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INTRODUCTION

Since the Industrial Revolution, global demand for electricity has grown
drastically. In the last 25 years, global electricity generation has doubled,
exceeding staggering 27000 terawatt-hours in 2019.! With the world’s
population expected to increase by more than 20% to about 10 billion people
by 2050, demand for electricity is unlikely to decline. Rather, it is expected to
increase by ~30% over the next two decades.! Historically, coal and other
fossil fuels have always been the primary source of energy and are still
predominantly burned to generate electricity - accounting for more than 63%
of total electricity production in 2019. However, fossil fuel combustion has
several serious drawbacks, namely its finite availability? and, more
importantly, air pollution, which leads to numerous health problems and
climate change.® Fossil fuel combustion releases carbon dioxide into the
atmosphere, where ~60% of it is permanently trapped.* Today, the average
atmospheric CO, concentration is higher than at any other time in the last 3
million years, the furthest time span that can be tracked.> Because carbon
absorbs heat that would otherwise be radiated from the Earth's surface to
space, high atmospheric CO; level is causing global temperatures to increase
and, consequently, sea levels to rise due to accelerated glacial melt. ¢
According to some estimates, up to 20-30% of the world’s species are at risk
of extinction due to rising temperatures, with coral reefs particularly
vulnerable.?

To address this unprecedented global challenge, the initiative to achieve net
zero CO; emission by 2050 is being driven by policymakers worldwide. The
initiative focuses on developing strategies to drastically reduce the use of
fossil fuels, by far the most significant source of CO, emissions. According to
its roadmap, two-thirds of the total energy supply in 2050 should come from
COz-emission-free renewable energy sources, namely wind, bioenergy,
geothermal, hydropower, and solar energy.!! Solar energy in particular is
expected to be the largest source of energy, accounting for one-fifth of the
total energy supply. This should not be surprising, given the overwhelming
abundance of solar radiation, which has been convincingly described by L.R.
Brown: “The sunlight striking the earth's surface in just one hour deliver[ing]
enough energy to power the world economy for one year."'?



Basically, solar energy can be divided into three categories: Solar Thermal,
Solar Fuels and Photovoltaic (PV). The first uses solar energy in the form of
heat to generate steam and drive a turbine, similar to the use of fossil fuels.:®
The second category refers to chemical fuels produced with solar energy
through photo- or thermochemical processes.'* The third category, on the
other hand, refers to the direct conversion of solar radiation into electricity.
Importantly, global energy consumption is becoming highly electrified due to
the increasing use of electric cooling and heating, the popularity of electric
vehicles, and the digitization of most aspects of daily life.> The direct
generation of electricity from solar radiation therefore makes photovoltaics
particularly attractive as a future energy source. Today, less than 4% of all
electricity is generated from solar power, but the International Energy Agency
forecasts a 20-fold increase in PV capacity by 2050.1* This is an ambitious
plan, as it isequivalent to installing the world’s current largest solar park
roughly every day for the next decade. Nevertheless, the threat of
environmental catastrophe from maintaining the status quo of burning fossil
fuels for energy and the fact that there is an abundant and reliable source of
energy to replace it, is driving the rapid progress of solar energy technology
worldwide.

Currently, the most studied and prevalent PV technology is based on
crystalline silicon (c-Si), which accounts for 95% of the total installed
capacity.’® The significant drop in the price of manufacturing crystalline
silicon solar wafers, combined with the increase in their efficiency over the
past decade, has made this technology attractive not only for environmental
reasons, but also as a financially competitive form of power generation.
Nonetheless, despite its dominance, c-Si solar technology has some major
drawbacks that hinder its wider adoption. First, silicon has a very low
absorption coefficient, thus a relatively thick (several hundred microns) and
opaque absorption layer is required for optimal device efficiency.®® This
significantly increases the final cost of the module and severely limits the
application versatility of Si-based solar cells, as modules must be installed
either on the ground or on a roof, preferably tilted to achieve higher efficiency,
and adjacent modules must be spaced apart and therefore require a lot of space.
In densely populated areas, where electricity is most needed, vacant land for
solar plants is usually scarce. In addition, the production of crystalline silicon
requires very high temperatures. This means that the energy payback time, i.e.
the time it takes for the solar cell to produce the same amount of energy that



was required to manufacture it, is quite long — 1.5 — 2 years, depending on the
location. °

To further increase installed PV capacity on a global scale, technologies must
be developed that have mechanically and optically unique properties. For
example, if the active layer were semi-transparent, it could be retrofitted into
the windows of tall, glazed office buildings and generate electricity precisely
where the demand is greatest — in city centers. Flexible solar cells could be
built into curved surfaces, such as car roofs. Moreover, solar cells with
different coulors would be much easier to integrate into urban architecture and
infrastructure, if only for esthetic reasons. Of the many emerging PV
technologies, organic solar cells have the particular advantage of being based
on flexible, lightweight and semi-transparent materials, which actually makes
these niche applications possible.?®?! Even more, because they can be
processed using solutions, they could even be printed and require very little
energy to manufacture. There are estimates that the energy payback time for
organic solar cells could be as little as a single day. %

Although organic photovoltaics (OPV) has been driven by the vision of its
myriad applications for more than 30 years, it is still far from being
commercialized on a large scale. The main limiting factor is its lower stability
and efficiency compared to conventional solar cells. However, the latter has
risen sharply in recent years and currently exceeds 18%224, largely due to the
introduction of a new generation of acceptor materials, which have greatly
boosted academic and industrial interest in the previously slightly stagnant
technology.

Despite recent breakthroughs, further technological improvements are
strongly needed, but they will be difficult to achieve until the physics behind
the operation of OPV devices is fully understood, especially in the case of the
new generation of organic solar cells. New materials, i.e. non-fullerene
acceptors, have challenged the previous understanding of charge generation.
The energy needed for efficient charge generation is far below the previously
assumed threshold. However, the minimal energy required for charge
separation allows other physical and as yet unstudied phenomena that do not
occur in older generation OPV devices. Moreover, the transport of free charge
carriers in these novel devices is likely to be different, since the physical
properties of, e.g. polymer acceptors are very different from the fullerene-type



acceptors. More so, conventional studies on charge transport under laboratory
conditions may not be relevant in real-life, so specific working conditions
should be implemented. Thus, a new in-depth analysis of numerous processes
involved in energy conversion under specific conditions in devices based on
non-fullerene acceptors is required. In this work, we scrutinise the operation
of novel OPV devices from an optoelectronic perspective to identify physical
processes that are detrimental to energy conversion and how they can be
suppressed.

This thesis is organised as follows: In the next section, the aim of this thesis
and the tasks for this research work are presented. Then, thesis statements are
formulated, followed by a delineation of the novelty and relevance of this
work. Then, a detailed introduction to organic photovoltaic technology from
material, technical and physical points of view is given in an extensive
literature overiew together with an introduction to the experimental methods
employed in this work. And finally, the results are summerized in the
Discussion and Conclusions section.

1. The Aim of the Thesis

A recent breakthrough in OPV device technology, triggered by the
replacement of an archetypal fullerene acceptor with novel acceptor
molecules, has galvanized the development of OPV technology and prompted
many scientific groups to set new records in energy conversion efficiency.
This is usually achieved by fabricating myriad new materials for an active
layer, trying ever new donor-acceptor mixtures, and fine-tuning each step of
device fabrication through trial-and-error. While this leads to some success,
without a detailed physical understanding of exactly how these new materials
work and their limiting factors, it is difficult to significantly accelerate further
development of OPV technology. Therefore, this work was carried out with
the aim of investigating the main optoelectronic phenomena such as charge
carrier generation, extraction, and recombination in various bulk
heterojunction organic solar cells based on non-fullerene acceptors,
comparing them with well-known fullerene-based devices, and identifying the
fundamental-level causes that limit the energy conversion efficiency.

Specific goals of this thesis were:

e To understand the role of spatial traps in charge carrier extraction in
bulk heterojunction devices.
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e To uncover charge dynamics under close-to-real working conditions
in organic solar cells (OSCs).

e To understand the peculiarities of free charge carrier generation in
non-fullerene OSC with negligible HOMO level offset.

e To understand charge carrier generation peculiarities in state-of-the-
art PM6:Y6 organic solar cells.

2. Tasks of the Research Work
To achieve these goals, specific tasks were set:

e Improve and apply a specific technique for measuring transient
photocurrent that allows distinguishing between charge carrier
trapping in energetical and spatial traps; evaluate the effects of
energetical and spatial charge carrier trapping in fullerene and non-
fullerene OPV devices.

o Upgrade and apply specific transient techniques that allow tracking of
charge carrier dynamics under close-to-real working conditions;
compare charge carrier mobility dynamics in fullerene and non-
fullerene acceptor-based OPV devices.

e Trace with high temporal resolution the generation and recombination
of free charge carriers; investigate the dependence of generation and
recombination on the energy difference between donor and acceptor
molecular orbitals; identify limiting factors for energy conversion.

e Investigate charge generation and its temperature dependence in state-
of-the-art PM6:Y6 organic solar cell.

3. Statements of the Thesis

1. The spatial trapping effect can impede the extraction of free charge
carriers from the as-cast active layer of an all-polymer organic solar
cell, enhancing recombination and associated efficiency losses. The
effects of spatial trapping can be significantly reduced by annealing,
as demonstrated in the case of the TQ1:N2200 all-polymer solar cell.
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Charge carrier trapping strongly influences carrier mobility in ns-us
timescale in OPV devices with high trap concentration. However,
under the actual working conditions of the OPV device, constant
illumination leads to the occupation of these trap states, making the
mobility less time-dependent and increasing both the extraction and
recombination rates. Filling low-energy state occupation does not
affect the sharp decrease in mobility on a ps timescale. In highly
effective non-fullerene device charge carrier trapping effect is
negligible and therefore low energy state occupation has minor effect
on carrier extraction.

Thermally activated back transfer of electrons from donor to acceptor
via the highest occupied molecular orbital levels increases charge
carrier recombination and reduces overall device efficiency in non-
fullerene OPV devices with an energy offset between donor and
acceptor HOMO levels less than ~100meV.

Upon excitation of acceptor Y6 in PM6:Y6 organic solar cell, charge
carrier generation occurs via two different pathways that are equally
efficient at room temperature - via the interfacial CT state and via the
intra-moiety XCT state. The conventional pathway via the CT state is
almost temperature independent, while charge carrier generation via
the xCT state requires thermal support.

4. Novelty and Relevance

Novelty and relevance of this work was several-fold:

A wide range of transient measurement technigues made it possible
to study each step of the OPV device's operating cycle and to link all
the different processes into a consistent story, ranging from fs to us,
for the first time for this class of materials.

In this work, specific upgrades to conventional transient measurement
techniques, namely TREFISH, transient photocurrent, and time-
delayed collection field, were developed. These upgrades enabled, for
the first time, the study of the spatial trapping phenomenon and the
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tracking of the charge carrier dynamics under realistic working
conditions of a solar cell.

Detailed analysis of transient absorption measurements has led to the
identification of a specific thermally activated recombination channel
in non-fullerene OPV devices with small HOMO level offsets
between donor and acceptor materials. This finding highlights the
importance of carefully matching donor and acceptor energy levels to
improve efficiency.

A detailed investigation of the charge carrier generation mechanism
in the PM6:Y6 blend, combining transient absorption and transient
photoluminescence at various temperatures, was performed, reaching
as low as 15 K for the first time. The wide temperature range has
helped to uncover previously undiscovered aspects of charge
generation in this state-of-the-art photovoltaic material.
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LITERATURE OVERVIEW

1.PHOTOVOLTAIC EFFECT

Photovoltaic energy conversion, as the name implies, occurs through the
absorption of light (photons) by a semiconducting material that generates
electrical energy (voltage). In classical inorganic semiconductors, the
absorption of photons results in the transfer of electrons from the valance band
to the conduction band, creating an electron-hole pair. An analogous electron-
hole pair is also created in organic semiconductors by a similar but, as will be
discussed in detail in the following sections, slightly different pathway.
Photovoltaic devices are designed to convert the energy stored in these
electron-hole pairs into electrical energy.
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2. CHARACTERIZATION PARAMETERS OF THE SOLAR CELL

Since energy conversion is the sole purpose of a photovoltaic device, the main
criterion for evaluating a solar cell is its conversion efficiency. Given that
power conversion efficiency (PCE) is highly dependent on the measurement
conditions, standardized test conditions have been established in both
academia and industry using Air Mass 1.5 Global (AM1.5G) radiation and a
cell temperature of 25 C°. “Air Mass” means that the solar spectrum is
corrected for absorption losses in the Earth’s atmosphere, while the thickness
of 1.5 atmospheres corresponds to the annual average angle of incidence at
mid-latitudes. “Global” means that both direct and diffuse sunlight are
considered?®. The AM1.5G spectrum (Fig.1a) has an integrated power of 1000
W/m?, usually referred to as Pin, which is the power entering the solar cell.
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Figure 1. a) AM1.5G solar spectrum; b) IV characteristic of PM6:Y6 organic
solar cell.

The power coming out of the solar cell is electrical power defined as the
product of photocurrent and photovoltage acting on an external load. For
constant illumination, such as AM1.5G, the power varies depending on the
resistance of the load. Therefore, an optimal load must be determined for the
maximum power (Pmax) of each solar cell. This is usually done by measuring
Current-Voltage (IV) characteristic under standard illumination (Fig.1b). The
applied voltage sweeps act as a set of different loads and allows the
identification of the maximum power point (MPP), i.e. the point at which the
PCE is evaluated:
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PCE = Pmax _ jmpp VmpPP (1)
Pin Pin

where, juep and Vuep refers to current-density and voltage at maximum power
point, respectively.

Apart from maximum power point, minimum power points of IV curve are
also of great importance for characterization of solar cells. There are two
points in the IV curve where the power equals zero. First, where the applied
voltage is zero, mimicking the “no load in the external circuit” conditions. The
value of the current density in such a case is referred to as the short-circuit
current (jsc). Another extreme is when the applied voltage is set to imitate the
“infinite load in the external circuit” conditions, in which case no current
flows at all. Such voltage value is referred to as open-circuit voltage (Voc).

The product of jsc and Voc gives the theoretical maximum power (Pr) of an
idealized solar cell, i.e. one that has a rectangular 1V curve. The ratio

P j |4
FF = ZMPP _ JM.PP MPP (2)
Pr JscVoc

is called the fill factor (FF) and is often used to quantify the quality of a solar
cell, i.e. how similar the real solar cell is to an idealized cell. FF can be
visualized as the ratio between a blue square and a grey square in Figure 1b.
The closer the ratio is to unity, the better the solar cell.

In this way, PCE can be described as

PCE = FFjscVoc (3)

Pin

Such a PCE definition is very convenient because each of the parameters used
here is related to different physical phenomena in the active layer of a solar
cell. For instance, jsc depends on the total amount of photogenerated charges
that can be extracted from the device and is related to light absorption
efficiency, FF mainly refers to the competition between charge carrier
recombination and extraction, whereas Voc determines what part of a photon’s
energy is converted into electrical energy. All the important physical
phenomena involved in energy conversion in organic solar cells are discussed
in following sections.
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3. PHOTOPHYSICAL PROCESSES IN ORGANIC SOLAR CELL

Over the past two decades, our understanding of the physics of organic
semiconductors has expanded considerably. Development of novel light-
absorbing materials and various breakthroughs in device engineering
significantly improved organic solar cell technology in terms of both
efficiencies and processing techniques. Multiple physical phenomena take
place in OPV devices, the main of which are discussed separately below.
However, to fully appreciate the complex operation of this technology, one
should first understand why certain organic materials behave like
semiconductors.

3.1 Organic Semiconductors

Organic semiconductors are carbon-based materials. The electronic
configuration of a carbon in the ground state is 1s?2s?2p2. This means that of
the 4 electrons of the outer shell, two are s, which are paired, and two are p,
which are unpaired. The outer shell electrons and their ability to hybridize are
critical to the formation of interatomic bonds. There are three possible
hybridization configurations: sp, sp?, and sp®. In the context of semiconducting
materials, sp? hybridization (when the s orbital is mixed with two of the 2p
orbitals, producing three sp? orbitals) is most important, as it offers intriguing
electronic properties within molecules. This is because two of the three
orbitals hybridize in the plane of the carbon atoms and form a 6-bond, whereas
third orbital is perpendicular to the plane of the carbon atoms and is able to
form a m-bond with neighboring carbon atoms. Typical organic
semiconductors used in OPVs are such conjugated molecules.

The energy levels of organic semiconductors cannot be described by the
classical terms “conduction band” and “valence band” due to discontinuous
energy distribution and localized wave functions. Instead, the optical bandgap
of an organic semiconductor is defined as the difference between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) 2627, The bandgap of the semiconductor is one of the key parameters
as it sets the minimum energy limit for the absorption of photons. Photons
with energy below the threshold are either transmitted or reflected, while
photons with energy above the bandgap are absorbed.
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One of the greatest advantages of organic semiconductors is that both HOMO
and LUMO levels can be easily tuned by changing the molecular structure.
The same material with a slightly different functional group or conjugation
length may have significantly different electrical and optical properties. For
example, the HOMO/LUMO energy gap gradually decreases from 6.0 eV in
benzene (1 ring) to 2.1 eV in pentacene (5 ring), resulting in a profound change
in the absorption spectrum?8,

3.2 Light absorption and exciton formation

Initial step of energy conversion in OPVs is light absorption in a
semiconducting active layer. The absorption coefficient of organic
semiconductors is generally high (~10* cm™), so a photoactive layer only a
few hundred nanometers thick is capable of absorbing most of the photons
above the bandgap. However, the optimal film thickness is not only
determined by the maximum absorption, but also by electron-hole
recombination, as will be discussed below. Usually, the highest PCEs are
obtained in devices with photoactive layers of 100-150nm thickness.

Although absorption range of organic semiconductors tends to be much
smaller compared with inorganic semiconductors, yet state-of-the-art
photoactive molecules distinguished by intramolecular electron push-pulling
effects, have an absorption range exceeding 300 nm.2°3° Moreover, the use of
two different molecules with complementary absorption blended into single
~130 nm-thick film for the active layer allows the majority (~80%) of photons
above the bandgap to be absorbed 322,

When the energy of the photons is higher than the bandgap of the absorbing
semiconductor, the electron is promoted from the ground state (HOMO level)
to one of the excited states. This promotion is followed by an ultrafast (<10-1°
s) electron relaxation to an excited state with lowest energy, i.e. the LUMO
level. The promoted electron leaves a vacancy in the HOMO level, which can
be treated as a positively charged particle, commonly referred to as a “hole”.

Such an electron-hole pair is bound electrostatically via the Coulomb

interaction, with the binding energy determined approximately by the
Coulomb potential:
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where q is the elementary charge, r is distance between electron and hole, &
is the vacuum dielectric constant, and & is the relative dielectric constant of
the material. The latter is generally high in inorganic semiconductors (e ~ 11-
13), which results in a binding energy that is in the range of 1 — 100 meV.*
The thermal vibrations of the host material are strong enough to overcome
such low binding energies, so the electron-hole pair quickly dissociates into
free charge carriers. In organic semiconductors, however, the dielectric
constant ¢r is much smaller (er ~ 2-4), leading to significantly higher electron-
hole binding energies.®**> These tightly bound charge pairs are considered
quasiparticles excitons (or Frenkel excitons). In the absence of external
influences, these particles relax to the ground state within a timescale of
hundreds of ps to a few ns timescale. 26:3-38

3.3 Exciton Diffusion

Before decaying to the ground state, the excitons diffuse in the organic
material, spatially transferring energy. The initial energy transfer occurs as a
coherent excitation migration, however, due to the low degree of order of
organic materials, this transfer is limited to a few lattice spacings only.°
Further energy transfer is usually described as localized exciton random-walk
or hopping between molecules®*# and is based on the Forster’s resonant
energy transfer (FRET) mechanism via Coulombic dipole-dipole coupling of
molecules.*" Typical exciton diffusion lengths in amorphous 7-conjugated
molecules and polymers fall in 5-15 nm range “8-%5, however, there are recent
examples of 20-47 nm diffusion lengths in novel photoactive materials used
in OPV technology.*®

In order for the energy stored in the molecular excitation to be converted to
electrical energy, the excitons must dissociate into free charge carriers before
they recombine, i.e. on a ps timescale. An electric field, traps, or impurities
assist in the dissociation of excitons within the host material.>” However, after
dissociation, both holes and electrons must be extracted to the appropriate
electrodes. Therefore, effective energy conversion in an OPV device is
achieved when the excitons dissociate not in the bulk of the host material, but
at the interface of materials with different electron affinities, optimized for
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efficient charge separation and their further transport. During the development
of OPV technology, several improvements have been made to the solar cell
design to improve the dissociation of the excitons.

