus, the values of N0 were allowed to vary within small
boundaries during data fitting to account for this effect. By fitting the experimentallymeasured charge-induced absorption dynamics to equation (1), the recombination
parameters are determined. A summary of all the extracted fitting parameters is provided
in Table 4.2.
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Parameter

PCE10:CDTBM

PCE10:IDTTBM

𝒇

0.76±0.01

0.89±0.01

𝟏−𝒇

0.24

0.11

𝒌 (𝒔−𝟏 )

7.7×107 ± 1.34×107

5.8×108 ± 1×106

λ+1

2.51±0.01

2.59±0.01

𝜸(cm3)𝝀 s-1

1.8×10-21 ± 4.42×10-21

1×10-21 ± 1.87×10-23

 (cm3s-1)

1.83×10-13

1.63×10-12

Table 4.2. Recombination parameters extracted from the two-pool model fit to the
experimental data of PCE10:CDTBM and PCE10:IDTTBM thin-film blends.

The fitting parameters indicate that the CT state lifetimes are different of the two blend systems
studied here. PCE10:CDTBM exhibit an inverse rate constant of 13 ns, while 2 ns is determined for
PCE10:IDTTBM. The latter can be considered instrument-limited, as for the ns-µs TA experiments
an excitation pulse of about 1 ns was used. The longer CT state lifetime observed for
PCE10:CDTBM can be rationalized by a larger electron-hole separation, similar to what has been
observed by Howard et al. in annealed RR-P3HT:PCBM blends.45 In addition, some charges may
be generated in regions of the bulk heterojunction that are not connected to the charge
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percolation network. These charges undergo quasi-geminate recombination on a longer
timescale. Furthermore, the direct comparison of the two blend systems indicates that 24 % of
the charges in PCE10:CDTBM undergo geminate recombination, while in PCE10:IDTTBM it is only
11 %. The reason for the larger fraction of geminate recombination in the PCE10:CDTBM blend
can be understood when considering the results of the DFT calculations. They demonstrate that
the quadrupole moment of IDTTBM is almost twice as large as that of CDTBM, hence the
electrostatic driving force for CT state splitting is almost two times higher in IDTTBM. This force
impedes geminate recombination of CT states and therefore increases the short circuit current.
Importantly, the substantial difference in the amount of geminate recombination is in good
agreement with the experimentally-observed difference in the short-circuit currents of the two
blend systems. In fact, the extracted fractions of non-geminate recombination of 76 % and 89 %
for PCE10:CDTBM and PCE10:IDTTBM as acceptor are similar to the experimentally-determined
IQE values of the two systems, estimated to 74 % and 90 %, respectively. Clearly, this indicates
that the free charges that undergo nongeminate recombination in the TA experiment could
potentially be extracted as photocurrent from a device. Here, we argue that, as the fill factor of
devices is high, nongeminate recombination does not appear to compete significantly with carrier
extraction. Hence, the IQE matches the fraction of free charges obtained from TA experiments, as
they can be extracted and as charge generation itself does not appear to be field-dependent
between Voc and Jsc conditions. Additionally, the effective bimolecular recombination coefficients
(at a carrier concentration roughly equivalent to one sun) were calculated to be 1.83×10-13 cm3s-1
and 1.63×10-12 cm3s-1 for PCE10:CDTBM and PCE10:IDTTBM, respectively. A difference of a factor
of nine indicates that nongeminate recombination is faster (at the same carrier density) in
PCE10:IDTTBM, which we ascribe to some extent to the higher charge carrier mobility in this
system. We note that in the Langevin recombination model, increasing the mobility of charges
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increases the bimolecular recombination rate, in line with our results. However, at the same time
the charge extraction is also faster hence, charge extraction can outcompete nongeminate
recombination. MIS-CELIV (metal insulator semiconductor charge extraction by linearly

increasing voltage) was employed to determine the carrier mobility and, for both acceptors, the
electron mobility was determined to be 3×10-5 cm2V-1s-1, while the hole mobility of PCE10:IDTTBM
was found to be ~1.6×10-3 cm2V-1s-1, that is, approximately a factor of three higher with respect
to the PCE10:CDTBM-based devices (4.2×10-4 cm2V-1s-1). In summary, the higher nongeminate
recombination rate does not appear to lead to substantial carrier recombination losses in an
operating device at 1 sun illumination conditions, likely because the carrier mobility is sufficient
to extract carriers prior to nongeminate recombination.

4.4

Conclusion

In conclusion, we have elucidated the origin of the performance increase in PCE10:NFA
systems upon changing the acceptor core structure from CDT to IDTT. The higher opencircuit voltage of the IDTT acceptor-based BHJ solar cell is explained by a higher interfacial
CT state energy, while an increased short-circuit current was found to be a consequence
of reduced geminate recombination as revealed by transient absorption spectroscopy.
The fill-factors of the two blend systems are similar and both in excess of 60%, indicating
that field-dependent charge generation and non-geminate recombination competing
with charge extraction are of minor importance in terms of influence on device
performance. Our results demonstrate that the core of the NFA acceptor can have
significant impact on the efficiency-limiting processes in polymer:NFA systems and, thus,
on device performance, despite similar light-harvesting properties. In particular, the IDTT-
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based acceptor has a longer core and hence a larger quadrupole moment, which
facilitates interfacial CT state splitting and charge generation and reduces geminate
recombination. Contrary to CDT, IDTTBM does not have a ground state dipole moment.
This reduces the width of the density of states of this acceptor and leads to a smaller
reduction of 𝑉𝑜𝑐 with respect to the photovoltaic gap of the blend. Our results point to
the idea that the core of the NFA mediates not only the polymer-NFA interactions at the
interface, but also the interfacial energetic landscape and thereby the efficiency of
splitting of CT states, charge separation, and recombination at the interface.
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4.6