3.4 Bulk hetero-junction organic solar cells

The first and simplest organic photovoltaic device architecture, called the
single-junction solar cell, was copied from inorganic solar cells. In this design,
the photoactive layer is located between two electrodes (Fig. 2c). An optically
transparent low-resistivity electrode, such as indium tin oxide, is typically
used on the front side to allow light to enter and a reflective metal, such as
aluminum, is used on the substrate side to reflect unabsorbed light and
improve the light output in the active layer. The difference in the work
functions of the electrodes creates a built-in electric field in the photoactive
layer. However, this field is too weak for efficient dissociation of the excitons,
and most of the free charge carriers are generated at the interface between the
organic semiconductor and one of the electrodes (see Figure 2a). %8 Since a
layer thickness of at least 100nm is required for efficient light absorption, the
probability of an exciton generated deep within the bulk of a layer reaching
an interface is drastically limited by the short diffusion length of the excitons

of ~10 nm. Not surprisingly, PCEs of single-layer devices barely exceed 1%.
61
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Figure 2. Schematic diagram of the band structure of a single-layer (a) and a
bilayer (b) solar cell. Structure of single layer (c), bilayer and bulk
heterojunction (d) solar cell.
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As a means to increase exciton dissociation yield, C.W.Tang introduced two-
layer organic solar cell (Figure 2d).%? In this design, the photoactive layer
consists of two types of molecules - one with electron donating properties
(donor), the other with electron accepting (acceptor) ones. The difference in
electronegativity or ionization potential of the molecules is the driving force
for the separation of excitons. Therefore, excitons can dissociate not only at
the interface between semiconductor and electrode, but also at the interface
between donor and acceptor (Figure 2b). Separated charge carriers would then
be transported to the corresponding electrodes, i.e. electrons via the LUMO
level of an acceptor and holes via the HOMO level of a donor. Although such
a planar heterojunction improves the efficiency of energy conversion (a PCE
of ~1% was reported in the work of C. W. Tang), the short exciton diffusion
length compared to the thickness of the photoactive layer required for efficient
light absorption was still the main factor limiting the PCE.

A real breakthrough came with the novel concept of bulk heterojunction
(BHJ), which was proposed almost simultaneously by two groups.53¢* Today,
the absolute majority of OPV devices, including those studied in this thesis,
are based on the BHJ concept. In BHJ solar cells, donor and acceptor materials
are either co-evaporated or spin-coated, creating an interconnected
donor/acceptor network (Figure 2d). In this way, the donor/acceptor interface
is spatially distributed throughout the photoactive layer, ensuring that most
excitons generated in one of the molecules reach the interface within its
diffusion length. This structure enables the highest PCEs in OPV technology
(currently above 20% for tandem OSC)®%. However, the complex hierarchical
arrangement of molecules complicates charge extraction. Therefore, the
morphology of such a photoactive layer must be carefully optimized by the
mixing ratio, the coating rate, the choice of solvent, the thermal annealing,
etc.%-72 Although in the BHJ structure most excitons dissociate at the D/A
junction, this alone does not guarantee successful charge generation’, or
extraction of free charge carriers due to other limiting factors, which are
discussed in the following.
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Figure 3. CT exciton formation scheme.

When the diffusing exciton encounters the D/A interface, electron transfer
occurs due to the favorable arrangement of energy levels between the two
molecules. As shown in Figure 3a, when the exciton is generated in the donor
material, the electron is transferred between the LUMO levels of the donor
and acceptor. When an exciton is first generated in the acceptor material
(Figure 3b), electron transfer occurs from the HOMO level of the donor to the
HOMO level of the acceptor and is usually depicted as hole transfer from the
acceptor to the donor. In modern OPV devices, both charge generation paths
are exploited and are referred to as channel | and I, respectively.”" Using
ultrafast transient spectroscopy, it was found that electron transfer normally
occurs on a time scale of 10-100 fs.**7376-7® However, the charge transfer rate
has been shown to correlate with the HOMO/LUMO level differences
between donor and acceptor 881, and in the case of a negligible difference in
the frontier orbital energies, the charge transfer rate can be reduced to a
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picosecond time scale.®28 Importantly, both channels | and Il lead to the same
state where the electron and hole are on different materials, but still bounded
by Coulomb attraction. Such a state is called a charge transfer (CT) state or
CT exciton and is an intermediate state in the charge separation process.2*-

The energy of the CT state depends on several factors, such as polarization,
aggregation-induced delocalization, molecular orientations, and therefore
varies at each junction. This is particularly evident in highly disordered
systems, such as bulk hetero-junction OSCs. The set of energetically
distributed CT states forms so-called CT manifold, which is characterized by
an optical signature and is therefore detectable with spectroscopic
instruments.®”8° Moreover, the CT manifold can be generated by direct
excitation even with photons whose energy is lower than the bandgap of an
organic semiconductor.?® However, the absorption of the CT manifold is very
weak and its contribution to the generation of free charge carriers is
insignificant.

After charge transfer, there are two possible scenarios: either coulombically
bound electron-hole pairs recombine or they overcome the binding energy and
become free charge carriers. It has been estimated that the distance between
charged particles immediately after electron transfer is similar to the distance
between molecules, i.e., ~1 nm.%%-% Gijven the low dielectric constant of
organic semiconductors, the Coulomb attraction between electron-hole pairs
at such a small distance is in the range of a few hundred meV, which is much
higher than the thermal energy at room temperature. So where does the energy
for the generation of free charge carriers come from? In general, the difference
between the energy of initial excited state and the energy of the CT state is
considered to be the driving force for CT dissociation. It has been shown that
a difference of 0.3 eV is required for efficient CT splitting in typical OPV
devices based on fullerene acceptors.? However, there are numerous other
factors stimulating charge dissociation, including entropy %9, energetic
disorder °7%, high local mobility in fullerene clusters %, quadrupole moments
of novel acceptors causing energy levels bending at D/A interface 7°1%, the
delocalization of charges and the high degree of crystallinity of the acceptors
73101103 "and therefore efficient CT exciton dissociation has been observed in
blends even at negligible energy differences 36:104-97_ OPV systems with small
energetic offsets, i.e., low driving forces for CT dissociation, tend to have
higher Voc values because less energy of the photon is dissipated to enable

23



dissociation.191%8 Nonetheless, as will be shown in this work, the absence of
an energy barrier, while beneficial for increasing Voc, opens up an additional
loss channel through the retransfer of an electron.

3.6 Charge Carrier Transport

After free charge carriers are generated at the D/A interface, electrons are
transported from the LUMO of one site to the LUMO of another site
(correspondingly from HOMO to HOMO for holes) until the charge is
dissipated by the corresponding electrodes into an external circuit. In this case,
the site could be a conjugated segment of a polymer or a molecule. There are
two main factors that favor such transport: the electric field, which induces
charge drift, and the gradient of charge carrier density, which favors their
diffusion.

Due to their complicated structure, organic semiconductors usually tend to be
disordered. For instance, the different chain links of organic polymers,
together with conformational defects in the polymer backbone, lead to a
variety of site energies (disorder)'%. Energetic disorder is also caused by
crystallinity, aggregation, and molecular orientation, and thus depends on both
chemical composition and morphological features. Therefore, despite some
crystalline or semi-crystalline domains, charge transport in organic
semiconductors is governed by disorder.

To describe the degree of disorder in amorphous organic semiconductors, the
Gaussian distribution of density of states (DOS) is usually used:

= No _ (E-Ey)”
g(E) - Wexp ( 202 ) (5)
where Ny is the concertation of the sites, E and E, are the energy and the mean
energy of the site, respectively, and o is the standard deviation, also referred
to as energetic disorder. In some cases, an exponential tail is included to
account for low energy states.10-111

High energetic disorder forces rapid charge carrier localization, and although

the charge initially migrates through delocalized band states, this migration is
extremely short. However, the exact time and distances over which coherence
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is lost are still under debate 312, Further, now localized, charge carrier
migration is often explained by Bassler model 7, which assumes thermally
activated tunnelling between localized states, referred to as hopping, as the
means for charge migration. Miller-Abrahams expression describes the
hopping rate v; from an initial state i with energy Ei to a final state f with

energy Es:

Vo exp(—Zarif) exp (— E’:TEL) if AE >0

Vo exp(—Zarif) if AE<O0

(6)

Where v, is the attempt-to-hop frequency determined by the phonon
frequency in the material, ri is the distance between the sites, k is the
Boltzmann constant, T is the temperature, and « describes the decay length of
the localized wavefunction. The experimentally obtained values for 1/« fall in
0,1-0,2 nm range 3114 supporting strong localization assumption used in this
model.

Bassler, or Gaussian Disorder Model (GDM), has been successfully
implemented in charge carrier dynamics analysis for many organic
semiconductors 14116 Importantly, as “Boltzmann prefactor” is present only
for hops upward in energy (AE > 0), hops that downward in energy occur at
a considerably higher rate. The model therefore predicts a gradual trapping of
the photo-generated carriers at lower lying localized sites, i.e. thermalization.
While the Miller-Abraham expression suggests, that carrier thermalization
occurs through charge carrier hops between localized sites, and therefore does
not account for on-site carrier thermalization. However, on-site thermalization
takes less than a picosecond 17118, so it could be considered immediate in the
context of the GDM model.
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Figure 4. Schematic representation of photogenerated charge carrier
thermalization in organic solar cell.

As shown in Figure 4, photogenerated charge carrier at certain energy Eo
rapidly thermalize to lower energy sites until reaches quasi-equilibrium Egq
transport energy, which depends mainly on temperature and disorder of the
system. However, it was shown 19, that charge carriers generated within thin
(~100 nm) active layer are extracted without even reaching their full
thermalization. Moreover, in the same work, two phases of thermalization
were distinguished: first, during 1-100 ns, and the second on the following
timescale. During initial stage, rapid energy dissipation occurs due to fast
diffusive motion, whereas during the later, when drift component of motion
becomes more substantial and extraction towards electrodes could be
detected, energy is dissipated at much lower pace. Naturally, part of randomly
hopping charge carrier ends up in a site so deep within DOS distribution, that
thermal activation energy is insufficient for them to overcome the barrier to
next site. They become trapped and eventually recombine, without
contributing to a photocurrent.

Both carrier trapping and thermalization leads to a time-dependent carrier
mobility, decreasing with time following photoexcitation. There are numerous
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works reporting that carrier mobilities decrease by several orders of magnitude
from their generation until extraction.120-125

3.7 Recombination

In OPV devices, charge carriers are generated in the form of negative-positive
charge pairs, i.e., electrons and holes, which tend to recombine under certain
conditions. If the generated electron-hole pair is still coulombically bound,
they form a geminate pair, and hence their recombination is called geminate
recombination. Notably, it comes from the same parent exciton. On the other
hand, if free positive and negative charge carriers moving through an organic
semiconductor meet and relax into the ground state, such recombination is
called non-geminate. Namely, a recombination of carriers originating from
different photoexcitations.

Geminate recombination in novel OPV devices is usually insignificant. Most
of the photoexcitations quickly converts to free charge carriers, which are then
transported to the appropriate electrodes. 194126127 However, even if oppositely
charged free carriers are transported through different materials, the
probability that they will encounter each other is still relatively high given the
large number of D/A interfaces in the bulk heterojunction structure. Such
recombination can be monitored by measuring the dynamics of the charge
carrier density using transient techniques, such as the time-delayed collection
field, as will be explained in the experimental section. When the dynamics of
the charge carrier density is determined only by recombination, it follows a
bimolecular decay pattern:

T = —yne(Ona(t) ©)

where n is carrier density, ne and n, are photogenerated electron and hole
densities, and y is the bimolecular recombination coefficient. Bimolecular
recombination is the main parameter determining the optimal thickness of an
active layer for an OPV device, since it limits both the short-current density
and the open-circuit voltage.

Notably, formalism (7) concerns only bimolecular recombination, however,

higher (>2) recombination order, when interaction between more than two
charge carriers leads to a recombination, is also possible in organic solar
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cells.t?812% Nonetheless, such recombination, commonly referred to as Auger
recombination, requires much higher carrier densities than are normally
generated under standard AM 1.5G illumination conditions.

3.8 Non-fullerene acceptors

For many years, the active layer of a typical OPV device consisted of a
polymeric donor material and a fullerene-based acceptor.t”* This combination
of materials has demonstrated efficiencies of up to 11.7%.1"® Despite
relatively high efficiencies and high electron mobility values, fullerene-based
acceptors have some serious drawbacks — they are costly, have far from

optimal absorption range, difficult to synthesize, and show low stability in
air.l76,177

A possible alternative to expensive fullerene acceptors is polymer-based
electron acceptors.'’® Around 2010, numerous publications appeared in which
fullerene-based acceptors were replaced by polymer-based acceptors. These
so-called all-polymer solar cells initially had lower energy conversion
efficiencies than their fullerene-based counterparts, but soon some systems
began to rival the efficiencies reported for polymer:fullerene systems.
However, the use of polymeric acceptors in organic solar cells also has some
drawbacks. For example, the synthesis of semiconducting polymers is lengthy
and complicated, which affects the quality of the synthesized polymers, which
are known to vary significantly from batch to batch and therefore have limited
reproducibility in devices.'™

These had led to the development of organic acceptor materials based on small
molecular structures, which are used as an alternative to both fullerene and
polymeric acceptors. They are cheaper to fabricate due to relatively
straightforward synthesis, have simple energy level control, and recently it has
been reported that these acceptors are significantly less susceptible to
degradation in air compared to fullerenes.*® Small molecule acceptors also
have defined molecular structures, which makes them easily reproducible, as
well as higher electron mobility compared to their polymer counterparts. In
addition, most important of all, small molecule-based acceptor materials have
recently significantly outperformed fullerene-based acceptors, currently PCE
above 18% in a single-junction OPV device.?%?*
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Figure 5. Typical acceptor molecules used in OPV devices. Green and yellow
circles indicate electron accepting and donating parts of the molecule,
respectively.

The most successful small-molecule acceptors to date belong to so-called A-
D-A family, which is distinguished by alternately incorporated acceptor and
donor building blocks along the main chain of the molecule, as shown in
Figure 5.18 There are several reasons why these molecules are superior to
fullerene-based ones. First, the alternating A-D-A framework reduces the
band gap of the molecule, resulting in increased absorption of visible photons.
This means that, unlike fullerene-based acceptors, small molecule acceptors
absorb photons that contribute to the total number of excitons produced. This
results in higher Jsc values. Second, the electronic tunability enables favorable
alignment of LUMO-HOMO energy levels, which reduces losses and thus
improves Voc. Finally, even FF values tend to be higher in devices based on
small-molecule acceptors, which is attributed to the balanced charge
mobilities between the donor and acceptor materials, reducing recombination
caused by accumulation of charge carriers in the donor material with lower
mobility. 8
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4. EXPERIMENTAL METHODS

4.1 Transient Absorption Spectroscopy

Each excited state of the molecule is unique and can be distinguished by its
absorption and emission spectra. However, because of the relatively short
lifetime of an excited state, these states contribute little to the absorption of
the molecule in steady state. To specifically study excited states and their
dynamics, transient absorption spectroscopy (TAS) is used.
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Figure 6. Schematic illustration of a typical pump-probe measurement setup.

At TAS, the change in absorbance of the sample is caused by exciting the
molecule with a short flash of light, and the evolution of this change is then
measured over a specific wavelength range. A typical technique for such a
study is the pump-probe, where the light for both excitation (pump) and
registration of absorption (probe) comes from a pulsed laser. Attimet=0, a
sample is excited with a short laser pulse and after a certain delay 4z, the
absorption spectra are recorded with a "probe pulse” with a broad spectrum
(e.g. white light supercontinuum). The length of the optical delay line
determines the delay time 4z (usually in the ns range) between the pump and
probe pulses. A chopper synchronized with the laser pulse is used to block
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every other pump pulse. This allows evaluation of the change in absorbance
(44) at any given delay time according to the Beer-Lambert law:

A= —log (i) (8)
A*= —log (%) 9)
A =A*—A=log (Ii) (10)

where A and A* (I and I*) are absorbance (intensity of the probe pulse) with
and without the pump pulse present, respectively. lo is the intensity of the
probe pulse before entering the sample.
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Figure 7. Schematic illustration of origins for different transient absorption
spectrum features.
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Change in molecules absorbance (44) occurs due to the disappearance or
appearance of electronic states. As can be seen in Figure 7, a typical pump-
probe (PP) spectrum consists of negative values, i.e., decreased absorbance,
caused by ground state bleaching and stimulated emission, and positive
values, i.e. increase in absorbance, due to photo-induced absorption. The
detailed analysis of transient absorption spectra usually requires mathematical
models of the physical processes involved.

In this work, the measurement setup was based on the amplified femtosecond
laser Pharos 10-600- PP (Light Conversion Ltd.), which operates at a
fundamental wavelength of 1032 nm, a pulse width of < 250 fs, and a
repetition rate of 200 kHZ. The Orpheus PO15F2L noncolinear optical
parametric amplifier (NOPA) (Light Conversion Ltd.). The detection
equipment consisted of an Andor - Shamrock SR - 500i - B1 - R spectrometer
(Andor Technology, 150 lines mm-1 diffraction grating) equipped with an
Andor-Newton (Andor Technology) DU970 CCD camera (1600 x 200
pixels).

4.2 Optical Electric Field Probing

Optical electric field probing (OEFP), similar to the pump probe, is a
measurement technique used to track the evolution of the absorbance change
of the sample. However, unlike the pump probe, the absorption changes in
OEFP are not caused by the excitation of the sample, but by the application of
a voltage to the sample, which causes what is known as the Stark effect. The
Stark effect is the shifting and splitting of spectral lines of molecules due to
the presence of an external electric field. As shown in Figure 8 and its caption,
there are two parameters that determine the spectral shift in the presence of an
electric field, namely the change in dipole moment Ap and the change in
polarizability 4a, between the initial and final states.
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Figure 8. Schematic representation of the effect of an applied electric field on
the absorption spectrum. a) Changes in the absorption of a molecule when the
difference in dipole moment u between the ground and excited states is
aligned with or against the electric field. b) Changes in the absorption of a
molecule when the transition between the ground and excited states exhibits a
difference in polarizability (shown here for Ao > 0).

OEFP is performed with the same experimental setup as the pump-probe
measurements, additionally equipped with a voltage generator synchronized
with the laser pulse. Since the depth of the absorption change depends on the
strength of the electric field, the OEFP setup allows ultrafast tracking of the
electric field evolution within the sample with a much higher temporal
resolution than electrical measurements.

In the case of OPV devices, OEFP measurements even allow the study of
charge carrier dynamics. For this purpose, a voltage is applied to the sample
in the reverse direction so that the charge injection into the sample is
negligible. This leads to an extraction of equilibrium carriers from the active
medium and the behavior of the device as a simple capacitor with a
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homogeneously distributed electric field within the organic layer. Excitation
of the film with a short light pulse then generates charge carriers that drift and
create opposing dipoles to the electric field within the sample. As a result, the
initial strength of the electric field decreases and the change in absorption
weakens until the charge carriers are extracted from the film. The dynamics
of the charge drift can be reconstructed from the evolution of the observed
absorption change.

4.3 Time Resolved Electric Field Induced Second Harmonic Generation

Somewhat similar method to optically probe electric field within the sample
is called time resolved electric field induced second harmonic (TREFISH). As
the name suggest, it is based on second harmonic generation, specifically
within non-centrosymmetric materials. In amorphous organic semiconductors
centrosymmetry is broken by electric field, as naturaly isotropic material
polarizes according to the electric field direction. As such, the efficiency of
second harmonic generation becomes proportional to the square of the electric
field. Therfore, by measurring second harmonic generation intensity, electric
field within the sample could be monitored.

The time-resolved regime for electric field induced second harmonic
measurement is implemented in a pump-probe scheme, analougsly to
previously described OEFP. The pump beam creates photo-generated charges
and the probe subsequently monitors the decreasing electric field strength.

1/2

BAE(E) = [(Len(®) /Lo () = 1] Eg (11)

Where I,y and I,y o are the second harmonic intensities with and without
pump, respectively. Eo is the applied electric field strength.
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4.4 Transient Photoluminescence
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Figure 9. Schematic representation of transient photoluminescence
measurement setup using streak camera.

Another fundamental feature of the molecule is its emission spectra. In this
work, transient photoluminescence measurements were performed to study
the excited-state emission spectra and their dynamics. The streak camera was
used as an ultrafast detector to detect the fluorescence of the sample. A
simplified measurement scheme of the streak camera is shown in Figure 9.
The ultrafast laser system is used to excite the sample with a short (< 250 fs)
laser pulse. An array of lenses and parabolic mirrors collects the fluorescence
from the sample and focuses it through the slit onto the grating. The
fluorescence spectrum is then projected onto the photocathode and converted
into photoelectrons and accelerated. At the same time, an ultrahigh-speed
voltage sweep is applied to deflect the electron flow. This converts the arrival
time of the electrons at the microchannel plate (MCP) into a spatial coordinate
that is perpendicular to the wavelength. The signal amplified at the MCP is
projected onto the phosphor screen and the CCD camera records the final
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image. The light intensity of the CCD camera corresponds to the fluorescence
intensity, while the distribution of the signal on two spatial coordinates
provides information about the time and the wavelength.

In the following work, photoluminescence dynamics were measured using a
streak camera system (Hamamatsu C5680) with single sweep units (M5677)
coupled to a spectrometer. For sample excitation, a femtosecond Yb:KGW
oscillator (Light Conversion Ltd., Vilnius, Lithuania) was used to generate 80-
fs pulses at 1030 nm that were frequency-doubled to 515 nm (HIRO
harmonics generator, Light Conversion Ltd.). The temporal resolution of the
streak images in the range of 0-100 ps was ~3 ps.

4.5 Transient Photocurrent

The conventional technique of transient photocurrent measurement is used to
study the carrier dynamics in the ns-us time domain and obtain several
important parameters of the OPV device, such as the carrier extraction rate or
mobility. The electrical TPC scheme and time sequence are presented in
Figure 10.
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Figure 10. a) Electrical schematic of transient photocurrent measurement. b)
Kinetics of applied voltage (bottom) during measurement and corresponding
current without (blue) and with (green) laser excitation.

In transient photocurrent measurements, samples are excited with short laser
pulses when the rectangular voltage signal (Ugen) is applied to the sample.
The photogenerated charge carriers are then extracted by the external electric
field present in the sample. The dynamics of the photogenerated charge
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carriers can be recorded with an oscilloscope due to the change in the
resistance of the sample. The temporal resolution of such a measurement is
limited by the RC of the circuit (usually ~150 ns), which is determined by the
resistance of the oscilloscope, the function generator and the sample
capacitance. Notably, analyzing transient photocurrents RC current, obtained
when generation voltage is applied without excitation, is subtracted from
current obtained after excitation. This enables investigation of photogenerated
carriers only.

In this work, samples were excited by radiation from the Topas-C optical
parametric amplifier (Light Conversion Ltd.) pumped through the Integra-C
femtosecond Ti:sapphire laser from Quantronix Inc. that generates pulses with
a duration of ~150 fs and a repetition rate of 430 Hz. A collinear optical
parametric amplifier TOPAS -C was used to generate the excitation pulse
emitting at different wavelengths. Current transients were recorded using an
Agilent Technologies DS05054A oscilloscope (bandwidth 500 MHz), and
voltages were set using a Tektronix AFG 3101 function generator.

4.6 Time Delayed Collection Field

Time-delayed collection field (TDCF) technique is a special form of TPC
measurement performed with the same instrumentation. It provides additional
information on carrier density decay and mobility Kinetics. In the simplest
implementation of this technique, the sample is excited at zero voltage (Ucen)
while the extraction voltage (Uexr) is applied after a variable delay (see Figure
11 for the timing diagram of TDCF measurements). The dependence of the
total extracted charge (cumulative current) on the delay time between the
optical excitation and the application of the extraction voltage shows the
decrease of the charge carrier density at zero bias voltage due to
recombination. Analogous carrier density decrease could also be observed in
non-zero generation field, however, in such case carrier density decreases due
to additional carrier extraction from the active layer. On the other hand, the
initial photocurrent is equal to the product of carrier density and carrier
mobility; therefore, the TDCF can be used to follow the evolution of the
carrier mobility. Furthermore, changing the generation voltage while keeping
the time delay short, the field dependence of charge generation can be
investigated.
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Figure 11. Kinetics of applied voltage (bottom) during a time-delayed
collection field measurement and corresponding current without (blue) and
with (green) laser excitation.

Notably, a novel TDCF adaptation was developed for paper | of this thesis,
with opposite Ueen and Uexr signs. In this case, the photogenerated charge
carriers initially drift in one direction and are extracted in the opposite
direction after a certain time. As shown in Ref.13%31 such peculiar charge
carrier extraction provides valuable information about spatial traps (e.g., dead-
ends of polymer sidechains or grain boundaries for perovskite crystals) that
hinder charge carrier extraction.
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5. MODELLING OF CHARGE CARRIER DYNAMICS

In the paper Il of this work and in Ref. 13, an originally developed numerical
model was implemented to study the processes of charge carrier extraction
and recombination, based on the interpretation of TPC and TDCF data. The
mathematical considerations behind the model are as follows:

The photocurrent Kinetics, caused by short flash of light, could be described
as:

Jj(@) = en(t)u()F (12)

where e is the elementary charge, n(t) is the time-dependent free charge carrier
density, u(t) is the time-dependent average charge carrier mobility, and F is
the electric-field strength. It follows that the current density decreases due to
the deceasing density of free charge carriers within the active layer and their
average mobility. The decay of the formal is caused by the carrier extraction
of charge carriers and their recombination and can be expressed as:

dn j(t

2= —y(em? - L2 (13)
where y(t) is the bimolecular recombination rate, n is the carrier density
generated by the laser pulse, and d is the sample thickness. In this model, we
assumed a 100% photon-to-electron conversion rate and used twice the
number of incident photons for no (electron + hole). We have also assumed
that the bimolecular recombination rate is proportional to the time-dependent
mobility:

y(@®© = Bu(®) (14)

where £ is the proportionality coefficient. £ can be evaluated experimentally
by TDCF measurements when the effective generation voltage is set to zero.
In such case, no carrier extraction takes place and the charge carrier density
decays with time only due to recombination, which allows y to be evaluated.
This value was used as the initial value for y(t) when modelling the
photocurrent kinetics.

For the time- dependent mobility we used
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u(t) = pot™ (15)

where «a is a free parameter, uo is initial mobility value which is obtained
experimentally thru (12) using measured initial j value. Such arbitrary time-
dependent mobility expression is suitable to describe mobility dynamics
within time domain of our experiments. By numerically solving the system of
equations (Egs. 12-15), we obtain photocurrent Kkinetics that fit the
experimental results, time-dependent mobility kinetics, a time-dependent
recombination coefficient, and even evaluate recombined and extracted
charge carrier density.
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DISCUSSION AND CONCLUSIONS

The development of alternative energy sources to reduce fossil fuel
consumption and CO2 emissions is an urgent global need. Solar energy could
be used to meet the growing demand for "clean” electricity through the use of
photovoltaics. Niche applications for organic photovoltaics, such as cladding
glass buildings with transparent solar cells, could improve the typical
understanding of solar power plants dominated by c-Si technology and
significantly complement cheap electricity generation.

The work presented in this thesis is devoted to the study of processes in new
generation organic solar cells based on non-fullerene acceptors. Special
attention has been paid to dynamic phenomena such as free charge carrier
generation and extraction kinetics, which have been investigated using various
transient measurement techniques on a time scale from fs to ps.

The first problem addressed in this work was the spatial trapping of charge
carriers. It is generally believed that the best way to reduce recombination of
free charge carriers during their extraction is to use spatially separated
percolating domains of electron-accepting and electron-donating materials for
the transport of electrons and holes, respectively. However, in highly phase-
separated morphologies, isolated domains and dead ends are likely to form,
which would hinder charge carrier extraction.**® It has been shown that charge
carriers in organic semiconductors may indeed be able to move through long-
distance tunneling or molecular superexchange over relatively large distances,
up to several nm.**3" This allows carriers to be transported to sites that are
not immediately adjacent. This is especially important when at least one of the
constituents is a small molecule, as it allows charge transfer between these
molecules when their dispersion in another material is sufficient.134136
However, in all-polymer bulk-heterojunction organic solar cells, where both
donor and acceptor are conjugated polymers, the required dispersion is much
more difficult to realize due to the large number of repeating polymer units
and long side chains. Therefore, it is likely that additional transport problems
may occur due to the formation of dead ends of the polymer chains. In the
study described in paper I, we combined improved transient charge extraction
experiments with numerical modeling to investigate charge carrier dynamics
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in a prototypical all-polymer OPV device consisting of TQ1 as the donor and
N2200 as the acceptor, mixed in a 2:1 ratio by weight, as the active layer.

In short, to invigorate our hypothesis about the importance of spatial traps in
our all-polymer OPV devices, we have used a modified TDCF technique. We
have used an effective generation voltage (effective means the net sum of

built-in and applied voltages) equal to the built-in potential (U;££= -047V,

no applied bias) and different effective extraction voltages: (a) equal to the
generation voltage (degenerate TDCF), (b) increased to —1.47 V, and (c)
reversed to 0.33 V. These measurement regimes are schematically shown in
the inset of Figure 12a. The main panel of Figure 12a presents the results.
Here, we present peak values of the transient photocurrent j(t) obtained after
switching on the collection field, divided by the electric field strength to get
the product of the carrier density n(t) and mobility wu(z), according to the
relation j(#) = n(t)u(t)F. Because of the sample capacitance, the photocurrent
peak appears ~250 ns after the collection voltage is applied. However, this
time is short in comparison with the carrier density decay time, so we may
consider the product n(z)u(t) at the photocurrent peak time identical for all
three field profiles.
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Figure 12. a) Photocurrent transient versus time at constant field equal to the
built-in field (black curve), and peak value of the TDCF photocurrent
transient versus collection delay time for different collection field strengths
and directions as indicated in the inset (blue and red curves). b) Photocurrent
transients at different collection delay times for a reversed collection field
(blue curves in panel (a)), the thick blue line highlights one of the current
transients. c) lllustration of the characteristic processes in the response to the
different field profiles used in (a). €) Chemical structure of donor TQ1 and
acceptor N2200. Measurements were taken on the as-cast TQ1:N2200 device.
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If, as suggested above, charge carriers get stuck by drifting into dead ends that
act as spatial traps, reversing the field should release them and give rise to a
significant increase in the extracted charge. Figure 12b shows the photocurrent
transients obtained with the reversed effective voltage at different collection
delay times. As the thick blue curve, highlighting one of the current transients,
shows, the field flipping increases the magnitude of the photocurrent
drastically, even though the extraction field was slightly weaker than the
generation field of opposite direction. The increase is particularly strong at
long delay times. The blue line in Figure 12a shows the delay time dependence
of the peak values of the extracted photocurrent. The extracted photocurrent
decays very slowly. Moreover, the photocurrent increases during the initial
few s, that is, precisely the time range for which the decay of the photocurrent
at constant field (black curve) was attributed to spatial carrier trapping. These
observations confirm the occurrence of spatial trapping of photocreated
charges. By comparing the peaks in the black and blue curves in Figure 12a,
one can estimate the fraction of charges that get lost through spatial trapping
on 0-2 ps timescales to be ~30%. This number is in excellent agreement with
the ~35% of the charges that were found to be bound in interfacial charge-
transfer states and that recombine geminately on basis of a kinetic analysis of
transient absorption spectroscopy measurements.**® Notably, trapping itself is
not a loss channel; the actual loss channel is the recombination of charges that
do not manage to escape from their countercharge because of spatial trapping.
Along the same lines, (spatial) trapping occurring at longer time and length
scales will no longer lead to increased geminate recombination but will
contribute to losses through bimolecular recombination.

The drawing in Figure 12c illustrates our interpretation of the carrier
extraction experiments. A fraction of the carriers drifting in one direction
reach a dead end of a particular blend domain (process 1) and discontinue their
drift. Occasionally, they can overcome the barrier and continue to drift toward
the extracting electrode, causing the weak and slow photocurrent component
observed at constant applied voltage. This process (2) is assisted by the
electric field. While they are trapped, charges are susceptible to
(predominantly geminate) recombination, explaining the poor fill factor of the
as-cast devices. When a reversed collection field is applied, charge carriers
are detrapped by moving in the opposite direction (process 3).
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Figure 13. Photocurrent transient versus time at constant field equal to the
built-in field (black curve) and peak values of the TDCF photocurrent
transient versus collection delay time for different collection field strengths
and directions as indicated in the inset (blue and red curves). Measurements
are taken on the a) TQ1:N2200 annealed and b) TQ1:PC7.:BM sample. Figure
adopted from paper 1.

According to the suggested interpretation, the spatial trapping effect should
be a very sensitive probe of the blend morphology. We have therefore
performed the same investigations of annealed samples. Annealing the
investigated TQ1:N2200 solar cells roughly doubles their power conversion
efficiency

to =3.15%.1% Figure 13a shows the TDCF investigation results for different
applied field profiles. Most strikingly, the different peak values of the three
curves that are found for the as-cast sample (Figure 12) are absent within
experimental resolution, indicating that the short-range spatial trapping, and
the associated geminate recombination loss, have largely vanished. This
provides a transparent explanation of the previously puzzling observation that
the geminate recombination loss dropped from =35 to =7% upon annealing
while unaffecting long-range transport.t® Apparently, annealing removes
spatial traps that hamper short-range charge motion required to escape
geminate recombination. In view of the nm length scales involved in geminate
recombination, these dead ends are most likely associated with individual
polymer chain ends. At longer delay times, the (blue) curve corresponding to
opposite generation and extraction fields lies above the (red) curve
corresponding to generation and extraction fields of equal polarity. Since the
plotted data have been corrected for dark currents, the difference cannot be
attributed to the difference in forward and reverse injection currents. Instead,
they point toward a large fraction of charges surviving in the active layer while
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being spatially trapped. This indicates that even after annealing, spatial traps
continue to play a role in this all-polymer BHJ. As mentioned above, these
trapped charges are predominantly exposed to bimolecular recombination.

Since we associate the spatial trapping with the specific properties of an all-
polymer BHJ, we performed a similar investigation as above for a solar cell
based on the same donor material TQ1, blended in a bulk heterojunction with
PC7:BM as acceptor in a mass ratio of 1:2.5. These samples showed only small
differences between the transient photocurrent at constant applied field and
the carrier concentration decays measured with the TDCF technique (see
Figure 13b). Nevertheless, the carrier concentration extracted with the
reversed effective voltage was slightly larger than with increased effective
voltage, which indicates that spatial trapping taking place in these devices.
However, the spatial trapping is significantly less prominent than in both the
pristine and annealed TQ1:N2200 blends, in line with the anticipated behavior
of polymer:small molecule BHJ discussed above.

In short, we have shown that the as-cast device contains a significant density
of spatial traps. These traps most likely originate from individual polymer
chain ends, since the spatial trapping effect is much weaker when the acceptor
polymer is replaced by a small molecule (PC7:BM). Notably, the presence of
these traps enhances both geminate and bimolecular charge -carrier
recombination. However, the spatial trapping effect could be significantly
reduced by annealing. Finally, this investigation led to the first statement of
the thesis: The spatial trapping effect can impede the extraction of free charge
carriers from the as-cast active layer of an all-polymer organic solar cell,
enhancing recombination and associated efficiency losses. The effects of
spatial trapping can be significantly reduced by annealing, as demonstrated in
the case of the TQ1:N2200 all-polymer solar cell.

**

The second part of the work dealt with the dynamics of the charge carriers
under the actual working conditions of a solar cell. The extraction of charge
carriers is directly determined by their mobility. Although mobility is often
used as a specific characteristic of a material, there are many reports showing
that the mobility of charge carriers in organic solar cell blends decreases by
several orders of magnitude from their generation to extraction.?2-125140 This
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effect is explained by the thermalization of the charge carriers during transport
to lower energy states. On the other hand, there are also reports in which
steady-state mobility analysis is successfully used in bulk heterojunction
OSCs.1#1-144 |t has even been argued that the carrier mobility in operating solar
cell is actually constant, since low energy states are occupied in continuous
illumination, and therefore mobility measurements with short laser pulses are
inadequate.’*> Therefore, in work described in paper I, we used numerical
modelling and applied several transient methods to cover a wide time window
from picoseconds to microseconds and to compare the extraction and
recombination of charge carriers generated by weak short laser pulses, either
in the absence or presence of additional continuous illumination with a 1-sun
intensity light source that mimics real operating conditions for solar cells.
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Figure 14. a) Extracted laser-carrier dynamics in the TQ1:PC7.BM device at
various effective (Uest = Usuit-in + Uappiied) VOItages in the dark (black dashed
lines) and under 1 sun illumination (color lines). In the inset, photocurrent
transients were normalized and vertically shifted. b) Chemical structure of
donor TQ1 and acceptor PC71BM.
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Figure 14a shows the charge carrier extraction dynamics in the TQ1:PC»BM
blend in a wide temporal window evaluated from measurements performed
without and under additional 1 sun illumination (further referred as “dark™ and
1 sun light conditions, respectively). The measurements “in dark” revealed
qualitatively similar carrier extraction dynamics as was reported in ref. 2%,
which was evaluated as dispersive with a strongly time-dependent mobility.
Decay of the carrier mobility by at least one order of magnitude during initial
several nanoseconds has been observed in several polymer-PCBM blends*?:-
123146 including TQ1:PC7:BM blend and has been attributed to the energy
relaxation within the DOS.

In the case of additional 1 sun illumination, sun carriers were continuously
generated, while their concentration was determined by the balance between
extraction, recombination, and generation rates. Additional carriers generated
by laser pulses (laser carriers) now appear on a background of sun carriers.
The sun carriers also create a constant current background, which was
subtracted from our data to register the photocurrent created by laser carriers
only. Importantly, additional 1 sun illumination alters the conditions under
which laser carriers are generated. First, sun carriers fill low-energy states;
therefore, laser carriers experience less trapping during their extraction from
the active layer. Second, laser carriers recombine with sun carriers. Thus, by
using two, “dark” and 1 sun light, measurement conditions, we compare the
carrier dynamics when (a) non-geminate recombination is negligible and low-
energy states are not occupied (due to low laser-carrier density) and (b) in the
presence of sun carriers, which to some extent occupy low-energy states. We
shall inquire how 1 sun illumination affects charge extraction on different time
scales at different effective electric field strengths.

As the left-hand part of Figure 14a shows, 1 sun illumination does not change
the ultrafast carrier extraction and thus the mobility dynamics. This indicates
that sun carriers populating low-energy states have no impact on the initial
laser-carrier drift. This is expected because laser carriers in this time domain
still reside in the high-energy part of DOS and the population of low-energy
states by sun carriers plays a non-essential role in their dynamics.

The right-hand side of Figure 14a shows carrier extraction dynamics obtained

by integrating TPCs shown in the inset. Notably, as the inset shows, the charge
extraction at low effective voltage (the net sum of built-in and applied
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voltages, Ues = Uguilt-in + Unapplied) Uesr = 0.2 V is faster during initial 1-2 ps in
the presence of 1 sun light. This signifies that laser carriers experience weaker
decay of mobility because low-energy states are significantly populated under
1 sun light. The 1 sun light influence becomes less pronounced at higher
effective voltages. This is reasonable since higher voltages extract charge
carriers more rapidly, including those residing in the low-energy states,
liberating these states. Consequently, occupation of the low-energy states
under 1 sun light decreases with voltage and weakly affects trapping of laser
carriers already at Uer = 0.4 V. At longer 2—6 ps times, the photocurrent
decays faster under 1 sun light. This decay phase was attributed to the
extraction of equilibrated carriers; thus, a faster photocurrent decay indicates
faster decay of the carrier density, which we attribute to the Shockley—Read-
Hall recombination of laser carriers with trapped sun carriers.

To quantify the influence of 1 sun illumination on bimolecular carrier
recombination losses, we performed TPC measurements in complementary
TDCF implementation, which enables tracking of laser-carrier density
kinetics, as shown in Figure 15a. At zero effective voltage (black dotted
curve), photogenerated carriers are not extracted and their density decays due
to recombination only. This allows evaluation of the bimolecular
recombination rate, which in this case was found being equal to y = 1.24 x
10-11 cm® s%, similar to values reported elsewhere!4’148, Increasing the
effective voltage leads to more rapid carrier density decay due to carrier
extraction. The clear difference between carrier density dynamics “in dark”
and under 1 sun illumination (dotted and solid curves, respectively) at zero
effective voltage supports the idea of pronounced recombination of laser
carriers with sun carriers. It is worth noting that the difference in kinetics is
much smaller at higher voltages because enhanced extraction causes smaller
trapped sun-carrier population.
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Figure 15. (a) Charge carrier density kinetics at different effective voltages
in the TQ1:PC7:BM device determined by TDCF measurements. Here and in
all plots, solid lines correspond to measurements under 1 sun and dotted lines
correspond to measurements “in dark”; (b) carrier mobility dynamics
evaluated from TDCF data and TPC data presented in Figure 14; modeled
fraction of recombined (c) and extracted (d) charge carriers; and (e) carrier
extraction probabilities (color symbols) “in dark” and under 1 sun and sun-
carrier density (black symbols) as a function of effective voltage. Figure
adopted from paper II.

Combining j(t) obtained from TPC measurements and n(t) obtained from
TDCF, we can evaluate the mean time-dependent carrier mobility using the
relation j(z) = eFn(t)u(t). The obtained mobility dynamics at different voltages
“in dark” and under 1 sun light is shown in Figure 15b. Under 1 sun
illumination, the mobility is higher, and its decay is weaker. “In dark,” the
mobility increases at higher voltages as typically observed in disordered
organic semiconductors.!#® A slightly stronger mobility decay at high voltages
is caused by faster extraction of non-trapped carriers leaving only low-
mobility trapped carriers at longer times. Under 1 sun illumination, the
mobility becomes less time-dependent, particularly at low effective electric
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field when low-energy states are populated by sun carriers, preventing
trapping of laser carriers. However, population of low-energy states by sun
carriers decreases with increasing electric field, promoting trapping of laser
carriers and causing a stronger decrease of their mobility. Consequently,
mobility decreases with electric field, in stark contrast with the typically
reported behavior.