Supporting Information

Experimental section
Device preparation. All solutions were prepared in a glovebox. PCE10 was purchased
from 1-Material and used as received. The syntheses of the CDT-based and IDTT-based
acceptors have been reported earlier.S4.1, S4.2 PCE10 and the SM acceptors were dissolved
separately in chlorobenzene. Devices were prepared using solutions of 20 mg mL-1
concentration with a PCE10:CDTBM ratio of 2:3 (by weight) and a PCE10:IDTTBM ratio of
1:1 (by weight). The solutions were stirred for at least 2 hours at 50 ˚C. The active layers
were spun-cast from the solutions at room temperature at a spin speed of 2000 rpm for
30 s in case of PCE10:CDTBM and 1500 rpm in case of PCE10:IDTTBM using a spin coater
from Specialty Coating Systems (Model G3P-8). The samples were dried under vacuum
for at least 1 hour. Subsequently, the samples were placed in a thermal evaporator and a
5 nm thick molybdenium oxide (MoO3) layer was evaporated at an evaporation rate of
0.5 Å s−1, followed by a 100 nm thick layer of silver evaporated with a rate of 5 Å s −1 at a
pressure of less than 2x10-6 Torr.
Sensitive EQE. External quantum efficiency (EQE) measurements were conducted in a
nitrogen-filled glove box using a xenon arc (Newport 300 W ozone free) light source to
irradiate the device active area with monochromatic light. The lamp intensity was
calibrated with Ge and Si photodiodes. The actual measurements were performed under
open circuit conditions, while the incident light was modulated by an optical chopper
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operating at 275 Hz. The photocurrent of the device was detected as a function of the
photon energy using a lock-in amplifier (Stanford Instruments SR 830).
Density functional (DFT) calculations. Optimizations of ground state geometries in
neutral, cationic, and anionic states, ionization potentials and electron affinities as well
as calculations of dipole and quadrupole moments were performed using the B3LYP
functional and 6-311g(d,p) basis set. All calculations were performed using the Gaussian
09 packageS4.3.

EQE measurements
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Figure S4.1: External quantum efficiency (EQE) spectra of PCE10:CDTBM (red) and
PCE10:IDTTBM (blue) devices used to calculate the corresponding short circuit current
JSC.
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Ellipsometry
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Figure S4.2: Ellipsometry data acquired for PCE10:IDTTBM and PCE10:CDTBM blends.
The data is fitted with a B-spline model, yielding the variation of the refractive index n
and extinction coefficient k with wavelength.

The optical constants, namely the refractive index n and extinction coefficient k, for the
active layers were determined by variable angle spectroscopic ellipsometry (VASE) with
an M-2000 ellipsometer (J.A. Woolam Co., Inc). The active layers were cast on clean silicon
substrates coated with SiO2 using the same conditions as used to prepare devices. The
VASE measurements were performed with incident angles being varied from 45 to 75° in
steps of 10° relative to the samples. A commercial software, Complete Ease (J.A. Woolam
Co., Inc), was used to process the experimentally obtained data, and the optical constants
n and k were inferred from fits to a B-splines model. The sample thickness d was first
inferred by fitting a Cauchy dispersion relationship, n(λ) = A + B/λ 2 +C/λ4, to the
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wavelength dependence of the reflectance ratio over the spectral range in which the
material is optically transparent (900 – 1700 nm). The first coefficient A of the Cauchy
equation was used as an estimate of the low frequency refractive index to determine the
static relative dielectric constant εr of the material εr = n2.
Transfer matrix calculations
Transfer matrix modeling was used to simulate the maximum theoretical short circuit
current JSC as a function of the photoactive layer thickness for optimized blends of
PCE10:CDTBM and PCE10:IDTTBM, assuming 100% internal quantum efficiency (IQE).
The transfer matrix code for these simulations was developed by George F. Burkhard
and Eric T. Hoke; the code is available from:
http://web.stanford.edu/group/mcgehee/transfermatrix/index.html.
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Figure S4.3: Thickness dependence of the maximum short circuit currents Jmax calculated
by transfer matrix simulations of a) PCE10:CDTBM and b) PCE10:IDTTBM devices.
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IQE of PCE10:PCBM
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Figure S4.4: Calculated IQE (green dots) of PCE10:PCBM blend using sensitive EQE data
(red dots) and absorptance data calculated from a combination of PDS and UV-Vis
measurements.
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DFT calculations
CDTBM-cc

CDTBM-ct

CDTBM-tt

IDTTBM

Figure S4.5: Optimized geometries of neutral molecules of CDTBM and IDTTBM. The zaxis is perpendicular to the conjugated core of the molecule, x-axis is parallel to the long
axis of the molecule.
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Dy,

Debye/Angstrom Energy,

Dz, Debye
CDTBM-cc
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CDTBM-tt
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6.94
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6.39

-3.18

-3.16

-3.18

-3.02

Formation

Hartree

0.019

-172.4

0.539

91.9

0.003

80.5

-0.787

-142.6

-4.719

54.5

-0.008

88.1

-0.000

-110.7

-9.929

15.4

0.033

95.3

-0.006

-270.8

-0.007

130.7

-0.2

140.1

-3220.836939

-3220.837899

-3220.838735

-5442.010265

Table S4.1: Ionization potentials, electron affinities, dipole moments, diagonal elements
of the quadrupole tensor, and formation energies of CDTBM and IDTTBM.
Corresponding structures and reference frames are shown in Figure S4.
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Steady-state PL
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Figure S4.6: Steady-state photoluminescence measurements for a) pristine PCE10 and
PCE10:IDTTBM and b) pristine IDTTBM and PCE10:IDTTBM.
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TR-PL spectra of PCE10:CDTBM
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Figure S4.7: TR-PL spectra of a) PCE10:CDTBM blend, b) neat CDTBM film, and c) PL
decay dynamics tracking the PL maximum (dots) with single exponential fits (solid lines).
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Kinetic model of exciton decay channels
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Figure S4.8: Kinetic model of exciton decay channels in the polymer:NFA blends: The
first decay channel is from the electronically excited singlet state S1 to the ground state
S0 and the second one from the singlet excited state S1 to the charge-transfer (CT) state
with the respective decay rates kF and kCT.
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TA spectra of neat PCE10
0.006

PCE10

0.005
0.004
3-4.5 ps
10-15 ps
30-45 ps
100-150 ps
300-450 ps
1-1.5 ns
3-8 ns



0.003
0.002
0.001
0.000
-0.001
-0.002

0.9

1.2

1.5
1.8
Energy (eV)

2.1

Figure S4.9: ps-ns TA spectra of a neat PCE10 thin film. The spectral region from 1.6 eV
to 2.2 eV corresponds to the ground state bleach (GSB) of the polymer and from 0.9 eV
to 1.1 eV to exciton-induced absorption. At ns delay times the peak position of the
photoinduced absorption shifts to higher probe photon energies around 1.05 eV,
indicating triplet formation by intersystem crossing.
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Transmission spectra of oxidized/reduced materials
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Figure S4.10: Steady-state differential transmission spectra of a) oxidized PCE10 thin
film, b) reduced neat CDTBM film, and c) reduced IDTTBM film calculated from UV-Vis
absorbance measurements.
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The differential transmission spectra were calculated from UV-Vis absorption data
acquired with a Cary 5000 spectrophotometer on neat (non-treated) and oxidized /
reduced films kept in a small chamber under nitrogen atmosphere. To oxidize the PCE10
film, it was dipped for 10 s in iron(III)chloride solution of a concentration of 10 𝜇g/ml. To
reduce the acceptors, the solutions were doped with cobaltocene and then films were
spin-coated in a glovebox and transferred to the spectrophotometer in a small
measurement chamber filled with nitrogen.

TA dynamics of PCE10:IDTTBM
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Figure S4.11: Excited state dynamics monitored at the position of the PA band of the
PCE10:IDTTBM blend for different excitation fluences in the spectral range of 1.29-1.32
eV.
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Figure S4.12: Excited state dynamics monitored at the position of the photo-bleach
band of the PCE10:IDTTBM blend for different excitation fluences in the spectral range
of 1.67-1.73 eV.

Calculation of internal quantum efficiency
The internal quantum efficiency (IQE) was calculated using the following procedure: The
fractions of transmitted (T) and reflected (R) photons of samples were obtained by UV-vis
measurements in an integrating sphere (model Cary 6000). Afterwards, the wavelength
dependent absorptance (Abs) was calculated by 1-T-R.

The thin film absorption

coefficient α was then calculated using the following expression:
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1
Abs
ln(1 
)
d
1 R

(1)

with d being the film thickness.
The absorption coefficient α determined as described above (Figure S13) was then used
to reference the dimensionless data obtained by photothermal deflection spectroscopy
(PDS). The optical density O.D. was then calculated by using the following relation:
O.D.  1  exp( d ) . From the OD value the fraction of absorbed photons was calculated

by the expression: A  1  10O . D . High dynamic range external quantum efficiency (EQEsen)
measurements were done using lock-in detection techniques, and the internal quantum
efficiency (IQE) was calculated from the following relation: IQE= EQEsen/A.
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Figure S4.13: Wavelength/photon energy-dependence of the absorption coefficient of
thin-film blends of PCE10:IDTTBM (blue dots) and PCE10:CDTBM (red dots).

Determination of initial carrier densities N0 for two-pool model fits
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Figure S4.14: Initial (tdel = 0) amplitude of the charge-induced absorption signal divided
by the fraction of absorbed photons for the blends PCE10:IDTTBM (red) and
PCE10:CDTBM (blue) as a function of pump laser fluence. The cross section of charges
was calculated from the initial (linear) regime of the fluence dependence.
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The ns transient absorption signal amplitude (tdel = 0) in the region of the charge‐induced
absorption (1.08 eV) divided by the fraction of absorbed photons was plotted against the
pump laser fluence (see Figure S4.14). The dependence is linear for the lowest fluences
used in the TA experiments, but sublinear for higher fluences, indicating exciton‐charge
annihilation. The cross section of the charges at 1.08 eV was calculated from: σ(λ=1150
nm)=S/N, where S is the slope of the linear fit to the data in the linear regime of the signal
intensity dependence (S=0.00046 µJ-1cm2) and N, the number of 2.33 eV (532 nm)
photons per µJ pulse energy (here 2.68×1012 µJ-1). This yields a cross section of σ(λ=1150
nm)= 0.00046 µJ-1cm2 / 2.68×1012 µJ-1 = 1.72×10-16 cm2, which was used to calculate the
initial carrier concentration N0. As an example, for the highest laser fluence with
ΔT/T=0.0065 the initial carrier density N0 is found to be 5×1018 cm‐3.
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Fluence

N0 (PCE10:IDTTBM)

N0 (PCE10:CDTBM)

(𝒄𝒎𝟐)

µ𝑱

(cm-3)