To evaluate the role of the low-energy state occupation in the solar cell
performance more clearly, we performed numerical modeling of the carrier
extraction and recombination processes on the basis of the experimental
results. Our numerical model provided us with total bimolecular
recombination (between laser—laser and 1 sun—laser carriers combined) and
carrier extraction dynamics. The “dark™ conditions approximately represent
the carrier extraction and recombination kinetics at constant low-intensity
illumination of a solar cell. As shown in Figure 15c,d, the carrier
recombination dynamics under these conditions is weakly dependent on the
effective voltage, while the extraction rate approximately linearly increases
with voltage. At 1 sun illumination, the recombination rate strongly increases
at low effective voltages because of the high density of carriers trapped in low-
energy states (Figure 15c,e). On the other hand, the dependence of the carrier
extraction on effective voltage is weaker than “in dark” conditions. Figure 15e
shows the summary of the calculation results. It shows that the sun-carrier
concentration decreases almost four times when the effective voltage
increases from 0.2 V, which is close to the MPP conditions, to 0.8 V, which
corresponds to short-circuit. Figure 15e also shows the total probability for the
generated carrier to be extracted, rather than to recombine. The carrier
extraction probability under 1 sun light is lower than “in dark” because of the
increased recombination rate in the presence of sun carriers, but this difference
decreases with the effective voltage when the density of the trapped sun
carriers decreases.

Analogous analysis was performed on highly efficient non-fullerene solar cell
PBDB-T:Y1. However, carrier trapping plays a less significant role in more
effective solar cells. Carrier mobility in a PBDB-T:Y1 solar cell is weakly
time-dependent on a ns—us time scale and low-energy state filling by solar
illumination plays only a marginal role, even at low, close to MPP effective
voltages.
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These results lead to the second statement of the thesis: Charge carrier
trapping strongly influences carrier mobility in ns-us timescale in OPV
devices with high trap concentration. However, under the actual working
conditions of the OPV device, constant illumination leads to the occupation
of these trap states, making the mobility less time-dependent and increasing
both the extraction and recombination rates. Filling low-energy state
occupation does not affect the sharp decrease in mobility on a ps timescale. In
highly effective non-fullerene device charge carrier trapping effect is
negligible and therefore low energy state occupation has minor effect on
carrier extraction.

*kk

The third part of the work dealt with the generation of charge carriers in non-
fullerene organic solar cells where the molecular orbital energy difference
between donor and acceptor molecules is negligible.

One of the possible strategies to further improve the energy conversion
efficiency in OPV devices is to minimize the voltage losses, which are
typically ~0.6 V, while they are only 0.3-0.4 V in the most efficient GaAs and
the dominant c-Si based devices. 1°0-152 Although there are examples of
organic solar cells with lower voltage losses>3-1%, the voltage loss is generally
higher than for inorganic solar cells. This is because, unlike inorganic
semiconductors in which free charge carriers are generated upon illumination,
excitons are formed in OPV devices, requiring additional energy for
dissociation. Dissociation is driven by the energy offset between the lowest
unoccupied molecular orbitals and the highest occupied molecular orbitals of
each component between donor and acceptor materials.®#'% It is generally
accepted that an energy offset of at least 0.3 eV is required for efficient charge
separation, as demonstrated in fullerene derivative-based devices. °7126.158
Contrary to popular belief, however, it has been shown that hole transfer can
occur even with negligible HOMO offsets.15%1%2 However, the apparent
advantage of low voltage losses comes at a price, since a negligible energy
offset is not an obstacle to the retransfer of a charge carrier. In papers 111 and
IV, transient absorption and photoluminescence, together with multivariate
curve resolution modelling were used to study the effect of charge carrier
back-transfer. We investigated its dependence on HOMO offset, as well as its
impact on energy conversion efficiency in various non-fullerene based OPV
devices.
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In paper 111, we thoroughly study and disentangle geminate and nongeminate
recombination processes in different bulk heterojunction systems. We
comparatively investigated OPV systems comprising the well-established
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
bO]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-50,70-bis(2-
ethylhexyl)benzo[10,20-c:40,50] dithiophene-4,8-dione))] (PBDB-T)
blended with either previously reported®®® electron-deficient-core-based NF
acceptor Y1 or archetypal PC7:BM acceptor. Additionally, BHJ systems based
on benchmark NF acceptor (ITIC) with PBDB-T-2Cl and PDCBT-2F donor
materials specifically chosen to have small HOMO level offsets were
investigated.

In our investigation, we observed rapid, almost uniform, decrease of the total
transient absorption spectrum within a few initial ps in all investigated sample.
The TA Kinetics represents well this decrease in the donor absorption band
region, shown in Figure 16a.
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Figure 16. (a) Normalized ground state bleaching decay of a donor in TA
spectra of indicated systems, (b) 662—682 nm band decay kinetics in PBDB-
T:Y1 blend after different light excitation intensities, 0.1 uJ/cm?2 intensity of
515 nm was used in all above presented results. (¢) Chemical structures of
indicated materials.
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Within 3 ps, the bleaching signal decreases down to 82, 75, and 50% of its
peak values in PBDBT- 2CLITIC, PBDB-T:Y1, and PDCBT-2F:ITIC
samples, respectively, but the decrease is only marginal in the sample with
PCBM. Any other process, then carrier recombination leading to the donor
and acceptor ground states, can hardly explain the uniform decrease of the
entire TA spectrum. Carriers might recombine geminately or non-geminately.
For non-geminate recombination, photogenerated carrier density should be
high enough for an electron (or hole) to have a complementary charge in its
vicinity to recombine. Such recombination is light fluence-dependent; thus,
we have performed TA measurements at different light intensities. As it is
shown in Figure 16b, TA signal decay is independent of excitation intensity
allowing us to rule out the non-geminate recombination. In a recent study of
all-polymer solar cells based on the N2200 NF acceptor, it was found that
almost 50% of the charges recombine geminately, which was suggested as
being the major factor hindering the device performance compared with
polymer/fullerene cells.'®* Similarly, in our study, much stronger geminate
recombination is indeed observed in NF samples. Further, we present a simple
model explaining the origin of the effective geminate recombination, which
lasts for a few ps, in NF OPV devices. Electron transfer from the excited donor
LUMO to the acceptor LUMO level takes place on a sub-ps timescale,
whereas a hole, created within the donor polymer, can be transferred back to
acceptor only by overcoming energetic barrier. If this barrier, regarded as
HOMO level offset, is low, some holes may jump to the acceptor domain and
regenerate its excited state. Because excited state relaxation of acceptor
molecules is very fast (t ~ 2 ps), such a process leads to very fast geminate
carrier recombination. Such a model is strongly supported by the correlation
of the geminate recombination efficiency of different blends with their HOMO
level offsets. In the case of negligible HOMO offset (~0.02 eV) in PDCBT-
2F:ITIC samples, we observe >50% of carriers recombine geminately. This
number decreases to ~20% in the case of PBDB-T:Y1 and PBDB-T-2CL:ITIC
devices, where HOMO level offset is ~0.1 eV, and drops to marginal values
in the case of PBDBT:PCBM where HOMO offset is the highest (>0.6 eV).

To further investigate possible back-transfer mechanism in NF OSCs, in paper
IV, we performed TA measurements in BHJ blends with the benchmark non-
fullerene acceptor 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2" 3" -d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene, also known as ITIC, and three of its
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derivatives with different sidechains — ITM, ITCC and IT4F. In this work we
chose the wide band-gap  copolymer  Poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(2,2-ethyl-
3(or4)-carboxylate-thiophene)] (PTO2) with electron-donating
benzodithiophene and electron-withdrawing thiophene carboxylate ester as
the main backbone as a donor material, as it matches well with the energy
levels of an acceptors.

To assess the rapid initial processes after excitation more precisely, we
performed a special global analysis of the transient absorption data, called
multivariate curve resolution. Briefly, the analysis assumed that, under
excitation of a donor the TA spectra consist of two independently evolving
spectral components of D* and CT/CS states. Here we do not distinguish
between charge transfer (CT) and charge separated (CS) states, since both
states lead to similar transient absorption spectra. We also do not consider
other possible processes, such as energy transfer from excited donor to
acceptor 1% or formation of triplet states'®®. The two-state model, as discussed
below, reproduces the experimental data well, indicating that D* and CT/CS
states are dominating. We also demonstrate that the transient absorption
dynamics are very different under excitation of donor and acceptor, which
should not be the case if excitation of a donor creates excited acceptor state
by rapid energy transfer. Whereas formation of the triplet state is expected to
occur at longer times than our investigated time domain. Thus, although, we
cannot completely rule out these processes, apparently, they do not play
essential roles in the investigated blends at our experimental conditions.
Unlike conventional global analysis, we did not use the assumption of
exponential phenomenon dynamics here but used fixed spectra and modelled
their kinetics. The D* spectrum was obtained from the TA spectrum of the
neat PTO2 film and was therefore identical for all investigated blends. For the
CT/CS state spectral signature, we used the TA signal at times >1.5 ns after
excitation, as it is very unlikely that the D* is still present at this time. Despite
some oversimplification, this model worked quite well, as fairly good fits were
obtained for all investigated samples. The modeling gives time evolutions of
D* and CT/CS states concentrations, however, in relative values, presented in
Figure 17.
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Figure 17. Multivariate curve resolution modelling results under excitation
of donor. Modelled D* (a) and CT/CS (b) state dynamics in indicated blends.
Dashed curves in (b) show fitting of the kinetics by biexponential grow-decay
function. (c) Chemical structures of indicated materials.

Even though the absolute values of the CT/CS state generation yield cannot
be obtained, the model, nonetheless, enables comparison of CT/CS state yields
and their Kinetics between different blends. It gives the highest CT/CS
formation efficiency in PTO2:1TM blend, while efficiencies are lower by 1.1,
1.7 and 2.6 times for blends with IT4F, ITIC and ITCC respectively. The
highest CT/CS concentration for PTO2:IT4F and PTOZ2:ITM blends is
obtained at about 3 ps, while in case of PTO2:ITIC and PTO2:ITCC, the
maximal value is reached at about 40 ps and 100 ps, respectively. After
reaching the maximum values, the densities of the CT/CS states start to
decrease due to recombination, but the decrease rates are significantly
different.

To characterize the CT/CS formation and decay rates we have fitted the
modelled CT/CS kinetics by simple biexponential function:

y= [A1 +(1-A4y) x <1 —exp (_t/Tgmwth))]

x [4; + (1 - A7) x exp (‘t/rdecay)]'
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where Tgrowth and Tdecay COrrespond to formation and decay times of CT/CS
states, A; shows fraction of CT/CS states formed faster than our time
resolution, and A, shows a fraction of CT/CS states, which do not experience
recombination on a several ns time scale. As seen from Fig. 17b, the fitting is
not ideal, since these processes are not expected to be exponential, yet it
provides reasonable comparison between the blends. The fitting results are
presented in Table 1.

Table 1. Biexponential fitting parameters for CT/CS dynamics

Blend A Tgrowth, ps Ao Tdecay, ps rAnI:\?MO’
PTO2:ITM 0 0.31 0.35 84 50
PTO2:1TAF 0 0.26 0.66 253 130
PTO2:ITIC 0.26 2.09 0.50 819 70
PTO2:ITCC 0.36 3.47 0.18 2500 40

The CT/CS formation rates correlate with the LUMO level offset, again except
for the PTO2:ITM blend. Al values are given only for the blends with the
lowest LUMO offsets, because for other two blends, the formation rate was
too fast to discriminate it form the apparatus function. While in case of
PTOZ2:ITIC and PTO2:ITCC we clearly observe two formation phases. The
ultrafast phase should be attributed to the CT/CS state formation from the non-
stabilized D* state.

The fraction A, of slowly recombining CT/CS states should be attributed to
the CT states, which separate into CS states, thus form free charge carriers,
and recombine much slower. Note, that in Figure 17b presented curves are
non-normalized to retain approximately accurate CT/CS yield comparison
between samples, whereas A, coefficient is for curves normalized to 1, thus
seeming discrepancy between Table values and y-axis. A, fraction increases
with the HOMO offsets and together with the formation efficiency of CT/CS
states determines charge carrier generation yield. Clear correlation of this
fraction with the HOMO offset suggests that efficient dissociation of the CT
states depends on the offset value (exception for PTO2:ITM sample is caused
by poorer mixing of D/A molecules due to stronger polarity of ITM acceptor,
as discussed in depth in paper V). As discussed above, thermally activated
reverse electron transfer from the acceptor to donor’s HOMO level may take
place in OPV devices with sufficiently low HOMO level offset. We
hypothesize that this process causes incomplete charge transfer from donor to
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acceptor, as explained in Fig. 18, making CT state dissociation into CS state
more difficult. This process should also cause appearance of the excited
acceptor state A* during the CT/CS state relaxation. Dynamics of both these
states is expected to be similar, therefore, we cannot explicitly distinguish the
A* state, however, we cannot exclude that it contributes to the evaluated
CT/CS state spectrum.

PTO2 IT4F PTO2 ITCC

s el r\z
@ ' -~
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(%] ON T
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Figure 18. Schematic comparison of processes in PTO2:IT4F and
PTO2:ITCC blends after excitation donor PTO2 (1). Electron transfer to
acceptor (2) is very fast in PTO2:1T4F and much slower in PTO2:ITCC.
Afterwards, thermally activated hole transfer from HOMO level of a donor to
acceptor takes place in PTO2:1TCC sample, due to low HOMO offset (3). It
generates excited acceptor state A* which rapidly relaxes to the ground state
(4). Such hole transfer is less potent in PTO2:IT4F sample due to a high
energetic barrier. Figure adopted from paper IV.

Investigations performed in paper 11l and IV led to the third statement of the
thesis: Thermally activated back transfer of electrons from donor to acceptor
via the highest occupied molecular orbital levels increases charge carrier
recombination and reduces overall device efficiency in non-fullerene OPV
devices with an energy offset between donor and acceptor HOMO levels less
than ~100meV.
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In the final part of the work, paper V, we investigated charge carrier
generation mechanisms in state-of-the-art OSC device PM6:Y6 and its
temperature dependence. In 2019, Zou et al. reported a novel NFA 2,20-
((22,202)-((12,13-bis(2-ethylhexyl)- 3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-e]thieno [2, 00300 4 0,50]thieno
[20,30:4,5]pyrrolo[3,2-g]thieno [20,30:4,5]thieno [3,2-b]indole-2,10-diyl) bis
(methanylylidene))bis(5,6-difluoro-3-oxo-2, 3-dihydro-1H-indene-2,1-
diylidene)) dimalononitrile (Y6), by employing a ladder-type electron
deficient-core-based central fused ring with a benzothiadiazole core.6®
Matched with polymer donor poly[(2,6-(4,8-bis(5-(2-9 ethylhexyl-3-fluoro)
thiophen-2-yl)-benzo [1,2-b:4, 5-b0] dithiophene))-alt-(5,5-(10,10 30-di-2-
thienyl-50,70-bis(2-ethylhexyl) benzo [10,20-c:40,50-c0]dithiophene-4,8-11
dione))] (PM6), it became one of the best performing material combinations
in OPVs, not only in single junction, but also in ternary configuration?67:168
and even in upscaled modules.'®® In recent years, several review articles have
been devoted solely to the progress of the PM6:Y6 system.17%17% Although the
technical aspects of optimizing PM6:Y6 devices have been extensively
covered, there is a clear lack of a comprehensive understanding of the physical
basis of charge generation in these materials, which is critical for further
improving device performance and developing even better NFAs. For
example, two major works,’>172 which scrutinize the photo-physics behind the
operation of these PM6:Y6 solar cells, reach somewhat different conclusions
regarding the role of temperature in electron-hole separation. Wang et al.
argue that temperature-assisted charge hopping is involved in charge
generation, whereas Perdigon-Toro et al. conclude that the activation energy
for dissociation of the CT states is extraordinarily low, at about 6 meV, and
therefore photocurrent is efficiently generated down to 100 K. Notably, the
studies were limited to 200 and 75 K, lowest temperatures, respectively. Here,
we report a detailed investigation of the charge carrier generation mechanism
in the PM6:Y6 blend combining transient absorption and transient
photoluminescence at various temperatures down to 15 K. The wide
temperature range has helped us to uncover previously undiscovered aspects
of charge generation in this state-of-the-art photovoltaic material.
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Figure 19. a) Evolution of the transient absorption spectra of the PM6:Y6
blend after 820 nm laser excitation. The black and brown dashed curves show
the normalized TA spectra of donor and acceptor neat films 1 ns after 560 or
820 nm excitation, respectively. The light blue curve shows electroabsorption
spectrum; b) Donor ground state bleaching kinetics obtained by integrating
the TA spectrum in the donor absorption band region (570-650 nm). c)
Acceptor ground state bleaching Kkinetics, obtained by integrating TA
spectrum in the acceptor absorption band region (770-890 nm). d) Chemical
structure of donor PM6 and acceptor Y6.

Let us now examine the path of charge generation by excitation of acceptor
Y6. Figure 19 shows the time evolution of the TA spectrum of the PM6:Y6
blend excited at 820 nm at RT. The instantaneous (within experimental
resolution) Acsg signal is followed by a two-phase Dgsg signal growth (Figure
19 b,c). The fast phase, which is limited by our time resolution, accounts for
about 40% of the total DGSB signal at RT. We assign it to conventional direct
hole transfer from the excited acceptor (A*) to the donor, which forms
identical interface CT states as in the case of excitation of a donor. The
remaining ~60% of the Dgsg evolves on a timescale of several hundreds of
picoseconds. According to Wang et al.,” this slow hole transfer channel is
mediated via peculiar intramoiety CT state (xCT) of an acceptor, which forms
at RT during ~0.2 ps and dissociates into free polarons within ~15 ps. Our data
are consistent with this interpretation. Accordingly, we attribute the slow Dgsg
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growth phase to delayed hole transfer from the XCT state or from free electron-
hole pairs formed in the acceptor. An additional contribution to the Dgss
growth may come from the formation of CS states. This process is supported
by the delayed (~10 ps) appearance of a kink at 570-625 nm (Figure 19a) in
the TA signal, which is specifically characteristic of electroabsorption (EA)
spectra and absent in the initial Dgsg signal. However, the contribution of EA
can hardly be greater than in the case of donor excitation, resulting in a Dess
growth by about 20% at RT. Therefore, most of the growth should still be
attributed to delayed hole transfer mediated by XCT states. Importantly, Dgss
growth slows at low temperatures and is marginal at 15 K, indicating that hole
transfer mediated by XCT states requires thermal assistance. The evolution of
TA on a timescale of hundreds of picoseconds and a few nanoseconds is very
similar to that observed under excitation of the donor: we observe a decay of
the entire TA spectrum at RT, which disappears at a temperature reduced to
240 K, but is observed again at even lower temperatures.
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Figure 20. Temporally integrated (0-120 ps) photoluminescence spectra of
a) PM6:Y6 blend and b) Y6 film at various temperatures after excitation with
a 515 nm laser pulse. The green and black dashed curves in (a) indicate the
photoluminescence spectra of the neat PM6 and Y6 films; c) Y6 and Y6-in-
blend photoluminescence kinetics at various temperatures. Figure adopted
from paper V.
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To confirm the earlier made conclusions and to further elucidate the
mechanisms of charge carrier generation, we have performed transient
photoluminescence studies with a temporal resolution of less than 5 ps. We
used an excitation wavelength of 515 nm, which predominantly excites the
donor, although weak excitation of the acceptor is also present. It was shown
in ref.173 that the CT state manifold in the PM6:Y6 blend emits only very
weakly and is even referred to as dark. Therefore, we can state that PL
originates only from neutral-excited singlet states of donor and acceptor (D*
and A*), so that the intensity of PL unambiguously represents the
concentrations of D* and A*.

Figure 20a shows the temporally (0-120 ps) integrated PL spectra of the blend
at different temperatures.