(cm-3)
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𝟓 × 𝟏𝟎𝟏𝟖

𝟒. 𝟔 × 𝟏𝟎𝟏𝟖

67.5

𝟒 × 𝟏𝟎𝟏𝟖

𝟑. 𝟐 × 𝟏𝟎𝟏𝟖

16.9

𝟏. 𝟔 × 𝟏𝟎𝟏𝟖

𝟏. 𝟏 × 𝟏𝟎𝟏𝟖

8.4

𝟕. 𝟖 × 𝟏𝟎𝟏𝟕

𝟓. 𝟏 × 𝟏𝟎𝟏𝟕

Table S4.2. The calculated initial carrier densities N0 for PCE10:IDTTBM and
PCE10:CDTBM blends for all laser fluences used in TA experiments.
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CHAPTER 5
____________________________________________________________
Impact of IDT-based Acceptor Structures on Photophysics and the
Performance of Polymer Solar Cells

5.1 Introduction
The second group of non-fullerene acceptors that were investigated in this thesis are the
IDT-based ones, namely O-IDTBR, EH-IDTBR, and O-IDTBCN. The pristine materials were
investigated

and

also

blended

with

the

low-bandgap

polymer

PCE10

(benzo[c][1,2,5]thiadiazol-4-ylmethylene). Power conversion efficiencies as high as 9 %
were achieved.
Our transient absorption spectroscopy demonstrates sub-picosecond exciton dissociation
and charge generation followed by nanosecond triplet state formation in PCE10:O-IDTBR
and PCE10:EH-IDTBR blends, while triplet generation is absent in PCE10:O-IDTBCN. In
addition, sensitive EQE measurements and PDS were performed to determine the energy
of interfacial charge transfer states. Time-delayed collection field experiments were done
to study the field dependence on charge carrier generation. Finally, time-resolved
photoluminescence spectroscopy experiments were conducted to study energy transfer
processes in the blends.
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5.2

Result and Discussion

Steady-state spectroscopy and device characterization
Figure 5.1 shows the normalized steady-state absorption spectra of neat PCE10, O-IDTBR,
and EH-IDTBR thin films along with their PCE10:O-IDTBR, PCE10:EH-IDTBR, and PCE10:OIDTBCN blends.

Figure 5.1. Normalized steady-state UV−vis absorption spectra of neat and blend films.
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The absorption spectrum of PCE10 largely overlaps with the absorption of the three
acceptors. Comparing the absorption spectrum of the acceptors, vibronic bands of OIDTBR and EH-IDTBR are observed peaking at 630 nm and 685 nm, and 617 nm and 670
nm, respectively. Additionally, their absorption spectra are spectrally broad, ranging from
514 to 771 nm. The absorption spectrum of O-IDTBCN is also broad but red-shifted,
covering the spectral region from 543 nm to 812 nm. Therefore, the absorption spectrum
of PCE10:O-IDTBCN extends also further into the red spectral region, peaking at 712 nm,
compared to that of the PCE10:O-IDTBR and PCE10:EH-IDTBR blends, which peaks at 685
nm and 663 nm, respectively.

Figure 5.2. The energy levels of PCE10, EH-IDTBR, O-IDTBR, and O-IDTBCN. HOMO
energies (ionization potentials: IE) were determined by PESA, the LUMO energies were
estimated by adding the energy of the absorption onset to the HOMO energy.
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Photoelectron spectroscopy in air (PESA) on thin films was used to measure the HOMO
energy level values of the donor PCE10 and acceptors (see Figure 5.2). In addition, The
LUMO levels were calculated by adding to the HOMO energy the optical band gap energy
determined from the absorption onset. Both EH-IDTBR and O-IDTBR have LUMO levels
close to 3.9 eV, whereas O-IDTBCN has a lower LUMO level of 4.17 eV. The LUMO level of
PCE10 is 3.36 eV, indicating a sufficient energetic offset for electron transfer between the
donor polymer and acceptors. The HOMO level of O-IDTBR is slightly higher than that of
EH-IDTBR, which yields a minor difference in the optical bandgap. The O-IDTBCN shows a
smaller optical band gap compared to the two other acceptors, as it has a lower LUMO
level (see Table 5.1)

O-IDTBR
EH-IDTBR
O-IDTBCN

HOMO (eV)
5.51
5.58
5.65

LUMO (eV)
3.88
3.9
4.17

Eg opt.
1.63
1.68
1.48

Table 5.1. Energy levels of O-IDTBR, EH-IDTBR, and O-IDTBCN. The optical band gap is
determined from the onset of thin film absorption.

The solar cells using PCE10:IDT-based acceptors as photoactive layers were fabricated
with a donor acceptor ratio of 1:2 from solution, with a donor concentration of 25 mg/ml.
1,2-dichlorobenzene was used as a solvent and the active layer was annealed for 2 hours
at 80 − 1000 𝐶 after spincoating at 1500 rpm for 45 s.

142

Figure 5.3 displays the J-V curves of the three devices: PCE10:O-IDTBR, PCE10:EHI-DTBR,
and PCE10:O-IDTBCN. PCE10:O-IDTBR is the lowest performing system with 8.7%
efficiency, a fill factor (FF) of 61%, and a short circuit current (J sc) of 13.35 mA/cm2 (see
Table 5.1). As the open circuit voltage (VOC) depends on the energy difference between
the HOMO of the donor and the LUMO of the acceptor (see Figure 5.2), both PCE10-OIDTBR and PCE10-EH-IDTBR-based devices exceed open circuit voltages of 1 V. While
replacing the linear n-octyl (O-IDTBR) with a branched 2-ethylhexyl (EH-IDTBR) side chain
slightly lowers the open circuit voltage of the device to 1.03 V, it enhances both the J sc =
15.55 mA/cm2 and FF= 63% and therefore the overall performance exceeds 10%. On the
other hand, O-IDTBCN has a lower LUMO level and therefore lower VOC of 0.74 V.
Nevertheless, this device shows the best performance due to a Jsc = 17.70 mA/cm2 and
FF= 70%.