Despite the dominant excitation of the donor, the time-integrated PL of the
donor is very weak and changes only slightly with temperature, which is in
good agreement with the rapid and barrierless formation of interfacial CT
states. In contrast, the PL intensity of the acceptor is much stronger and
decreases sharply with temperature. Zhu et al. have recently demonstrated that
the photoluminescence intensity of pure Y6 film also decreases at lower
temperatures.'® This unconventional behavior was explained by the
assumption that strong polarization effects reduce the energy of the charge-
separated state (XCT) even below that of the lowest excited singlet state,
resulting in effective charge separation within the Y6 material. The
fluorescence of Y6 is attributed to thermal repopulation of the A* state—a
kind of thermally activated luminescence with an activation energy of ~185
meV, which is easily overcome at RT, but strongly hinders exciton reforming
and thus luminescence at lower temperatures. We observe a similar trend in
blend, where PL intensity decreases about threefold when the temperature is
reduced from RT to 60 K (see Figure 20a) and remains stable at lower
temperatures. However, this decrease is much weaker than the ~20-fold PL
decrease in the pure Y6 film (Figure 20b). The PL kinetics of Y6 in the neat
film and in the PM®6:Y6 blend presented in Figure 18c explain the mentioned
difference in temperature dependence. At very low temperatures, PL of the
neat Y6 film and the PM6:Y6 blend decays identically, indicating that only
intramolecular processes in Y6, namely the barrierless formation of
nonfluorescent XCT states determines the PL decay. At 180 K and higher
temperatures, a slow PL component appears in the neat Y6 film due to thermal
repopulation of the A* state and causes a dramatic increase in the steady-state
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PL, as shown in Figure 20b. While at high temperatures, the PL decay of the
blend becomes much faster than that of the neat Y6 because hole transfer from
the XCT state to the donor rapidly decimates the XCT state population and
prevents the repopulation of the A* state, thus mitigates the increase of the
steady-state PL intensity with temperature making it less impressive than in
the pure Y6 film. This agrees well with the TA kinetics of the blend under
excitation of the acceptor, which shows that only the ultrafast PM6 bleaching
component caused by hole transfer from the “hot” A* state takes place at very
low temperatures, while at higher temperatures PM6 bleaching related to the
hole transfer continues for hundreds of picoseconds.

These investigations lead to the fourth statement of the thesis: Upon
excitation of acceptor Y6 in PM6:Y6 organic solar cell, charge carrier
generation occurs via two different pathways that are equally efficient at room
temperature - via the interfacial CT state and via the intra-moiety XCT state.
The conventional pathway via the CT state is almost temperature independent,
while charge carrier generation via the xCT state requires thermal support.
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A*
BHJ
CS
c-Si
CT
D*
D/A
DOS
EA
FF
GDM
GSB
HOMO
T4

ITCC

ITIC

IT™

Jsc
LUMO
MCP
MPP

ABBREVIATIONS

Excited acceptor

Bulk hetero-junction

Charge Separated state

Crystalline silicon

Charge Transfer state

Excited donor

Donor/Acceptor

Density of States

Electroabsorption

Fill Factor

Gaussian Disorder Model

Ground State Bleaching

Highest Occupied Molecular Orbit
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2°,3"-d’]-s-
indaceno[1,2-b:5,6-b’]dithiophene acceptor
3,9-bis(4-(1,1-dicyanomethylene)-3-methylene-2-
oxo-cyclopenta[b]thiophen)-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d":2,3-d"]-s-indaceno[1,2-
b:5,6-b']-dithiophene acceptor
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-
dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-
b’]dithiophene acceptor
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-
indacenol[1,2-b:5,6-b’]dithiophene acceptor
Current Density and voltage characteristics
Short-circuit current density

Lowest Unoccupied Molecular Orbit

Multi Channel Plate

Maximum Power Point
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N2200

NF
OEFP
OPV
osC
PBDB-T

PBDB-T-2ClI

PC#BM
PCE
PDCBT-2F
PL

PM6

PP
PTO2

PV
RT
TA
TAS
TDCF
TPC
tPL

poly {[N,N'-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl1]-alt-5,5'-(2,2'-
dithiophene)} acceptor

Non-Fullerene

Optical Electric Field Probing

Organic Photovoltaic

Organic Solar Cell
Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzol[1,2-
b:4,5-b']dithiophene-2,6-diyl]-2,5-
thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-
4H,8H-benzo[1,2-c:4,5-c']dithiophene-1,3-diyl]]
donor

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
chloro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5°,7°-
bis(2-ethylhexyl)benzo[1°,2’-c:4°,5’-c’]dithiophene-
4,8-dione)]

6,6]-Phenyl-C71-butyric acid methyl ester acceptor
Power Conversion Efficiency
3-fluoro-2,2'-bithiophene -4,4'-dicarboxylate donor
Photoluminescence
Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5,7-
bis(2-ethylhexyl)benzo[1°,2’-c:4°,5’-¢’]dithiophene-
4,8-dione)] donor

Pump-probe
Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(2,2-ethyl-
3(ord)-carboxylate-thiophene)] donor
Photovoltaics

Room temperature

Transient Absorption

Transient Absorption Spectroscopy

Time-Delayed Collection Field

Transient Photocurrent

Transient Photoluminescence
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TQ1
TREFISH
Voc

xXCT
Y6

Poly[[2,3-bis(3-octyloxyphenyl)-5,8-
guinoxalinediyl]-2,5-thiophenediyl] donor

Time Resolved Electric Field Induced Second
Harmonic Generation

Open-circuit Voltage

Intra-moiety Charge Transfer State
2,2'-((22,2'2)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e]thieno[2",3°":4°,5"|thieno[2',3":4,5|pyrrolo[3,2-
gJthieno[2',3":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-
2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile acceptor
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SANTRAUKA

Ivadas

Nuo pat industrinés revoliucijos pradzios elektros paklausa visame pasaulyje
nuolatos augo. Per paskutiniuosius 25 metus pagaminamas elektros kiekis
padvigubéjo ir 2019 metais vir§yjo 27000 teravatvalandes.! Prognozuojama,
kad 2050-aisiais zmoniy skaiius turéty pasiekti 10 milijardy, ty. 20%
daugiau nei $iandien, 0 su tuo turéty augti ir elektros paklausa. Siandien,
pagrindinis elektros gamybos isteklis yra anglis ir kitas iSkastinis kuras. 2019-
aisiais net ~63% elektros pasauliniu mastu buvo sugeneruota naudojant
iSkastinj kurg. Taciau §is resursas turi kelis rimtus trikumus: iSkastinio kuro
kiekis baigtinis?, o jy deginimas didina oro uzter§tuma, ko pasekoje Zalojama
zmoniy sveikata ir stimuliuojama klimato kaita.® Iskastinio kuro deginimo
metu j atmosferg i$siskiriamas anglies dvideginis, kur ~60% jo lieka jstriges.*
Siandien vidutiné atmosferoje esan¢io CO, koncentracija yra didZiausia per
pastaruosius 3 milijony mety, seniausiai kiek jmanoma iSmatuoti.®
Atmosferoje esanciai angliai sugeriant Silumg sklindanéia nuo Zzemés
pavirSiaus, kyla tiek vidutiné Zemés temperatiira, tiek dél sparciai tirpstanéiy
ledyny ir jaros lygis.®® Skai¢iuojama, kad kylanti temperatiira kelia grésme
net 20-30% gyvybés risiy iSnykimui, pradedant nuo ypatingai jautriy
koraliniy rify.°

Siam beprecedentiniam i3§tikiui spresti, pradéta ,,nulinés CO, emisijos iKi
2050” iniciatyva. Ja méginama surasti bdus kaip drastiSkai sumazinti
iSkastinio kuro, didZiausio CO dujy S$altinio, naudojimg. Remiantis ja, du
treédaliai visos sunaudojamos energijos 2050-aisais metais turéty biti iSgauta
i§ atsinaujinanciy, netar$iy Saltiniy — véjo, bioenergijos, geoterminés, hidro ir
saulés.! Jdomu, kad butent saulés energetikai numatyta didziausia dalis, ji
turésianti sugeneruoti penktadalj visos energijos paklausos. Milziniska saulés
radiacijos energijos potencialg puikiai iliustruoja zinoma L.R. Brown‘o citata
»saulés §viesos energijos, kuri pasiekia Zzemés paviriy per vieng valanda,
pakakty pasaulio ekonomikai visiem metams*.

Saulés energetika skirstoma j tris dalis: terming, chemine ir fotovoltaine.
Pirmoje, elektra gaunama i§ saulés spinduliuotés gaminamy gary, kurie suka
turbing, analogiskai iSkastinio kuro deginimui.® Antroje, cheminé energija
gaunama naudojant saulés Sviesg per ivairius foto ir termocheminius
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procesus.'* Tuo tarpu tre¢ioju atveju saulés $viesa ver¢iama tiesiogiai j elektra.
Pastebétina, kad dél augancy Saldymo ir Sildymo sistemy poreikio,
elektromobiliy ~ populiarumo  bei  daugelio  kasdieniy  paslaugy
skaitmenizavimo, pasaulyje vis daugiau energijos iSnaudojama elektros
pavidalu.’® Todél, tiesioginé elektros generacija i§ saulés Sviesos tampa itin
patraukliu energijos $altiniu atei¢iai. Siandien maZiau nei 4% elektros
pagaminama naudojant saulés elementus, tadiau Tarptautiné Energijos
Agentiira prognozuoja, kad iki 2050 mety Sios apimtys uzaugs dvideSimt
karty.!! Tokio ambicingo plano jgyvendinimas biity tapatus Siai dienai
didZiausios pasaulyje saulés jégainés jdiegimui kiekvieng diena, ateinantj
desimtmetj! Nepaisant to, aplinkosauginés katastrofos pavojus, Kkylantis
iSlaikant status que, t.y. deginant iskastinj kurg energijai, skatina sparty saulés
energetikos vystyma visame pasaulyje.

Siandien dominuojanti saulés elementy technologija gaminama kristalinio
silicio (c-Si) pagrindu. Ja iSgaunama apie 95% saulés elementais
generuojamos galios.'® Per pastargjj deSimtmetj Zenkliai atpigus
puslaidininkinio silicio gamybai ir iSaugus Si elementy efektyvumui, Si
technologija tapo ne tik patraukli dél aplinkosauginiy priezaséiy, bet ir
finansiSkai konkurencinga elektros gamybos sritimi.l” Nepaisant to, c-Si
technologija turi kelis svarbius trikumus. Visy pirma, silicio sugerties
koeficientas yra mazas, ko pasekoje didziausiam efektyvumui isgauti Si
sluoksnis saulés elemente turi bati salyginai storas (keliy Simty mikrony) ir
tamsus.'® Sitai nulemia ne tik auksta galuting saulés modulio kaing, bet ir
stipriai apriboja jvairias c-Si pritaikomumo galimybes. Moduliai montuojami
arba ant zemés, arba ant stogy, padengiant kuo didesnj plota. Tadiau stipriai
apgyvendintose vietovése, kur elektros poreikis yra didziausias, tuséiy Zemés
ploty saulés jégainei néra lengva rasti. Negana to, Kristalinio silicio gamybai
reikalinga labai aukSta temperatira. Tai reiSkia, kad energetinis
atsiperkamumas, tai yra laikas, per kurj saulés elementas pagamina tiek
energijos, kiek buvo sunaudota jo gamybai, yra ilgas — 1.5-2 metai,
priklausomai nuo lokacijos.®

Siekiant globaliu mastu didinti saulés elementais iSgaunama elektros kiekj,
reikalingos naujos technologijos, pasizymin¢ios unikaliomis mechaninémis ir
optinémis savybémis. Pavyzdziui, saulés elementui esant pusiau skaidriu, jj
biity galima montuoti ant dangoraiziy stikly. Tokiu budu elektra bty
generuojama ten, kur jos poreikis didziausias — didmiesc¢iy centre. Lankstts
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saulés elementy moduliai galéty biiti jmontuojami and lenkty pavirsiy, tokiy
kaip automobilio stogas. Taipogi, skirtingy atspalviy saulés elementy moduliy
inkorporavimas miesto infrastrukttroje tapty daug priimtinesnis dél estetiniy
priezas¢iy. Jdomu, kad i§ daugybés besivystanciy fotovoltainiy technologijy,
blitent organiniai saulés elementai galéty biiti pritaikomi tokiose niSinése
sferose dél jy iSskirtiniy lengvumo, lankstumo ir skaidrumo savybiy.?0?!
Negana to, organiniy puslaidininkiy gamybos energetiniai kastai itin mazi.
Skai¢iavimai rodo, kad organiniy saulés elementy energetinis atsiperkamumas
gali biti pasiekiamas vos per vieng dieng.??

Nors organin¢ fotovoltaika jau vystoma daugiau nei tris deSimtmecius, taciau
Si technologija dar néra placiai paplitusi. Pagrindiniai ribojantys faktoriai yra
salyginai prastas organiniy puslaidininkiy stabilumas ir Zemesnis energijos
konversijos efektyvumas, lyginant su jau veikianciais saulés elementais.
Kitgvertus, per pastaruosius kelis metus organiniy saulés elementy
efektyvumas drastiskai iSaugo ir $iai dienai virSyja 18%. 222 Sis $uolis buvo
nulemtas naujos kartos akceptoriniy molekuliy atsiradimu, kuris sugrazino
didziulj mokslo ir industrijos atstovy susidoméjima §ia, pastargjj deSimtmetj
kiek stagnavusia, technologija.

Nepaisant Sio proverzio, organiniy saulés elementy techonlogijai reikalingas
tolimesnis plétojimas, kurj smarkiai apriboja $iy elementy veikimo pilno
fizikinio supratimo nebuvimas, ypac¢ prietaisy su naujos kartos akceporinémis
molekulémis. Sios naujos medziagos, befulereniai akceptoriai, paneigé pries
tai nusistovéjusj suvokima apie kriivininky generacijai biitinas sglygas, todél
iSsami visy fizikiniy procesy, vysktanciy organiniame saulés elemente,
analizé yra biitina. Siame darbe i§samiai tyrinéjami naujos kartos organiniy
saulés elementuose vykstantys fizikiniai reiSkiniai, idant bty atskleisti
energijos konversijos efektyvuma ribojancios priezastys, bei suprasti juy
pasalinimo mechanizmai.
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Disertacijos tikslai

Organinés fotovoltaikos prietaisy efektyvumo proverzis, salygotas
archetipinio fulereninio tipo akceptorinés molekulés pakeitimu naujos kartos
akceptoriais, sukélé didelj aziotazg mokslinéje bendruomenéje, ko pasekoje
mokslininky grupés viena po kitos puolé skelbti naujus efektyvumo rekordus.
Iprastai, Sie rekordai pasiekiami gaminant daugybe naujy medziagy, tinkamy
aktyviam prietaiso sluoksniui, bandant vis naujus donoras:akceptorius
misinius ir kruops¢iai sustyguojant kiekvieng gamybos etapa atsitiktinio
bandymo buidu. Nors §i strategija i§ dalies pasiteisina, taciau be iSsamaus
suvokimo kaip Sios naujos medziagos veikia ir kokie faktoriai riboja jy
na$uma, sunku tikétis spartaus technologinio progreso. Bitent todél Sis darbas
buvo atliktas siekiant detaliai iSnagrinéti pagrindinius optoelektroninius
procesus, tokius kaip kriivininky generacija, iStraukimas ir rekombinacija,
jvariuose befulereniuose tiirinés heterosandiiros organiniuose saulés
elementuose. Taipogi, juos palyginti su jprastais fulereniniais saulés
elementais ir identifikuoti pagrindinius energijos konversija ribojancius
faktorius.

Ypatingas démesys buvo skirtas dinaminiy procesy, krivininky generacijos ir
istraukmo, analizei. Vyksmy Kinetikoms nustatyti buvo pasitelkta kelios
laikiniy matavimy bei skaitmeninio modeliavimo technikos. Pagrindiniai
keliami tikslai buvo:

e Suprasti erdviniy gaudykliy jtaka kriivininky iStraukimui tOrinés
heterosandiiros elementuose.

e [vertinti krivininky iStraukimo dinamika artimose darbinéms saulés
elementy veikimo salygose.

e Suprasti laisvy kriivininky generacijos ypatybes befulereniuose saulés
elementuose, pasizyminciuose minimaliu molekuliniy orbitaliy energijy
skirtumu tarp donoro ir akceptoriaus.

e Suprasti laisvy kriivininky generacijos ypatumus PM6:Y6 organiniuose
saulés elementuose.

Disertacijos uzdaviniai

Siems tikslams pasiekti buvo suformuluoti atitinkami uzdaviniai:
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e ISvystyti ir pritaikyti specialig nenuostaviosios fotosrovés matavimo
technika, leidziancia identifikuoti krivininky pagavima zemos energijos
ar erdvinése gaudyklése; jvertinti kriivininky pagavimo erdvinése ir
zemos energijos gaudyklése jtakg kriivininky iStraukimui fulereniniuose
ir befulereniuose organiniuose saulés elementuose.

e Patobulinti ir panaudoti specialias laikines matavimo technikas, kurios
leisty iSmatuoti kriiviniky judéjima artimose tikroms saulés elementy
veikimo sglygomis; palyginti krivininky judrio dinamikas fulereniniuose
ir befulereniniuose organiniuose saulés elementuose.

e [Smatuoti su auksta laikine rezoliucija laisvy kravininky generacijos ir jy
rekombinacijos priklausomybg¢ nuo molekuliniy orbitaliy energijy
skirtumo tarp donoro ir akceptoriaus molekuliy; jy priklausomybe nuo
temperatiros; identifikuoti energijos efektyvuma ribojan¢ius faktorius.

Ginamieji teiginiai

1. Laisvy fotogeneruoty kriivininky pagavimas erdvinése gaudyklése gali
riboti jy judéjima tik-iSlietame, polimeras:polimeras tipo organiniame
saulés elemente, ko pasekoje iSauga rekombinaciniai ir efektyvumo
nuostoliai. Erdviniy gaudykliy jtakg galima Zenkliai sumazinti bandinj
pakaitinus, kaip pademonstruota TQ1:N2200 polimeras:polimeras tipo
saulés elemente.

2. Organiuose saulés elementuose su auksta gaudykliy koncentracija laisvy
krivininky pagavimas gaudyklésé nulemia stipry kravininky judrio
maz¢jima ns-ps laiko skaléje. Esant relioms saulés elementy veikimo
salygoms, nuolatinio apSvietimo generuoti fotokriivininkai uZzpildo
gaudykles, ko pasekoje judris laikui einant kinta maziau, iSauga tiek
kriivininky rekombinacijos, tiek iStraukimo spartos. Zemy energijy
buseny uzpildymas nedaro jtakos stipriai mazéjanciam judriui
pikosekundinéje laiko skaléje. Efektyviuose befulereniuose saulés
elementuose kravininky pagavimas gaudyklése néra Zenklus, ko pasekoje
zemy energijy buseny uzpildymas nedaro pastebimos jtakos kriivininky
iStraukimui.

3. Termiskai aktyvuota atbuliné elektrono pernasa i§ donoro j akceptoriaus
auksciausig uZpildyta molekuling orbitalg nulemia didesn¢ kruvininky
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rekombinacija ir sumaZzina befulereniy organiniy saulés elementy
efektyvuma, kuriy molekuliniy orbitaliy energijy tarpas mazesnis nei
100meV.

4. PMG6:Y6 organiniame saulés elemente, Zadinant akceptoriy Y6 lasivi
kriivininkai generuojami dviem, kambario temperatiroje vienodo
efektyvumo, buidais — per kriivio pernasos ir vidinés kriivio pernaSos
busenas. [prastas kriivio pernasos mechanizmas beveik nepriklauso nuo
temperatiiros, tuo tarpu kriivininky generacijos efektyvumas per viding
kriivio pernasos bliseng smarkai sumaz¢ja krentant temperatirai.

Naujumas ir aktualumas

Sio darbo naujumas ir aktualumas parodomas $iais teiginiais:

e JvairGis laikiniy matavimy techikos leido nuodugniai istirti kiekvieng
organiniy saulés elementy veikimo etapg ir juos visus apjungti j vieng
nuosekly paveiksla, apimanti vyksmus itin placioje fs-us laiko skaléje,
pirma sykj Siai bandiniy klasei.

e Siame darbe buvo i§vystyti Specialiis jprasty laikiniy matavimo techniky,
tokiy kaip TREFISH, nestacionarioji fotosrové ir laike uZzvélinto
istraukimo lauko, patobulinimai. Sie patobulinimai leido pirma sykj istirti
krivininky pagavimg erdvinése gaudyklése bei uzfiksuoti kriivininky
dinamika artimose tikroms organiniy saulés elementy veikimo sglygomis.

e [Ssami nestacionariosios sugerties matavimy analizé leido identifikuoti
specifinj termiSkai aktyvuota rekombinacijos kanala befulereniuose
organiniuose saulés elementuose su mazu molekuliniy orbitaliy energijy
skirtumu tarp donoro ir akceptoriaus molekuliy. Sis atradimas
demonstruoja butinybe kruopsiai sureguliuoti molekuliy energijy
lygmenis siekiant toliau pagerinti enrgijos konversijos nasuma.

o ISsamus kravininky generacijos mechanizmo tyrimas PM6:Y6
bandiniuose bei jy temperatiriné priklausomybé buvo pirmag sykj
iSmatuota itin zemose temperatiirose (iki 15K). Platus temperatiiry
diapazonas padéjo atskleisti prie§ tai nematytus laisvy kriivininky
generacijos aspektus Siuose bandiniuose.
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Metodika

Siame darbe be jprasty saulés elementy charakterizavimo metody, tokiy
voltamperinés priklausomybés nustatymas ar bandiniy nuostaviosios sugerties
matavimas, buvo i$skirtinai daug naudojami dinaminiai matavimai su laikine
skyra, apimantys itin platy laikinj diapazong. Procesai vykstantys femto —
pikosekundziy laiko skaléje buvo nagrinéjami nestacionariosios sugerties,
TREFISH ir nestacionariosios fotoliuminiscencijos matavimy technikomis.
Procesai ns-us laiko skaléje, buvo tyrinéjami nestacionariosios fotosroveés ir
laike uzvélinto istraukimo lauko matavimo technikomis. Siame darbe buvo
pristatyti ir pastaryjy matavimy specifiniai patobulinimai, pritaikyti specialiai
Siam darbui. Taipogi, duomeny analizei buvo naudojamas ir skaitmeninis
modeliavimas.