Figure 5.3. J−V characteristics of PCE10:O-IDTBR, PCE10:EH-IDTBR, and PCE10:O-IDTBCN
measured under 1 sun AM1.5G conditions.
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System

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

PCE-10:O-IDTBR

1.07

13.35

61

8.7

PCE-10: EH-IDTBR

1.03

15.55

63

10.1

PCE10:O-IDTBCN

0.74

17.70

70

9.1

Table 5.2. Figures of merit of the OPV devices showing the obtained values for open
circuit voltage, short circuit current, fill factor, and PCE.

To estimate the maximum current density (Jmax) that can be achieved from the
photoactive layers and devices, ellipsometry measurements were conducted together
with transfer matrix simulations1. Figure 5.4 shows the calculated maximum short-circuit
current (Jmax) as a function of the active-layer thicknesses for the three systems. The Jmax
of PCE10:OIDTBR is 18.41 mA/cm2, 19.14 mA/cm2 for PCE10:EH-IDTBR, and 19.98 mA/cm2
for PCE10:O-IDTBCN for a thickness of 90 nm.
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Figure 5.4. Calculated maximum short-circuit current Jmax as a function of the activelayer thickness.

The ratio of the experimentally-measured photocurrent to the maximum current, JSC/ Jmax,
was calculated to estimate the carrier loss. Interestingly, ≈ 89% of photons absorbed by
the PCE10:O-IDTBCN active layer are converted into photocurrent at short circuit (see
Table 5.3). Approximately, 27% and 19% of the excited states created by the absorbed
photons by the PCE10:O-IDTBR and PCE10:EH-IDTBR active layers do not lead to
photocurrent.
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System

Jmax
(mA/cm2)
18.41

IQEmax( Jsc / Jmax) (%)

PCE10:O-IDTBR

JSC
(mA/cm2)
13.35

PCE10:EH-IDTBR

15.55

19.14

81

PCE10:O-IDTBCN

17.70

19.98

89

73

Table 5.3. The experimentally-measured short-circuit current density (JSC), the
calculated maximum current density (Jmax), and the ratio JSC/ Jmax.

The IQE values of the blends were determined from the sensitive EQE measurements and
the absorptance of the blends. The method is explained in detail in chapter 4. The EQE,
the blend absorptance, and the calculated IQE spectra for the respective systems are all
shown in Figure 5.5. Maximum IQE values of 74% for PCE10:O-IDTBR, 85% for PCE10:EHIDTBR, and 89% for PCE10:O-IDTBCN were found in the range of 1.7−2.2 eV. These values
are in line with the calculated ratios of Jsc / Jmax (see above). Interestingly, the IQE of
PCE10:O-IDTBCN drops steeply below the band gap in contrast to PCE10:O-IDTBR and
PCE10:EH-IDTBR. The high IQE values of PCE10:O-IDTBR and PCE10:EH-IDTBR below the
band gap may be due to the contribution of CT state absorption populated by direct
optical excitation, leading to the generation of the photocurrent below the bandgap2.
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However, the major contribution to the photocurrent originates from direct polymer
and/or acceptor excitation.
a)

b)

c)

Figure 5.5. Steady-state blend absorptance A(E), sensitive EQE(E) measurements, and
the calculated IQE(E) of (a) PCE10:O-IDTBR, PCE10:EH-IDTBR, and PCE10:O-IDTBCN
devices.

However, the PCE does not only depend on the photocurrent but also on the open-circuit
voltage. The difference in VOC of the devices can be explained by the difference in charge-
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transfer (CT) energy formed between polymer and acceptor. Therefore, the low energy
tail of the sensitive EQE measurement was fitted with a Gaussian to determine the CT
state energy of the blends2 as shown in Figure 5.6. The PCE10:O-IDTBR and PCE10:EHIDTBR systems have the same CT state energy of 1.5 eV, whereas the PCE10:O-IDTBCN
has a lower CT state energy of 1.42 eV due to its low LUMO level.

a)

b)

c)

Figure 5.6. The reduced EQE spectrum for a) PCE10-O-IDTBR, b) PCE10:EH-IDTBR and
PCE10:O-IDTBCN photovoltaic devices. The red curves are fits of the low energy tail of
EQE spectra with a a Gaussian
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Investigation of ns-𝝁s excited state dynamics

The ns−μs TA measurements were used to study the charge carrier recombination
dynamics in PCE10: O-IDTBR, PCE10: EH-IDTBR, and PCE10: O-IDTBCN blends. Figure 5.7
displays the obtained spectra of the three blends following excitation at 532 nm. This
excitation wavelength was set to the maximum of both the donor and acceptor
absorption, thus exciting both molecules in the blends (see Figure 5.1).
All blends exhibit a broad and structured ground state bleach (GSB). A broad
photoinduced absorption (PA) feature is seen in PCE10:O-IDTBR and PCE10:EH-IDTBER
(Figure 5.7a,b). The PA peaks at 1.09 eV and is red-shifted to 1.07 eV with the time delay,
before the signal amplitude decays. This spectral evolution is due to the contribution of
different components to the PA spectrum on the nanosecond time scales. In contrast, a
sharp PA absorption feature is seen in PCE10: O-IDTBCN, which decays over several
hundred nanoseconds without any further spectral evolution (Figure 5.7c). The timescale
used for the measurements here rules out any PA from singlet excitons. Therefore, this
signal is assigned to charges.
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a)

b)

c)