Diskusija ir iSvados

Naujy energijos Saltiniy vystimas yra neatideliotinas pasaulinis prioritetas
siekiant sumazinti iSkastinio kuro naudojimg ir su tuo susjjusig CO emisij3.
Saulés energija galéty biti placiai iSnaudojama atliepiant sparciai auganciam
Svarios elektros poreikiui. NiSiniai organiniy saulés elementy pritaikymai,
tokie kaip dalinai skaidriy saulés elementy jdiegimas ant dangoraizio stikly,
galéty praplésti nusistovéjusj c-Si suformuotg supratimg apie saulés jégaines,
kaip plotui ir energijos gamybai reiklig technologija, bei zenkliai prisidéti prie
pigios elektros generacijos.

Si disertacija skirta tyrinéti optoelektroninius procesus naujos kartos
organiniy saulés elementy befulereniy akceptoriy pagrindu. Ypatingas
démesys buvo skirtas dinaminiams vyksmams, tokiems kaip laisvy krivininky
generacijos bei jy iStraukimo kinetikoms. Jos buvo iSmatuotos pasitelkiant
kelias skirtingas matavimo technikas, drauge apimancias ypatingai platy
laikinj diapazong — nuo fs iki ps.

*

Pirmoji problema nagrinéta Siame darbe susjjusi su laisvy krivininky
pagavimu erdvinése gaudyklése. Placiai priimta manyti, kad geriausias btidas
sumazinti laisvy kravininky rekombinacijg iStraukimo metu yra elektrono ir
skylés transportui naudoti erdviskai atskirtus elektronus priemancius ir
atiduodancius domenus. Taciau stipriai i$skirta morfologija pasizymi auksta
izoliuoty domeny ir aklavieCiy gausa, ko pasekoje prastéja laisvy krivininky
istraukimas.!® Zinoma, kad organiniuose puslaidininkiuose kravininkai gali
Sokuoti sglyginai tolimus atstumus, iki keliy nm, tuneliuvodami. 3137 Tai
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leidia kriivininkams patekti j toliau nei artimiausig esan¢ia biisena. Sitai ypa¢
aktualu kai nors viena i§ aktyvaus sluoksnio misinio komponenciy yra maza
molekulé, nes esant jy pakankamai dispersijai kitoje medziagoje, kruvininkai
gal per ja keliauti.’3*1% Taciau tdrinés heterosandiiros organiniame saulés
elemente, kur abi aktyvaus sluoksnio medziagos yra polimerai tokia dispersija
pasiekti yra daug sunkiau dél labai ilgy polimero grandiniy. Ko pasekoje,
susiformavusios aklavietés gali riboti kriivininky judéjima. Siame darbe,
siekiant istirti laisvy kriivininky judéjima prototipiniame polimeras:polimeras
tipo saulés elemente, pagamintame donoro TQ1 ir akceptoriaus N2200
pagrindu, buvo panaudotos patobulintos jprastos krivininky iStraukimo
matavimo metodikos kartu su skaitmeniniu modeliavimu. Darbe buvo
parodyta, kad tik iSlieti saulés elementai pasizymi auksta erdviniy gaudykliy
koncentracija. Siy gaudykliy prigimtis sietina su aklavietémis pavienése
polimero grandinése, nes pakeitus akceptorinj polimera mazos molekulés
akceptoriumi erdviniy kriivininky kiekis zenkliai sumazéja. Pazymétina, kad
didelé erdviniy gaudykliy koncentracija didina tiek geminaling, tiek
bimolekuling rekombinacijg. Taip pat svarbu, kad erdviniy gaudykliy
koncentracija Zenkliai sumazéja bandinj pakaitinus. Sie tyrimai privedé prie
pirmojo disertacijos teiginio: Laisvy fotogeneruoty kriivininky pagavimas
erdvinése  gaudyklése gali riboti jy  judéjimg  tik-iSlietame,
polimeras:polimeras tipo organiniame saulés elemente, ko pasekoje iSauga
rekombinaciniai ir efektyvumo nuostoliai. Erdviniy gaudykliy jtaka galima
zenkliai sumazinti bandinj pakaitinus, kaip pademonstruota TQ1:N2200
polimeras:polimeras tipo saulés elemente.

**

Antroje disertacijos dalyje buvo nagrinéjama laisvy kriuvininky dinamika
kvazirealiomis darbinémis organiniy saulés elementy veikimo salygomis.
Laisvy kravininky iStraukimas tiesiogiai priklauso nuo jy judrio. Nors judris
daznai naudojamas kaip medziaga charekterizuojantis dydis, taciau yra
nemazai darby demonstruojanciy, kad organiniuose saulés elementuose
kriivininky judris sumazéja keliomis eilémis nuo jy generacijos iki
iStraukimo.?2125140 Taj paaiSkinama kruvininky termalizacijos j Zemesnes
energetines biisenas reiSkiniu. Kitgvertus, yra darby, kuriuose sékminga
analizé atilkta naudojant nekintantj judrj.t4:-144

Buvo teigiama, kad veikiant saulés elementui kriivininky judris yra pastovus,
nes nuolatinés Sviesos generuoti kriivininkai uzima zemos energijos biisenas.
To pasekoje, judrio matavimai naudojant trumpus lazerio impulsus néra
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korektiski.’*® Siame darbe buvo panaudotos kelios matavimo technikos,
drauge apimancios platy laikinj diapazong nuo femto iki mikro sekundziy.
Taip pat palyginti trumpu lazerio impulsu fotogeneruoty kravininky
iStraukimas bei rekombinacija, su ir be papildomu nuolatiniu vienos saulés
intensyvumo apgvietimu, imituojanéiu realias veikimo salygas. Sio tyrimo
rezultatai atsispindi antrajame disertacijos teiginyje: Organiuose saulés
elementuose su auksta gaudykliy koncentracija laisvy kriivininky pagavimas
gaudyklésé nulemia stipry krivininky judrio mazéjimg ns-us laiko skaléje.
Esant relioms saulés elementy veikimo salygoms, nuolatinio ap$vietimo
generuoti fotokruvininkai uzpildo gaudykles, ko pasekoje judris laikui einant
kinta maziau, iSauga tiek krtivininky rekombinacijos, tiek iStraukimo spartos.
Zemy energijy biiseny uZpildymas nedaro jtakos stipriai mazéjan¢iam judriui
pikosekundinéje laiko skal¢je. Efektyviuose befulereniuose saulés
elementuose krivininky pagavimas gaudyklése néra Zenklus, ko pasekoje
zemy energijy buseny uzpildymas nedaro pastebimos jtakos kruvininky
iStraukimui.

**kx

TreCioje Sios disertacijos dalyje buvo nagrinégjama laisvy kravininky
generacija befulereniuose organiniuose saulés elementuose su mazu
molekuliniy orbitaliy energijy skirtumu tarp donoro ir akceptoriaus molekuliy.
Viena i§ galimy strategijy, kaip pagerinti energijos konversijos efektyvuma
organiniuose saulés elementuose, yra mazinti jtampos nuostolius. Sie
nuostoliai jprastai siekia ~0.6V, kai tuo tarpu efektyviausiuose GaAs, ar
labiausiai paplitusiuose c-Si saulés elementuose Sie nuostoliai tesiekia 0.3-
0.4V. 150-152 Nors yra organiniy saulés elemety pavyzdziy su maZzais jtampos
nuostoliais'®1%¢, bet bendrai $ie nuostoliai yra didesni nei neorganiniuose
saulés elementuose dél to, kad prieSingai nei neorganiniuose
puslaidininkiuose, kur Sviesa tiesiogiai generuoja laisvuosius kriivininkus,
organiniuose puslaidininkiuose generuojami eksitonai, kuriy disocijacijai
reikalinga papildoma energija. Siais disocijacijai aktyvuoti reikalingas
energijy tarpas tarp molekuliniy orbitaliy energijy tarp donoro ir akceptoriaus
molekuliy.3*" Yprastai laikoma, kad efektyviam kroivininky atskyrimui
reikia maZziausiai 0.3V, kaip demonstruota fulereniniuose saulés elementuose.
57.126,158 Taciau, prieSingai nei jprastai manoma, naujos kartos befulereniuose
saulés elementuose kriivininky atskyrimas jvyksta, kuomet energijy tarpas
nykstamai mazas. 1°°162 Nepaisant to, mazi jtampos nuostoliai dél tokios
kriivininky atskyrimo savybés turi ir savo kaing, nes mazas energijy tarpas
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nesudaro barjero kriivininko perkelimui atgal. Il1-oje ir 1VV-0je publikacijose
buvo iSsamiai tyrinéta §i kravininko atbuliné pernasa, naudojant
nestacionariosios  sugerties, nestacionariosios  fotoliuminscencijos ir
skaitmeninj modeliavimg. Tyrinéta Sios pernasos priklausomybé nuo
molekuliniy orbitaliy energijy skirtumo. Taipogi, Sios pernaSos jtaka
befulereniy organiniy saulés elementy energijos konversijos efektyvimui. Siy
tyrimy iSvadomis grindziamas tre€iasis disertacijos teiginys: Termiskai
aktyvuota atbuliné elektrono pernaSa i§ donoro j akceptoriaus aukséiausig
uzpildytag molekuling orbitalg nulemia didesn¢ kriivininky rekombinacija ir
sumazina befulereniy organiniy saulés elementy efektyvuma, kuriy
molekuliniy orbitaliy energijy tarpas maZesnis nei 100meV.

*khkk

Paskutingje Sio darbo dalyje, aprasytoje V-oje publikacijoje, buvo tyrinéta
laisvy kriivininky generacijos mechanizmai vienoje moderniausiy organiniy
saulés elementy PM6:Y6 ir jy temperatiirinés priklausomybés. 2019-aisiais
buvo pristatytas naujas befulerenis akceptorius Y6. %6 Jo miSinys su polimeru
PM6 tapo viena efektyviausiy organiniy saulés elementy medziagy. 167:1% Per
pastaruosius metus net keli apzvalgos tipo straipsniai buvo iSskirtinai skirti
PM6:Y6 sistemy progresui apzvelgti.!’®’t Nepaisant to, kad techniniai
PM6:Y6 prietaiso optimizavimo aspektai yra gan iSsamiai iSnagrinéti, vistik
plataus fizikinio supratimo apie laisvy kriivininky generacija Sios medziagose
néra. Pavyzdziui, du didziuliai darbai 75172, nuodugniai nagrinéjantys
fotofizikinius reisSkinius ir ypac¢ temperatiiring laisvy kriivininky generacijos
priklausomybe Siose medziagose, pri¢jo kiek skirtingas iSvadas. Pirmajame
darbe teigiama, kad kriivininky Sokavimas, skatinamas temperatiiros, yra
biitinas laisvy kriivininky generacijai, tuo tarpu antrajame darbe teigiama, kad
krivio pernaSos biiseny disociacijos aktyvacijos energija yra iSskirtinai Zema,
apie 6 meV, todél kruvininkai efektyviai generuojami Zemose temperatiirose,
net iki 100 K. Pastebétina, kad Sie tyrimai buvo atitinkamai atliekami iki 200
K ir 75 K Zemiausiy temperatiiry. Siame darbe, pasitelkiant nestacionariosios
sugerties ir fotoliuminiscencijos matavimai, detaliai iSnagriné¢jome laisvy
kravininky generacijos mechanizmus PM6:Y6 saulés elementuose itin
pladiame temperatiiriniame diapazone, pasiekiant net 15 K temperatiira.

Siy tyrimy rezultatai atsispindi ketvirtajame disertacijos teiginyje: PM6:Y6

organiniame saulés elemente, zadinant akceptoriy Y6 lasivi kriivininkai
generuojami dviem, kambario temperatiiroje vienodo efektyvumo, biidais —
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per kriivio pernasos ir vidinés kriivio pernasos biisenas. [prastas kriivio
pernasos mechanizmas beveik nepriklauso nuo temperatiiros, tuo tarpu
kriivininky generacijos efektyvumas per viding kriivio pernasSos bisena
smarkai sumazéja krentant temperatiirai.
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Dead Ends Limit Charge Carrier Extraction from
All-Polymer Bulk Heterojunction Solar Cells

Rokas Jasitinas,* Armantas Melianas, Yuxin Xia, Nikolaos Felekidis, Vidmantas Gulbinas,

and Martijn Kemerink

Extraction of photocreated charge carriers from a prototypical all-polymer
organic solar cell is investigated by combining transient photocurrent and
time-delayed collection field experiments with numerical simulations. It is
found that extraction is significantly hampered by charges getting trapped

in spatial traps that are tentatively attributed to dead ends in the intermixed
polymer network—in photovoltaic devices based on the same donor polymer
and a fullerene acceptor this effect is much weaker. The slow-down in charge
extraction leads to enhanced recombination and associated performance
losses. These effects are observed in addition to the dispersive behavior that
is characteristic of charge motion in energetically disordered media. Upon
annealing the effects of spatial traps diminish, rationalizing the doubling in

accepting material in one phase and elec-
tron donating material in the other.?
However, such strongly phase-separated
morphologies are prone to cause extrac-
tion problems due to the formation of
dead ends and/or isolated domains.?!
Fortunately, in state-of-the-art
polymer:fullerene  and  polymer:small
molecule organic photovoltaic  (OPV)
devices performance is not limited by
recombination losses during extraction
(but mostly by voltage losses) as wit-
nessed by large fill factors and relatively

device power conversion efficiency after annealing.

1. Introduction

Extraction of photogenerated charge carriers from organic bulk-
heterojunction (BH]J) solar cells is one of the most important
processes determining device performance. Slow carrier extrac-
tion causes their accumulation in the active layer and, as a
consequence, an increased bimolecular recombination, which
reduces the short-circuit current and particularly the fill factor.!
It is commonly assumed that the optimal morphology for effi-
cient BHJ solar cells is one where photogenerated electrons and
holes avoid recombination by moving via spatially separated
percolating domains consisting (predominantly) of electron
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high internal quantum efficiency (IQE)
values.ll As a consequence, extraction of
photocreated charge carriers can often
be well described using models that con-
sider the BHJ as an effective medium with the energy levels of
the medium reflecting the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) of the acceptor.® In such models, morpholog-
ical effects are only implicitly accounted for by the values of the
(effective) transport and disorder parameters. One may wonder
why this evident simplification works so well. It has recently
become clear that one important reason might be that charge
carriers in organic semiconductors may actually be able to
move over relatively large distances, up to several nm, by long-
range tunneling or molecular superexchange.”% This enables
transport to non-nearest neighbor sites, and thereby greatly
relaxes the need to have connected phases of pure material for
efficient charge transport.

OPV devices using non-fullerene acceptors are currently
receiving increased attention and start to outperform fullerene-
based devices."'"13] While having evident benefits over fuller-
enes in terms of improved absorption and larger energy level
tunability, charge transport and extraction in non-fullerene
BHJ is still less understood. In particular all-polymer BH]J, in
which both donor and acceptor materials are polymers, are
in many respects in their infancy. While the entanglement
of polymer chains in such BHJ is expected to lead to a much
needed increased morphological stability at elevated tempera-
tures inherent to solar cell operation,*] the same entanglement
can also lead to extraction problems. Such problems are less
pronounced in BHJ where at least one of the constituents is a
small molecule and dispersion of a minor fraction of the small
molecule in the other compound is sufficient to enable reason-
ably efficient charge transport between these molecules.*)
However, the required “molecular” dispersion, in which sites of
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a given material are located within a few nm one from another
is much harder to realize with polymer chains containing a sig-
nificant number of repeat units and long side chains, rendering
a large fraction of the volume insulating. In all-polymer OPV,
one may therefore anticipate additional transport problems
associated with isolated polymer clusters or polymer chains
forming dead ends.

An analogous situation has been observed for 1,1-bis[(di-
4-tolylamino)phenyljcyclohexane (TAPC) in a polycarbonate
matrix, where the carrier mobility has been found to decrease
with increasing electric field strength."” This was attributed to
dead ends where carriers need to hop against the direction of
the field to escape the spatial trap and continue drift."%l

Here, we combine transient charge extraction experiments
with numerical modeling to demonstrate that in a prototypical
all-polymer OPV device, consisting of TQ1 as the donor and
N2200 as the acceptor, spatial traps indeed lead to charge extrac-
tion problems and, concomitantly, to increased recombination.
Upon annealing the effect of these spatial traps largely vanishes.
We have previously shown that annealing roughly doubles the
device’s power conversion efficiency while, surprisingly, the
ps—its charge extraction kinetics were unaffected.('” We tenta-
tively associate spatial traps with chain ends that hamper the
initial, short-range separation of the photocreated electron-hole
pair, leading to strongly enhanced geminate recombination. In
a broader perspective, these results highlight a morphological
problem which may occur in all bulk-heterojunction OPVs, and
show that relatively simple processing steps, such as thermal
annealing, can possibly at least partly resolve the issue.

2. Results

Figure 1 shows the time-delayed collection field (TDCF) inves-
tigation results obtained for the as-spun TQ1:N2200 sample
with a constant extraction (collection) delay of 300 ns but at
different generation voltages Uy, Note that all voltages spec-
ified here and below are effective values that account for the
applied voltage and the built-in potential U = Uy + Vi
(Vg = —0.47 V). The effective extraction voltage was kept con-
stant at Uy, = —1.47 V, where the minus sign corresponds to
reverse bias. The delay time of 300 ns used for the measure-
ments presented in Figure 1 was chosen to make sure that the
specified collection field was indeed fully applied at this time.
Similar measurements were also performed at close to zero
effective generation voltage (Uypy + Vi) = 0 V by changing
the collection voltage, yielding consistent results (kinetics not
shown). Even though some charges may be lost by early-time
recombination, the time resolution of the measurements was
sufficient to obtain the dependences of the total extracted
charge on generation and extraction voltages. The inset in
Figure 1 summarizes the results. The strong dependence of
the collected charge on the extraction voltage is consistent with
the modest fill factor of the as-cast devices."¥ The dependence
on the generation voltage suggests that the carrier genera-
tion efficiency is dependent on the electric field, which would
indicate a charge generation problem due to geminate recom-
bination. In fact, in a previous work we used a detailed anal-
ysis of the recombination kinetics on the ps-jis timescale to
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identify field-dependent geminate recombination as the major
loss channel in the as-cast devices compared to the annealed
ones.["’)

Figure 2a shows the dependence of the TDCF photocurrent
kinetics on the collection delay time measured at close to zero
effective generation voltage. The measurement process is sche-
matically shown in the inset. These measurements correspond
to conditions when the built-in voltage was compensated by the
applied voltage. Perfect compensation of the internal electric
field to reach flatband is hardly possible due to band bending;
nevertheless, the net field under these conditions is weak and is
for simplicity defined as zero.

As expected, the intensity of the photocurrent burst in
Figure 2a decreases with delay time, which may be related to
three processes. First, a decay of the charge carrier density due
to recombination and, possibly, some diffusion to the elec-
trodes; second, a decrease of the carrier mobility due to charges
relaxing in the tail of the density of states (DOS)—this process
could also be referred to as energetic trapping; third, a decay in
the fraction of mobile charges due to charges “getting stuck” in
spatial traps.

Decrease in carrier mobility can be ruled out from the fact
that the shape of the photocurrent burst does not change with
the collection delay time, as shown in the inset of Figure 2b,
indicating that carrier mobility does not change within the used
collection delay time (otherwise the burst would broaden by
slower carrier extraction). This is expected since charge carrier
relaxation in the DOS and the associated mobility decay usually
terminate on a sub-microsecond timescale.*!*?%l Consequently,
the integrated areas of the current bursts that are plotted in the
gradient colored curve with symbols in Figure 2b correspond to
the carrier densities that can be extracted from the device after
the delay time, reflecting the charges that have not recombined
or moved to electrodes, and did not get stuck in spatial traps.
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Figure 1. TDCF photocurrent kinetics for the as-cast sample at different
effective generatlon voltages measured with a constant effective extrac-
tion voltage UST = —1.47 V at a delay time of 300 ns. The inset shows the
total charge extracted versus generation voltage at US = ~1.47 V (blue
line + symbols) and versus extraction voltage at zero effective generation
voltage, that is, U,p, = ~Ug = 0.47 V (red line + symbols). The black
dashed line is a guide to the eye.
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Figure 2. a) Transient photocurrent measured under —1.47 V effective
collection voltage turned on at different delay times following optical exci-
tation (Ugh, = 0). b) Normalized conventional photocurrent transient at a
constant effective voltage U*=~0.27 V (black line) and the dependence
of the total collected charge on the collection delay time corresponding to
panel (a), that is for Ugf, = 0 and Ugh=-1.47V (red-yellow line with sym-
bols). Measurements are taken on the as-cast device. The inset shows the
normalized photocurrent transients at collection field switching delays of
0.3 and 10 s.

The black line in Figure 2b shows the conventional transient
photocurrent response obtained at the same excitation intensity
for a low, constant effective voltage of —0.27 V, when, according
to the inset in Figure 1 (follow the dashed horizontal and ver-
tical lines), no more than 40% of the photogenerated charge
carriers were extracted (assuming all carriers are extracted at
U =-1.47 V). Thus, carrier extraction can only explain a minor
fraction of the photocurrent drop at low constant voltage. This is
confirmed by the fact that the conventional photocurrent decay
(black curve in Figure 2b) reaches zero at =10 s, whereas the
TDCF measurements (red-yellow curve) show that there is still
a significant amount of charge left in the sample after 10 ps.
Since the TDCF data were taken under flatband conditions,
they represent an upper limit to charge carrier recombination,
that is, recombination in the conventional photocurrent experi-
ment will be weaker, leaving more charges that could poten-
tially be extracted. For these reasons, the photocurrent decay at
constant voltage is only in part determined by recombination
and extraction. Apparently, at small electric fields, a significant
fraction of charge carriers gets trapped on a timescale of several
microseconds.

On the other hand, the slow decay of the total extracted
charge in the TDCF experiments indicates that the carrier
trapping plays a relatively minor role in carrier extraction by
delayed collection field (red-yellow symbols in panel (b)). Note
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that, in contrast to the conventional photocurrent experiment
in Figure 2b, the generation field in the TDCF experiments is
close to zero. The straightforward explanation could be that the
about five times stronger collection field facilitates the release
of trapped carriers. An alternative explanation would be that
carriers get less trapped at the flatband conditions during the
waiting time in TDFC experiment, when their motion is caused
only by undirected diffusion, but do get trapped at finite elec-
tric fields, when they experience directed motion by drift and
reach dead ends in the phase-separated morphology, that is,
get stuck in spatial traps. This scenario bears strong resem-
blance to the findings on the small molecule:insulator blends
discussed in the Introduction.’>1° We also note that charge
motion under weak electric fields is of utmost relevance for
device performance since the maximum power point of a solar
cell is typically close to flatband.

To invigorate our hypothesis about the importance of spatial
traps in our all-polymer OPV devices, we have used a modified
TDCF technique. We have used an effective generation voltage
equal to the built-in potential (U, = -0.47 V, no applied bias)
and different effective extraction voltages: (a) equal to the gen-
eration voltage (degenerate TDCF), (b) increased to —1.47 V, and
(c) reversed to 0.33 V. These measurement regimes are sche-
matically shown in the inset of Figure 3a. The main panel of
Figure 3a presents the results. In contrast to Figure 2, we here
present peak values of the transient photocurrent j(t) obtained
after switching on the collection field, divided by the electric
field strength to get the product of the carrier density n(t) and
mobility u(t) from j(t) = n(t)u(t) F. Because of the sample capaci-
tance, the photocurrent peak appears =250 ns after application
of the collection voltage. However, this time is short in com-
parison with the carrier density decay time, so we may consider
the n(t)u(t) product at the photocurrent peak time identical for
all three field profiles.

The differences between n(t)u(t) values obtained for the
different field profiles represent only differences in the frac-
tion of mobile carriers: first, the total carrier densities were
identical because of the equal pump intensities and equal gen-
eration fields and, second, relaxation phenomena are unim-
portant at the s timescales probed here (cf. Figure 2b inset).
The black line shows n(t)u(t) under constant applied voltage,
and the red line shows the same for an increased extraction
field. In absence of spatial trapping, one would not expect any
additional extraction upon increasing the (negative) extraction
voltage after the constant voltage curve has dropped to zero.
Instead, the increased field leads to the additional extraction
of a significant number of photocreated charges, as witnessed
by the red curve lying above the black one. The slow decay of
this component is similar to the collection kinetics measured at
zero generation field, cf. Figure 2b. The presence of this addi-
tional, field-activated component is consistent with the above
made conclusions, indicating the presence of spatially trapped
charges that can survive tens of microseconds and that can be
extracted by stronger electric fields.

If, as suggested above, charge carriers get stuck by drifting
into dead ends that act as spatial traps, reversing the field
should release them and give rise to a significant increase in
the extracted charge. Figure 3b shows the photocurrent tran-
sients obtained with the reversed effective voltage at different
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overcome the barrier and continue to drift
toward the extracting electrode, causing the
weak and slow photocurrent component
observed at constant applied voltage. This
process (2) is assisted by the electric field.
While they are trapped, charges are suscep-
tible to (predominantly geminate) recombina-
tion, explaining the poor fill factor of the as-
cast devices. When a reversed collection field
is applied, charge carriers are detrapped by
moving in the opposite direction (process 3).
The ns-us timescale of the experiments in
Figure 3 may appear long compared to the
ps—ns timescales that are commonly associ-
ated with geminate recombination. However,
conventional geminate recombination is
associated with charges not escaping from
the exciton or CT state, that is, with electron-
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Figure 3. a) Photocurrent transient versus time at constant field equal to the built-in field
(black curve) and peak value of the TDCF photocurrent transient versus collection delay time
for different collection field strengths and directions as indicated in the inset (blue and red
curves). b) Photocurrent transients at different collection delay times for a reversed collection
field (blue curves in panel (a)), the thick blue line highlights one of the current transients.
¢) lllustration of the characteristic processes in the response to the different field profiles used

in (a). Measurements are taken on the as-cast device.

collection delay times. As the thick blue curve, highlighting one
of the current transients, shows, the field flipping increases
the magnitude of the photocurrent drastically, even though the
extraction field was slightly weaker than the generation field of
opposite direction. The increase is particularly strong at long
delay times. The blue line in Figure 3a shows the delay time
dependence of the peak values of the extracted photocurrent.
The extracted photocurrent decays very slowly. Moreover, the
photocurrent increases during the initial few ps, that is, pre-
cisely the time range for which the decay of the photocurrent
at constant field (black curve) was attributed to spatial carrier
trapping. These observations confirm the occurrence of spatial
trapping of photocreated charges.

By comparing the peaks in the black and blue curves
in Figure 3a, one can estimate the fraction of charges that
get lost through spatial trapping on 0-2 us timescales to
be =30%. This number is in excellent agreement with the
=35% of the charges that were found to be bound in interfa-
cial charge-transfer states and that recombine geminately on
basis of a kinetic analysis of transient absorption spectroscopy
measurements.'’] We should point out that trapping itself is
not a loss channel; the actual loss channel is the recombina-
tion of charges that do not manage to escape from their coun-
tercharge because of spatial trapping. Along the same lines,
(spatial) trapping occurring at longer time and length scales
will no longer lead to increased geminate recombination but
will contribute to losses through bimolecular recombination.

The drawing in Figure 3c illustrates our interpretation of the
carrier extraction experiments. A fraction of the carriers drifting
in one direction reach a dead end of a particular blend domain
(process 1) and discontinue their drift. Occasionally, they can
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hole pairs that have substantial wavefunction
overlap. In the present case, we are moni-
toring charges that did escape the exciton/CT
state in first instance but get stuck afterward.
When these charge pairs eventually reform a
(CT) exciton and recombine, the kinetics are
still first order, but occur on extended time
scales associated with the reforming process.
We note that the ns—{1s timescales in Figure 3
are consistent with the (geminate) recombi-
nation timescales observed in ref. [17].

According to the suggested interpretation, the spatial trap-
ping effect should be a very sensitive probe of the blend mor-
phology. We have therefore performed the same investigations
of annealed samples. Annealing the investigated TQ1/N2200
solar cells roughly doubles their power conversion efficiency
to =3.15%.11% Figure 4a shows the TDCF investigation results
for different applied field profiles. Most strikingly, the different
peak values of the three curves that are found for the as-cast
sample (Figure 3) are absent within experimental resolution,
indicating that the short-range spatial trapping, and the associ-
ated geminate recombination loss, have largely vanished. This
provides a transparent explanation of the previously puzzling
observation that the geminate recombination loss dropped
from =35 to =7% upon annealing while unaffecting long-range
transport.'”) Apparently, annealing removes spatial traps that
hamper short-range charge motion required to escape gemi-
nate recombination. In view of the nm length scales involved in
geminate recombination, these dead ends are most likely asso-
ciated with individual polymer chain ends.

At longer delay times, the (blue) curve corresponding to
opposite generation and extraction fields lies above the (red)
curve corresponding to generation and extraction fields of
equal polarity. Since the plotted data have been corrected for
dark currents, the difference cannot be attributed to the dif-
ference in forward and reverse injection currents. Instead,
they point toward a large fraction of charges surviving in the
active layer while being spatially trapped. This indicates that
even after annealing, spatial traps continue to play a role in this
all-polymer BHJ. As mentioned above, these trapped charges
are predominantly exposed to bimolecular recombination.
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Figure 4. Photocurrent transient versus time at constant field equal to the built-in field (black curve) and peak values of the TDCF
photocurrent transient versus collection delay time for different collection field strengths and directions as indicated in the inset (blue and red curves).
Measurements are taken on the a) TQ1:N2200 annealed and b) TQ1:PC71BM devices.

Although the associated rate constant in as-cast and annealed
BHJ is roughly the same (essentially because the mobility is
the same), the loss to bimolecular recombination will be largest
in the as-cast films because of a starker spatial trapping, and
presumably due to larger trap densities. Combined with the
geminate loss discussed above, this explains the roughly factor
of two difference in power conversion efficiency between the
two devices.

Potential minima that can occur due to band bending near
contacts at near-flatband conditions could in principle also act
as “spatial traps,” although it would be hard to rationalize why
they would predominantly give rise to geminate recombination.
Nevertheless, we confirmed that such potential wells are not at
work in our experiments by comparing photocurrent transients
at opposite (net) fields of equal magnitude. The photocurrent
transients were identical and are presented in the Supporting
Information. Since processes leading to band bending in the
vicinity of contacts like Schottky barrier formation,?!! thermal
diffusion of charges from the contacts,?) or minority carrier
accumulation®] are asymmetric, the complete equivalence of
the obtained current transients rules out such scenarios.

In principle, an effective medium with only diagonal dis-
order can also give rise to dead ends. Diagonal disorder here
refers to energetic disorder in the site energies; spatial traps
would be considered a manifestation of off-diagonal disorder,
that is, a variation in the tunneling barrier between neigh-
boring sites. In the case of diagonal (on-site) disorder, dead
ends are sites that are connected to the percolating cluster but
only from one side. Such “energetic dead ends” might give
rise to the same behavior as observed in our experiments—a
charge can, for example, move into (a series of) sites by “easy”
hops along the direction of the applied field but then run into
a “difficult” hop and get stuck. To rule out this scenario, we ran
explicit kinetic Monte Carlo simulations of the TDCF experi-
ment (see the Supporting Information). The results clearly did
not match the experimental observations indicating that the
diagonal disorder alone cannot explain the presence of effec-
tive spatial traps.

Since we associate the spatial trapping with the specific prop-
erties of an all-polymer BHJ, we performed a similar investiga-
tion as above for a solar cell based on the same donor material
TQ1, blended in a bulk heterojunction with PC;;BM as acceptor
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in a mass ratio of 1:2.5. These samples showed only small
differences between the transient photocurrent at constant
applied field and the carrier concentration decays measured
with the TDCF technique (see Figure 4b). Nevertheless, the car-
rier concentration extracted with the reversed effective voltage
was slightly larger than with increased effective voltage, which
indicates that spatial trapping taking place in these devices.
However, the spatial trapping is significantly less prominent
than in both the pristine and annealed TQ1/N2200 blends, in
line with the anticipated behavior of polymer:small molecule
BH]J discussed in the Introduction. Also, in view of the stoichi-
ometry of our samples the limited spatial trapping is not par-
ticularly surprising. However, in previous work?!l we found a
strong decrease of the electron drift rate upon decreasing the
PCBM stoichiometric ratio in blends below =50% by weight,
which might point toward spatial trapping in dead ends of
fullerene-rich domains under these conditions.

3. Conclusion

We have investigated charge carrier motion in an archetyp-
ical all-polymer organic solar cell by a combination of carrier
extraction experiments and numerical modeling. We find that
in the as-cast active layer, the bulk heterojunction morphology
contains a significant concentration of spatial traps that we
tentatively associate with individual polymer chain ends. The
presence of these spatial traps manifests in a suppressed yield
of free charge generation due to one of the charges in the split-
ting CT pair “getting stuck” close to its countercharge, leading
to enhanced geminate recombination. Likewise, spatial trap-
ping of otherwise free charges occurs and leads to enhanced
Dbimolecular recombination. The effects of the off-diagonal dis-
order, that is, the spatial traps, occur in addition to those of the
diagonal (on-site) disorder that we previously identified as the
cause for highly dispersive, nonequilibrium charge motion.
While these findings highlight a morphological problem that
seems most likely to arise in all-polymer BHJ (in BH] based
on the same polymer donor with a small molecule (PCBM)
acceptor spatial trapping is much weaker) they also show that
the number of spatial traps can, at least in the present case, be
drastically reduced by thermal annealing.
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4. Experimental Section

All-polymer solar cells of inverted geometry were prepared from poly[2,3-bis-
(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl]  (TQT), which
served as an electron donor, and poly{[N,N"-bis (2-octyldodecyl)naphthalene-
1,4,5,8-bis (dicarboximide)-2,6-diyl]-alt-5,5"-(2,2"-bithiophene)}  (known as
P(NDI20D-T2), PNDI-2T, or N2200) acting as electron acceptor.?>? BH|
active layers of TQ1:N2200 (2:1 ratio by weight) were spin-coated from a
9 g L' (total) chloroform solution on ZnO/ITO/glass substrates, yielding
an active layer thickness of 85 nm. A MoO;/Al top electrode was thermally
evaporated through a shadow mask. Annealed samples were prepared by
heating the substrate with the active layer for 10 min at 120 °C before top
electrode deposition. Samples were fabricated inside an Ny-filled glove box
and encapsulated with epoxy glue. Detailed information on OPV device
preparation can be found elsewhere."® The annealed solar cells had a PCE of
=3%, while PCE of as-spun samples was roughly twice lower.

Bulk heterojunction polymer-fullerene inverted solar cells were
fabricated on precleaned glass substrates. Ti(2 nm)/Al(80 nm)/Ti(2.5 nm)
contact (cathode) was first thermally evaporated on glass under high
vacuum conditions. The samples were exposed to ambient for 1 min to
form TiOx. PFPA-1 in toluene with a concentration of 2 mg mL™ was spin-
coated on top of the TiOx surface at 1000 rpm for 60 s (in the glove box),
followed by rinsing with o-dichlorobenzene (0DCB) to create a monolayer
of PFPA-1.271 [6,6]-Phenyl C;; butyric acid methyl ester (PC;;BM) was
selected as an electron acceptor while TQ1 as an electron donor. The
TQ1:PC;BM active layer (1:2.5 weight ratio, 20 g L™ in oDCB) was spin-
coated on the PFPA-1 monolayer at 500 rpm for 60 s and dried at 3000 rpm
for 30 s. PEDOT:PSS PH1000 mixed with 5% dimethyl sulfoxide (DMSO)
and 0.5% surfactant (Zonyl FS 300) was spin-coated on the active layer in
ambient with 1000 rpm for 60 s. The samples were annealed at 60 °C for
1 min before encapsulation in the glove box. The thickness of the active
layer was around 80 nm as measured by a Dektak surface profilometer.

Transient photocurrent investigations were performed with an Agilent
Technologies DS05054A oscilloscope and a Tektronix AFG 3101 function
generator. Samples were illuminated by sub-nanosecond 532 nm laser
pulses with a 5 Hz repetition rate. Transient photocurrent was measured
using the 50 Q input resistor of the oscilloscope. The time resolution of
the current measurements was about 100-200 ns, mainly determined by
the oscilloscope input resistance and the sample capacitance of 1.5 nF.
In integral-mode measurements, the 1 MQ oscilloscope input resistor
was used instead, while the sample and the oscilloscope capacitances
served as the integrating capacitor. The time resolution of integral-
mode measurements is about 100 ns, limited by the capacitance and
inductivity of the electrical circuit.

TDCFI2¥ investigations were performed with the same experimental
setup as used in transient photocurrent measurements. An adjustable
voltage was applied to the sample during the optical excitation (generation
voltage). Following a variable time delay, the collection voltage was
switched on. The voltage generator was triggered by the optical excitation
pulse. To compensate the triggering delay of the voltage generator for
the experiments in Figures 2-4, the excitation pulse passed a 100 m long
optical fiber, acting as an =300 ns delay line, before reaching the sample.
This allowed reducing the shortest effective delay time to =10 ns. The
shown charge extraction kinetics corresponds to the difference between
the current transients with and without optical excitation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT: Although organic photovoltaics has made significant progress since ~ Dark Sunlight

its appearance decades ago, the underlying physics of charge transport in working
cells is still under debate. Carrier mobility, determining the carrier extraction and
recombination, is one of the most important but complex and still poorly
understood parameters. Low-energy charge carrier states acting as traps play a
particularly important role in carrier transport. Occupation of these states under

real operation conditions of solar cells induces additional complexity.

we use several transient methods and numerical modeling to address carrier
transport under actual working conditions of bulk heterojunction organic solar cells ' ~-- eso  point oo
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based on fullerene and nonfullerene acceptors. We show that occupation of low-

energy states strongly depends on the blend materials and the effective electric field. We define conditions when such occupation
increases carrier mobility, making it less time-dependent on the microsecond time scale, and when its influence is only marginal. We
also show that the initial mobility, determined by carrier relaxation within the high-energy part of the distributed density of states,

strongly decreases with time independently of the low-energy state

B INTRODUCTION

Organic photovoltaics (OPV) has been steadily developing for
more than 30 years as a promising solar-to-electrical power
conversion technol«.)gy.1 Although organic solar cells have been
thoroughly investigated and currently reached market-appro-
priate efficiencies,” the underlying physics is still not fully
understood.

Charge carriers photogenerated in an active layer of an OPV
device are either extracted, contributing to current, or
recombine, which is the loss channel. These processes depend
on extraction and recombination rates. The first is subject to
carrier mobility, which in the general case changes with time
and depends on the internal electric field. The recombination
rate coefficient and carrier density determine recombination
losses. Moreover, all these processes are strongly affected by
the carrier trapping, which reduces carrier mobility and might
enhance the fraction of recombined carriers. Therefore, high
trap concentrations lead to reduced open-circuit voltage (V,.),
fill factor (FF), and short-circuit current (]sc).%6 In this
context, we should distinguish between the broad density of
states (DOS) distribution of localized states within the band
gap that is characteristic for disordered materials that are
typically used in the OPV-active layers, which are also referred
to as tail states,”® and possible additional distributions of trap
states that may be formed deep below these tail states due to
impurities, defects, etc.” However, experimental differentiation
of the tail and trap states is complicated; therefore, here we
address the combined effect of all low-energy states. We will
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population.

analyze their influence on carrier transport, which depends on
their depth, density, energetics, and even spatial distribu-
tion.” ™"

Carrier extraction is directly determined by their mobility.
Moreover, the recombination rate is also determined by
mobility through the Einstein relation between mobility and
diffusivity. Carrier mobility in organic materials is usually not
constant. It depends on temperature and electric field strength
and decreases with time."””" Carrier mobilities in blends of
organic solar cells were also reported to decrease by several
orders of magnitude from their generation until extrac-
tion."™>* On the other hand, there are also reports claiming
that steady-state mobility analysis can be successfully applied
to OPV devices.”*"*” Recently, Koster’s group argued that
carrier mobility in operating solar cells is indeed constant and
that transient methods, where the sample is excited by a short
laser pulse, are inadequate for the mobility dynamics
investigation in operating solar cells because of low-energy
state occupation under steady-state illumination.”® This study
was disputed,zq but so far there is no clear experimental data to
reveal the role of low-energy state population in carrier
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extraction and recombination. Even more, it remains unclear
how and if steady-state illumination leads to a low-energy state
population, hindering mobility decay.

The aim of this study is to shed light on the above discussed
processes by comparing extraction and recombination of
charge carriers generated by weak short laser pulses in either
the absence or presence of additional continuous illumination
using a 1 sun light source, imitating real solar cell operation
conditions. We have investigated the population of low-energy
states by solar irradiation in bulk heterojunction organic solar
cells with fullerene and nonfullerene acceptors and its influence
on charge carrier transport. We demonstrate that low-energy
state population in low-efficiency solar cells becomes
significant at voltages similar to those of working conditions,
causing faster carrier extraction and increased recombination.
In contrast, in efficient nonfullerene solar cells, carrier trapping
plays no significant role. Nevertheless, the initial carrier
mobility remains strongly time-dependent regardless of solar
illumination even in cells with the strongest carrier trapping.