Figure 5.7. Nanosecond−microsecond TA spectra at selected integrated time points for
(a) PCE10: O-IDTBR and (b) PCE10:EH-IDTBR (c) PCE10:O-IDTBCN thin-film blends.
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In Figure 5.8a,b,c the normalized kinetics of PCE10:O-IDTBR, PCE10:EH-IDTBR, and
PCE10:O-IDTBCN blends are compared. The PCE10:O-IDTBR and PCE10:EH-IDTBR blends
show a large difference in the kinetics between 1.2-1.3 eV and 0.9-1 eV regions with a
longer rise time of the low energy region, indicating the growth of a second long-lived
excited state component on nanosecond timescales. In the case of the PCE10:O-IDTBCN
blend no difference is obtained in the kinetics of the two regions, supporting the presence
of only one excited-state component.
a)

b)

c)

Figure 5.8. Comparison of kinetics of PCE0: O-IDTBR (a), PCE10:EH-IDTBR (b) and PCE10:
O-IDTBCN (c) for both the high-energy (green) and low-energy (blue) regions.
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Multivariate curve resolution (MCR) analysis was used to deconvolute the overlapping
absorption features in PCE10:O-IDTBR and PCE10:EH-IDTBR. The results are summarized
in Figure 5.9a,b for PCE10:O-IDTBR and PCE10:EH-IDTBR samples, respectively. Two
absorption features were extracted from the TA data of both blends. We assigned the
feature that peaks at shorter wavelength to charges due to its long lifetime, while the
other feature is assigned to triplets. We further confirmed this assignment by measuring
the triplet-induced absorption spectrum of PCE10 blended with a triplet sensitizer,
namely platinumoctaethylporphyrin (PtOEP).

a)

b)

Figure 5.9. The MCR analysis of a) PCE10: O-IDTBR and b) PCE10: EH-IDTBER blends.

The PtOEP increases / sensitizes the polymer triplet level population via Dexter energy
transfer, as the intersystem crossing (ISC) rate in the pristine polymer is small.
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Figure 5.10 shows the proposed energy transfer processes between the PtOEP and PCE10.
Following photoexcitation, the PtOEP singlet state is generated and rapidly converted
into the triplet state (ps). Subsequently, the efficient downhill Dexter-type triplet transfer
from the PtOEP to polymer occurs as the triplet energy of PtOEP is significantly higher
than the triplet of the polymer (≈ 1.9 eV) 3.

Figure 5.10. A diagram of triplet-triplet Dexter energy transfer between the triplet
sensitizer (TS) and polymer (D).

Figure 5.11a shows the TA spectra of a PCE10:PtOEP blend. The initial signal of the PA
absorption at 1 ns is due to singlet excitons of the polymer. This signal decays rapidly and
a long-lived signal that decays on the microsecond time scale appears. This long-lived
signal corresponds to PCE10 triplet states populated by triplet excitons from the PtOEP
generated by intersystem crossing. Figure 5.11b shows the perfect match of the TA
spectra of PCE10:PtOEP, PCE10:O-IDTBR, and PCE10:EH-IDTBR that confirms triplet
formation.
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a)

b)

Figure 5.11. a) TA spectra of PCE10: PtOEP blend under excitation at 530 nm, 5.66
𝜇J/cm2. The inset shows the chemical structure of PtOEP. b) The triplet-induced
absorption spectra in PCE10:EH-IDTBR, PCE10:O-IDTBR, and PCE10:PtOEP.

The deconvoluted dynamics of polaron and triplet absorption signals in PCE10: O-IDTBR
and PCE10:EH-IDTBR when photoexcited at three different excitation fluences: 5.66, 2.83,
and 1.42 μJ/cm2 is shown in Figure 5.12a,b. Higher-order annihilation processes did not
affect the measurements, as can be seen from the initial signal of the charge-induced
absorption, which scales linearly with pump fluence. The decay of the charges is
correlated with the rise of the population of triplet states. This indicates that triplets were
populated following the charge recombination and that the triplet formation caused the
red shift of the TA spectra observed for both blends as shown in Figure 5.7a,b. The charge
carrier population decays much faster in PCE10:EH-IDTBR compared to PCE10:O-IDTBR.
However, due to the high charge densities present we consider that the decay channel
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for triplets is triplet-charge annihilation, in which the triplet is quenched to the ground
state, transferring its energy to the charge carrier4.

a)

b
)

Figure 5.12. Dynamics of polaron and triplet absorption signals in a) PCE10: O-IDTBR and
b) PCE10: EH-IDTBR following a photoexcitation at 532 nm using three different
fluences. The polaron and triplet absorption signals were deconvoluted using MCR
analysis.

The previous analysis of the TA data of the PCE10:O-IDTBR and PCE10:EH-IDTBR by MCR
analysis revealed that after photoexcitation both blends showed free charge carriers in
addition to the polymer triplet, which exhibited lifetimes of several 100 ns. The polymer
triplet states are generated by non-geminate recombination of free charge carriers.
The possible triplet state formation mechanisms that occur in both systems are
summarized in Figure 5.13a. The encounter of spin-uncorrelated electrons and holes
generates CT states with both spin-singlet (1CT) and spin-triplet (3CT) characters. The
decay of the 3CT to the ground state is spin forbidden. Therefore, the 3CT can relax to the
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T1 state on the PCE10 polymer as it is energetically accessible due to the high CT energy
in both systems. Once triplet excitons formed, they can return to the ground state
through triplet–charge annihilation.

Figure 5.13. Schematic of bimolecular recombination processes of free charge carriers
(SSC) in OPV. Encounters of spin-uncorrelated charges form CT states with both singlet
(1CT) and triplet (3CT) spin characteristics. CT states could re-dissociate into SSC states.
Pathway 1: The recombination of 1CT to the ground state S0 is spin-allowed and thus
could lead to CT state emission. This pathway also includes the geminate recombination
of bound CT states, which never separated into FC. The recombination of the 3CT state
to the ground state is spin-forbidden, but relaxation to the lower-lying triplet excitons
(T1) on the donor polymer is energetically favorable (provided that ET1 < ECT).
Pathway 2: The triplet excitons are rapidly quenched to the ground state through
triplet-charge annihilation (TCA) 5.
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For PCE10:O-IDTBCN, the relaxation of 3CT states to T1 states on the polymer is strongly
suppressed as ET1 (PCE10) > ECT, allowing for the dissociation of 3CT states back to free
charges, thereby reducing recombination and enhancing device performance compared
to PCE10:O-IDTBR.
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𝒏𝒔 − 𝝁𝒔 Charge Carrier Recombination in PCE10:O-IDTBCN

The dynamics of charge carriers in PCE10:O-IDTBCN were measured to evaluate the
charge carrier recombination in the photovoltaic system on the time scale relevant for
charge extraction from a photovoltaic device. We observe that the dynamics exhibit a
pronounced intensity dependence, which corresponds to non-geminate recombination
(bimolecular) of free charges as shown in Figure 5.14.

Figure 5.14. Charge carrier dynamics monitored at 1.12 eV at different fluences (dots)
and fits (solid lines) to a two-pool recombination model for PCE10:O-IDTBCN.

Furthermore, the fluence dependence of the charge-induced absorption dynamics is
analyzed by fitting the data to a two-pool recombination model as previously introduced
by Howard et al6 using the following equation:
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1

𝑦 = (𝑁0 (1 − 𝑓)[1 − 𝑒𝑥𝑝(−𝑘𝐶𝑇→𝐺𝑆 𝑡) ] + 𝑁0 𝑓 − [𝜆𝛾 + (𝑓𝑁0 )−𝜆 ]𝜆 )/𝑁0

Where 𝑘𝐶𝑇→𝐺𝑆 is the geminate rate constant, λ is the non-geminate recombination order,
𝛾 is the non-geminate coefficient, 𝑓 is the fraction of charges that undergo non-geminate
recombination, and 𝑁0 is the total initial charge density. The total initial charge density is
determined from a combination of TA and TDCF experiments. The recombination
parameters are extracted and provided in Table 5.4. The CT state lifetime of this system
is 4.5 ns. In addition, 11% of the charges undergo geminate recombination, which is in
good agreement with the experimentally determined IQE value.

Parameter

PCE10:O-IDTBCN

𝒇

0.89±0.005

𝟏−𝒇

0.11

𝒌 ( 𝒔−𝟏 )

2.2 × 108 ± 7.12 × 108

𝝀+𝟏

1.6±0.007

𝜸(𝒄𝒎𝟑 )𝝀 𝒔−𝟏

1 × 10−21 ± 1.8 × 1022

Table 5.4. Recombination Parameters Extracted from the Two-Pool Model Fit to the
Experimental Data of PCE10:O-IDTBCN.
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Field dependent charge generation and non-geminate recombination in PCE10:IDTbased acceptor devices.

Time-delayed collection field (TDCF) experiments were performed in order to distinguish
between field dependent charge generation and non-geminate recombination. Both
processes can lower the FF and therefore the performance of the OPV device. Details of
the TDCF experiment are explained in chapter 3. A time delay of 10 ns was used and the
collection voltage of -6V was set as constant, while the prebias voltage was varied
between -1V and 1V. Figure 5.15 shows a linearly increasing 𝑄𝑐𝑜𝑙 with increasing
excitation fluences (𝑉𝑝𝑟𝑒 = 0) at low fluences. When the excitation fluence increases, the
density of extracted charges increases sub-linearly due to the loss of the photogenerated
charges by non-geminate recombination, since they are no longer extracted by the
collection field. Therefore, we chose a low excitation fluence of 0.5𝜇𝐽𝑐𝑚2 to ensure the
non-geminate recombination is minimal in the active photoactive layer of the device, as
previously shown by Kniepert et al7.
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Figure 5.15. Illumination-dependence of the integrated collected charges (𝑄𝑐𝑜𝑙 ).

The field dependent charge generation data is overlaid on the steady-state JV
characteristics in Figure 5.16 for PCE10:O-IDTBR (a), PCE10:EH-IDTBR (b), and PCE10:OIDTBCN (c) photovoltaic devices. At reverse bias, the influence of the geminate
recombination is negligible as the internal field is strong and accedes the Coulomb
attraction potential. The influence of the non-geminate recombination is reduced at
negative pre-bias due to the low light intensity and thus low carrier density. In PCE10:OIDTBR and PCE10:EH-IDTBR, the photocurrent generation is field-dependent and at low
internal fields, close to 𝑉𝑂𝐶 , the non-geminate recombination reduces the photocurrent
further. In contrast, PCE10:O-IDTBCN shows a higher photocurrent and less field
dependence on charge generation. The highlighted region indicates the amount of field
dependent geminate recombination. The field-dependent geminate recombination loss
in PCE10:O-IDTBCN is low, explaining the high device fill factor. The area between the
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shaded region and the JV curve indicates the fraction of non-geminate recombination,
which also affects the fill factor of the device.

b)

a)

c)

Figure 5.16. Bias dependent photocurrent compared to the field dependence of free
charge generation measured by TDCF. The shaded area indicates field-dependent
geminate recombination and the area between the shaded region and the JV curve nongeminate recombination losses. The green horizontal line indicates the calculated
maximum photocurrent of the blends.
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Exciton loss processes studied by time-resolved photoluminescence (TRPL)

Figure 5.17 shows the transient PL spectra of the blend films (first row) and pristine films
(second and third row) for different time delays. An excitation wavelength of 650 nm was
chosen for all measurements, allowing for excitation of both the donor and acceptor. The
blends spectra are broad and featureless and peak at 780, 746, and 808 nm for PCE10:OIDTBR, PCE1O:EH-IDTBR, and PCE10:O-IDTBCN respectively. In addition, they consist of
convoluted spectra of both the donor polymer PCE10 and the acceptor.

a)

b)

c)

Figure 5.17. Comparison of the PL spectra of pristine and blend films for the three
investigated systems for different time delay.
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The PL of the PCE10:O-IDTBCN blend is mostly present in the spectral range of the OIDTBCN emission, indicating that the PCE10 is intimately mixed with the O-IDTBCN
molecules resulting in ultrafast quenching of the PCE10 excitons on a sub-ps timescale.
The PL dynamics of pristine and blend films provide further insight into the exciton
quenching. Due to the fact that the exciton quenching competes with radiative
recombination in the blends, the PL dynamic of blends are expected to decay much faster
compared to pristine films as shown in Figure 5.18 a,b,c. The PL decay characteristics of
the blends are complex due to the contribution of both components as indicated by the
TRPL spectra in Figure 5.17. Compared to the pristine films, the decay rate of PCE10:OIDTBR (Figure 5.16 a) is slower than PCE10:EH-IDTBR (Figure 5.16 b) and PCE10:O-IDTBCN
(Figure 5.16 C), indicating that significant portions of the donor or acceptor exciton
population are quenched via charge transfer after exciton diffusion to an interface.
The transients were fitted using a the sum of two exponential functions and the weighted
averaged lifetime (τ) was extracted (Figure 19). We found the following values of 152.6ps,
33.6ps, and 24ps for PCE10:O-IDTBR, PCE10:EH-IDTBR, and PCE10:O-IDTBCN respectively
as shown in Table 5.5 . We conclude that efficient quenching is achieved in both
PCE10:EH-IDTBR and PCE10:O-IDTBCN. The highest quenching efficiency in PCE10:OIDTBCN agrees well with the performance.
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a)

b)

c)

Figure 5.18. The acquired TR-PL transients tracked at the peaks in a) PCE10:O-IDTBR ,b)
PCE10:EH-IDTBR and c) PCE10:O-IDTBCN .
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Figure 5.19. The transients of the blends with fitting to obtain the decay time.

Blend
PCE10:O-IDTBR
PCE10:EH-IDTBR
PCE10:O-IDTBCN

𝑨𝟏
0.37
0.94
0.91

𝑨𝟐
0.63
0.09
0.29

𝝉𝟏 (𝒑𝒔)
67.5
23.7
13.9

𝝉𝟐 (𝒑𝒔)
202.5
136.6
56

𝝉𝒂𝒗𝒈 (𝒑𝒔)
152.6
33.6
24

Table 5.5. Exciton dynamics parameterized by a biexponential fit.
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5.3

Conclusion

In summary, the investigation of the differences in PCE using time-resolved spectroscopy
revealed triplet state formation in PCE10:O-IDTBR and PCE10:EH-IDTBR. I have discussed
the origin of the triplet state formation and I speculate it might potentially act as a loss
channel. TDCF measurements reveal field-dependent charge generation and the fill factor
differences are explained by field-dependent geminate recombination losses in the case
of PCE10:O-IDTBR and PCE10:EH-IDTBR. Efficient exciton quenching is achieved in all
three systems, as demonstrated by TR-PL experiments.
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CHAPTER 6

Concluding Remarks
It is a matter of fact that nonfullerene acceptors are now primary choice and key
component in in organic photovoltaics. As they are widely combined with polymers, low
band gap as well as high band gap ones, it is crucial to understand the fundamental charge
generation processes in these systems. A guided design of novel polymers and
nonfullerene acceptors is a challenge, which has to be addressed in order to further
improve power conversion efficiencies in organic solar cells. In this thesis different
nonfullerene acceptors have been paired with PCE10 and the photophysical processes
have been explored by employing ultrafast time resolved spectroscopy. Time resolved
spectroscopy is a vital tool to access ultrafast processes occurring on picosecondnanosecond time scales.
The key finding from the first experimental study reveals the critical impact of the
acceptor core structure when changing from CDT to IDTT. Specifically, charge transfer in
the PCE10:IDTT-based acceptor is more efficient. Transient absorption spectroscopy
reveals that geminate recombination is reduced in the IDTT based acceptor compared to
the CDT based one.
When PCE10 is paired with O-IDTBR, EH-IDTBR and O-IDTBCN a high open circuit voltage
is achieved only in the first two systems. Interestingly, triplet state formation was
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observed in these blends as well, probably caused by the high charge transfer state
energies. The side chains clearly play a role when selecting a proper acceptor. Charge
transfer state energies were elucidated using sensitive external quantum efficiency
measurements combined with internal quantum efficiency calculations. However, the
exact origin of the triplet state formation is not resolved, but we speculate it might occur
due to nongeminate recombination of the free charges.
Future spectroscopy work should include a detailed study of the triplet state formation in
PCE10:O-IDTBR and PCE10:EH-IDTBR. Firstly, it is of importance to understand the origin
of the triplet state formation. One potential pathway proposed is to estimate the
concentrations of different species compared to steady state conditions and model the
charge carrier dynamics to determine the recombination rates. It is important to study
and combe the traditional device characterization and ultrafast spectroscopy as most of
the photophysical processes in nonfullerene acceptors are not understood yet. Another
approach towards higher solar cell efficiency is targeting ternary system devices, where
two nonfullerene acceptors are used. Electroluminescence measurements can provide
significant insight into charge transfer state emission and this technique can be
successfully applied to nonfullerene acceptors as well. A detailed study when combining
the device physics with photophysics is the way forward to design new materials for
future implementation and commercialization of organic photovoltaics.