B METHODS

We investigated three types of solar cells: the archetypical
TQI:PC;,BM device, which has been exhaustively studied in
recent years as a standard model of the polymer-fullerene solar
cell,**~** PCE10:PC,,BM devices with different donor and
acceptor stoichiometric ratios, and the efficient nonfullerene
device PBDB-T:Y1 based on the record-breaking Y-series
acceptor.”® Chemical structures of the used materials and
photoelectrical properties of the investigated solar cells are
presented in Figure S1 of the Supporting Information. The
device fabrication procedures are also described in the
Supporting Information.

To investigate the whole charge carrier extraction dynamics,
starting from their generation on a subpicosecond time scale
up to their extraction during microseconds, we applied three
time-resolved techniques: transient photocurrent (TPC) and
time-delayed collection field (TDCF) techniques were used to
address carrier motion on a nanosecond—microsecond time
scale and time-resolved electric field-induced second harmonic
(TREFISH) generation technique was used for ultrafast carrier
motion investigation.'”"® To address the influence of low-
energy state occupation under real operation conditions, all the
measurements were performed with and without an additional
steady-state 1.5 AM intensity illumination, which in the
following text will be called as 1 sun light.

Transient Photocurrent. During conventional TPC
measurements, samples were excited with short laser pulses
at a specific effective voltage Ugg. Here, the effective voltage is
regarded as a sum of the applied external voltage and the built-
in voltage, that is, Uggz = Upy, + Upypine Majority of
measurements were performed at voltages below V,. when
current flows in the backward direction; therefore, for
convenience in the following text, we consider current values
to be positive (voltage, respectively) when flowing in the
backward direction. The electric scheme and time sequences of
TPC are presented in the Supporting Information.

Samples were excited by radiation of the optical parametric
amplifier TOPAS-C (Light Conversion Ltd.) pumped by a
femtosecond Ti:sapphire laser Integra-C from Quantronix Inc.
generating ~150 fs duration pulses at a 430 Hz repetition rate.
The collinear optical parametric amplifier TOPAS-C was used
to generate the excitation pulse at 515 nm. Current transients
were recorded using the Agilent Technologies DS05054A

oscilloscope (bandwidth S00 MHz), and voltages were set
using a Tektronix AFG 3101 function generator. Time
resolution of the measurement was limited by the RC of the
circuit equal to about 150 ns determined by the resistance of
the oscilloscope and generator and the sample capacitance.

TDCF. TDCF is a specific TPC measurement implementa-
tion where the sample is excited at zero, or a low effective
voltage, called generation voltage Ugpy and after some
particular delay time, a strong extraction voltage Ugyy is
applied to collect all carriers and evaluate their density. Here,
we assume that an effective extraction voltage of 1.8 V can
extract all charge carriers present in the sample at its
application time. The schematic representation of TDCF
measurement is shown in Figure S3. If the generation voltage is
set to compensate for the internal build-in electric field, then
the photocurrent equals zero and the carrier density during the
delay time before extraction decreases only because of
recombination. Therefore, TDCF is one of the routine
methods for investigating the carrier recombination dynam-
ics.7**¥7%% TDCF measurements were performed using the
same experimental setup as for the TPC measurements.

Time-Resolved Electric Field-Induced Second Har-
monic. We used this ultrafast optical pump—probe technique
to evaluate the carrier mobility kinetics on a ps—ns time scale.
It is explained in detail elsewhere.'®** In short, drifting charge
carriers produced by a femtosecond laser pulse screen the
electric field, which is probed by recording the intensity of the
electric field-induced second harmonic (EFISH) signal created
by the probe pulse applied after a variable delay. The EFISH
signal depends on the electric field strength quadratically.
Considering the active layer as an insulator sandwiched
between two electrodes as a capacitor, the electric field change
can then be straightforwardly transformed into the amount of
extracted charges using a simple capacitor relation: AQ =
CAU. Assuming that for carriers to be extracted on average,
they have to travel half the thickness of an active layer, which
allows evaluating the average carrier drift and consequently the
time-dependent carrier mobility. The TREFISH investigations
were performed using the same femtosecond laser as the TPC
measurements.

Model Description. Numerical modeling of carrier
extraction and recombination processes was also applied for
TPC and TDCF data interpretation. TPC created by a short
laser pulse may be formally expressed as:

j(t) = e n(t)u(t)F ©

where ¢ is the elementary charge, F is the electric field strength,
n(t) is the carrier density, and yu(f) is the average carrier
mobility. Therefore, photocurrent decay is determined using
two time-dependent parameters: n(t) and p(t). The carrier
density decays with time because of the carrier recombination
and their extraction from the active layer to electrodes.
Generally, the charge carrier mobility is also time-dependent
because charge carriers gradually populate low-energy states
within the distributed DOS and become less mobile, get
trapped, and in some cases are stopped by barriers."

The density of charge carriers generated by the laser pulse
figer (in the following text, we call them as laser carriers)
decreases due to their recombination and extraction and may
be formally expressed as:

i(t)

dn,
= (1) My + V(D — =

t
dt de ()

https://doi.org/10.1021/acs jpec.1c04245
J. Phys. Chem. C 2021, 125, 1456714575

112



The Journal of Physical Chemistry C

where y(t) is the bimolecular recombination rate, d is the
sample thickness, and n,, is the density of charge carriers
generated by constant 1 sun light (in the following text, we call
them as sun carriers). A fraction of sun carriers is trapped;
thus, the second term also accounts for the Shockley—Read—
Hall (SRH) recombination of laser carriers with the trapped
sun carriers. In the case of measurements in the absence of
additional continuous illumination, the second term is absent
and we ignore the SRH recombination because of weak
population of low-energy states by the used low-intensity and
low-repetition rate laser pulses. Here, we assumed that the
bimolecular recombination rate is time-dependent and propor-
tional to time-dependent mobility:

7(t) = pu(t) o

where f is the coefficient of proportionality, which was
obtained setting the initial 7(t) value to time-independent y
obtained from TDCF measurements in the case of zero
effective generation voltage.

The time-dependent mobility was obtained by combining
TPC and TDCF measurements. For this, we used an
assumption that all the extracted charges constituted the
photocurrent value at the time of extraction voltage
application, therefore neglecting charge carrier losses during
noninstantaneous (~few ns) extraction voltage application.
Knowing j(t) values from the TPC measurement and n(t) from
TDCEF, we were able to evaluate mobility values using eq 1.

B RESULTS AND DISCUSSION

We started the analysis of the experimental data with the well-
established TQI:PC;BM blend. Although the investigated
device showed a decent power conversion efficiency (PCE) of
5.3%, its FF was only 0.39, which could be due to increased
carrier trapping compared to the more conventional
TQI:PC;BM devices. However, for the present purpose,
these samples are excellently suited to demonstrate the role of
strong carrier trapping in carrier mobility and recombination
dynamics.

The analysis and interpretation of the experimental results
become simpler by using low-intensity laser excitation where
we can neglect bimolecular recombination taking place
between laser carriers. Importantly, in this limit, the laser
carriers experience identical experimental conditions as sun
carriers and thus correctly represent the dynamics of individual
charge carriers under real solar cell operation conditions. We
determined this limit from the excitation intensity dependence
of photocurrent kinetics.

Figure 1 shows the photocurrent transients at various
excitation intensities measured at an effective internal voltage
of 0.2 V, which is close to the maximal power point (MPP) of
the solar cell. Several nonlinear processes are expected to take
place and be responsible for the changes of the photocurrent
transients at increased excitation intensity: exciton annihila-
tion, bimolecular carrier recombination, and occupation of
low-energy states. At the two lowest intensity values, the
current kinetics has a very similar shape indicating that
nonlinear processes still play only a marginal role. Therefore,
the photocurrent shape during the first microsecond is mainly
determined by the carrier relaxation to low-energy states within
DOS, which reduces their mobility,18 while at longer times, the
current decays due to extraction of equilibrated charge carriers.
By increasing the excitation intensity, we do not observe
significant changes in the current decay kinetics during the first
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Figure 1. Photocurrent kinetics dependence on $15 nm laser
excitation intensity for the TQI:PC;BM sample. Parallel dotted
lines are guide to the eye, indicating different decay rates. The inset
shows peak values of the photocurrent.

microsecond, which could take place in the case of significant
occupation of low-energy states changing the carrier mobility
decay. However, the photocurrent peak starts to saturate at
high intensities (see the inset in Figure 1), most likely due to
the exciton annihilation. The photocurrent decay during 1-5
ms also becomes faster after exceeding 3.5 mW/cm’, indicating
the increased role of bimolecular carrier recombination.
Consequently, these measurements show that all discussed
nonlinear processes are insignificant at excitation intensities
below 3.5 mW/cm?. Similar results were also obtained for
other investigated solar cells, thus a laser intensity of 2.5 mW/
cm?® was used to avoid nonlinearities in all belowdiscussed
investigations.

Figure 2 shows the charge carrier extraction dynamics in the
TQI:PC;;BM blend in a wide temporal window evaluated
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Figure 2. Extracted laser-carrier dynamics in the TQ1:PC;,BM device
at various effective voltages in the dark (black dashed lines) and under
1 sun illumination (color lines). Here and in all following
measurements, 515 nm laser excitation at a 432 Hz repetition rate
and ~2.5 mW/cm’ average power were used. In the inset,
photocurrent transients were normalized and vertically shifted.

from measurements performed without and under additional 1
sun illumination (further referred as “dark” and 1 sun light
conditions, respectively). The measurements “in dark” revealed
qualitatively similar carrier extraction dynamics as was reported
in ref 18, which was evaluated as dispersive with a strongly
time-dependent mobility. Decay of the carrier mobility by at
least one order of magnitude during initial several nanoseconds
has been observed in several polymer-PCBM blends'’~*
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Figure 3. (a) Charge carrier density kinetics at different effective voltages in the TQI:PC;BM device determined by TDCF measurements. Here
and in all plots, solid lines correspond to measurements under 1 sun and dotted lines correspond to measurements “in dark”; (b) carrier mobility
dynamics evaluated from TDCF data and TPC data presented in Figure 2; modeled fraction of recombined (c) and extracted (d) charge carriers;
and (e) carrier extraction probabilities (color symbols) “in dark” and under 1 sun and sun-carrier density (black symbols) as a function of effective

voltage.

including TQ1:PC,BM blend'® and has been attributed to the
energy relaxation within the DOS. For the given sample, carrier
extraction at time below 107* s is slightly suppressed, which we
attribute to the charge carrier trapping that we aim to study.

In the case of additional 1 sun illumination, sun carriers were
continuously generated, while their concentration was
determined by the balance between extraction, recombination,
and generation rates. Additional carriers generated by laser
pulses (laser carriers) now appear on a background of sun
carriers. The sun carriers also create a constant current
background, which was subtracted from our data to register the
photocurrent created by laser carriers only. Importantly,
additional 1 sun illumination alters the conditions under
which laser carriers are generated. First, sun carriers fill low-
energy states; therefore, laser carriers experience less trapping
during their extraction from the active layer. Second, laser
carriers recombine with sun carriers. Thus, by using two,
“dark” and 1 sun light, measurement conditions, we compare
the carrier dynamics when (a) nongeminate recombination is
negligible and low-energy states are not occupied (due to low
laser-carrier density, as discussed above) and (b) in the
presence of sun carriers, which to some extent occupy low-
energy states. We shall inquire how 1 sun illumination affects
charge extraction on different time scales at different effective
electric field strengths.

As the left-hand part of Figure 2 shows, 1 sun illumination
does not change the ultrafast carrier extraction and thus the
mobility dynamics. This indicates that sun carriers populating
low-energy states have no impact on the initial laser-carrier
drift. This is expected because laser carriers in this time domain
still reside in the high-energy part of DOS and the population
of low-energy states by sun carriers plays a nonessential role in
their dynamics. This allows us to conclude that individual
charge carriers generated by sun light under real solar cell
operation conditions also experience identical fast mobility

14570

decay on a ps—ns time scale as reported in previous
studies.***

The right-hand side of Figure 2 shows carrier extraction
dynamics obtained by integrating TPCs shown in the inset.
Notably, as the inset shows, the charge extraction at low Ugg =
0.2 V is faster during initial 1-2 s in the presence of 1 sun
light. This signifies that laser carriers experience weaker decay
of mobility because low-energy states are significantly
populated under 1 sun light. The 1 sun light influence
becomes less pronounced at higher effective voltages. This is
reasonable since higher voltages extract charge carriers more
rapidly, including those residing in the low-energy states,
liberating these states. Consequently, occupation of the low-
energy states under 1 sun light decreases with voltage and
weakly affects trapping of laser carriers already at Ugg = 0.4 V.
At longer 2—6 ps times, the photocurrent decays faster under 1
sun light. This decay phase was attributed to the extraction of
equilibrated carriers; thus, a faster photocurrent decay
indicates faster decay of the carrier density, which we attribute
to the SRH recombination of laser carriers with trapped sun
carriers (second term in eq 2).

To quantify the influence of 1 sun illumination on
bimolecular carrier recombination losses, we performed TPC
measurements in complementary TDCF implementation. As
explained in the Methods section, TPC measurements enable
tracking of laser-carrier density kinetics, which is shown in
Figure 3a. At zero effective voltage (black dotted curve),
photogenerated carriers are not extracted and their density
decays due to recombination only. This allows evaluation of
the bimolecular recombination rate, which in this case was
found being equal to y = 1.24 X 107" cm® 57", similar to values
reported elsewhere." Increasing the effective voltage leads
to more rapid carrier density decay due to carrier extraction.
The clear difference between carrier density dynamics “in dark”
and under 1 sun illumination (dotted and solid curves,
respectively) at zero effective voltage supports the idea of

https://doi.org/10.1021/acs jpec.1c04245
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pronounced recombination of laser carriers with sun carriers. It
is worth noting that the difference in kinetics is much smaller
at higher voltages because enhanced extraction causes smaller
trapped sun-carrier population.

Combining j(f) obtained from TPC measurements and n(t)
obtained from TDCF, we can evaluate the mean time-
dependent carrier mobility using the relation j(t) = eFn(t)u-
(t).The obtained mobility dynamics at different voltages “in
dark” and under 1 sun light is shown in Figure 3b. Under 1 sun
illumination, the mobility is higher and its decay is weaker. “In
dark,” the mobility increases at higher voltages as typically
observed in disordered organic semiconductors.’> A slightly
stronger mobility decay at high voltages is caused by faster
extraction of nontrapped carriers leaving only low-mobility
trapped carriers at longer times. Under 1 sun illumination, the
mobility becomes less time-dependent, particularly at low
effective electric field when low-energy states are populated by
sun carriers (as shown in Scheme 1) preventing trapping of

Scheme 1. Schematic Representation of Charge Carrier
Relaxation within DOS “in Dark” (Blue Arrows) and under
Solar Illumination (Red Arrows) at Low and High Effective
Electric Field Values

Energy
Energy

\/sunrcarners

o 0 o

™ sun-carriers
/
-~ ——

laser carriers. However, population of low-energy states by sun
carriers decreases with increasing electric field, promoting

trapping of laser carriers and causing a stronger decrease of
their mobility. Consequently, mobility decreases with electric
field, in stark contrast with the typically reported behavior.

It should also be noted that the population of low-energy
states and its influence is expected to be less distinct at lower
illumination intensities. Therefore, a significant impact of
trapped sun carriers on the carrier extraction dynamics is
expected only at full 1.5 AM solar illumination.

To evaluate the role of the low-energy state occupation in
the solar cell performance more clearly, we performed
numerical modeling of the carrier extraction and recombina-
tion processes on the basis of the experimental results. A
detailed description of our model is presented in the Methods
section, whereas fitted curves are shown in the Supporting
Information. Our numerical model provided us with total
bimolecular recombination (between laser—laser and 1 sun—
laser carriers combined) and carrier extraction dynamics. The
“dark” conditions approximately represent the carrier extrac-
tion and recombination kinetics at constant low-intensity
illumination of a solar cell. As shown in Figure 3c,d, the carrier
recombination dynamics under these conditions is weakly
dependent on the effective voltage, while the extraction rate
approximately linearly increases with voltage. At 1 sun
illumination, the recombination rate strongly increases at low
effective voltages because of the high density of carriers
trapped in low-energy states (Figure 3c,e). On the other hand,
the dependence of the carrier extraction on effective voltage is
weaker than “in dark” conditions. Figure 3e shows the
summary of the calculation results. It shows that the sun-
carrier concentration decreases almost four times when the
effective voltage increases from 0.2 V, which is close to the
MPP conditions, to 0.8 V, which corresponds to short-circuit.
Figure 3e also shows the total probability for the generated
carrier to be extracted, rather than to recombine. The carrier
extraction probability under 1 sun light is lower than “in dark”
because of the increased recombination rate in the presence of
sun carriers, but this difference decreases with the effective
voltage when the density of the trapped sun carriers decreases.
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Figure 4. Carrier density (a) and mobility (b) kinetics in the PBDB-T:Y1 device obtained from TPC and TDCF measurements combined. The
inset in (b) shows the normalized photocurrent kinetics. Modeled recombination (c) and extraction (d) dynamics. (e) Carrier extraction
probabilities (color symbols) “in dark” and under 1 sun illumination and sun-carrier density (black symbols) as a function of effective voltage.

14571

https://doi.org/10.1021/acs jpec.1c04245
J. Phys. Chem. C 2021, 125, 1456714575

115



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

It should be noted that at 1 sun illumination conditions, the
extraction probabilities for laser carriers and sun carriers are
approximately equal because recombination between two laser
carriers is insignificant at low laser-carrier concentrations.

An analogous analysis of the carrier dynamics on a
microsecond time scale was performed on an effective (PCE
= 13.2%) nonfullerene acceptor (NFA) device PBDB-T:Y1
(Figure 4a—e). Photocurrent decay in the NFA sample was
faster than in the present TQI:PC;,BM blend. For instance, at
0.8 V voltage and 1 ps after excitation, only 3% of the initial
photocurrent value was present in the PBDB-T:Y1 device
(Figure 4b inset), compared to 30% in the TQI:PC,;BM
sample with increased carrier trapping. This signifies that either
carrier recombination or extraction, or both, is much faster in
the PBDB-T:Y1 device. Second, there was no rapid photo-
current decay “in dark” at low voltages that was clearly
expressed in TQI:PC;BM and that we attributed to carrier
trapping. It shows that carrier trapping in PBDB-T:Y1 is not a
dominant factor determining photocurrent decay on a
submicrosecond time scale. Third, differences between photo-
current kinetics “in dark” and under 1 sun light are insignificant
at all applied voltages. It shows that the sun-carrier
concentration is minute at any voltage, again suggesting the
relative scarcity of low-energy states or their shallow depth in
this device.

Furthermore, TDCF measurements show that carrier
density and mobility kinetics are only weakly affected by 1
sun illumination (Figure 4b,c) and depend only on the
effective voltage. This shows that low-energy state occupation
by sun carriers does not affect the drift of laser carriers. Also, in
these devices, the carrier mobility decreases with effective
voltage but to a lesser extent than in the TQI:PC;,BM blend.
This further illustrates the fact that carrier mobility is not a
perfect parameter to characterize carrier motion in organic
solar cells. In these experiments, the effective carrier mobility
decreases with voltage because highly mobile charge carriers
are extracted from the sample, leaving low-mobility carriers
relaxed to deep tail states within the DOS. The fraction of
extracted highly mobile carriers increases with time and
effective voltage. At high effective voltages, highly mobile
carriers are extracted faster than the time resolution of our
TDCF measurements; thus, already at 100 ns, our technique
probes a reduced carrier mobility. The data obtained at low
Ugj are less affected by this effect and represent the behavior of
the dominating fraction of carriers more correctly. Never-
theless, even at low effective voltages of 0.1 and 0.35 V, that s,
close to MPP of the solar cell, the carrier mobility still
decreases by about 30—50% in the sub-us time scale both “in
dark” and at 1 sun illumination. This minor but significant
decrease is consistent with the concept of a nearly constant
mobility for this time range. Note, however, that significant
(dispersive) extraction can take place at shorter time scales as
further discussed below.”>’

Computational modeling shows that at close to MPP
voltages, the sun-carrier concentration in the PBDB-T:Y1
device is indeed lower by one order of magnitude than in the
here investigated TQI:PC;BM device. Even though TDCF
measurements at Ugg = 0 V gives a bimolecular recombination
rate of y = 22 X 107% cm® 57" for the PBDB-T:Y1 sample,
which is significantly higher than that of the TQI:PC;BM
device, the lower carrier concentration still leads to a weak
enhancement of nongeminate recombination in the presence
of sun carriers (Figure 4d). Even at the lowest effective voltage

of 0.1 V, when carrier extraction is relatively slow, nongeminate
recombination losses increase no more than 10% in the
presence of 1 sun illumination. Moreover, a few times higher
mobility values compared to the TQ1:PC,;BM device leads to
much faster and more effective carrier extraction, as shown in
Figure 4e.

Ultrafast TREFISH investigations were not possible for this
device because of the significantly lower second harmonic
generation efficiency in the nonfullerene blend. However,
previous investigations performed using an alternative ultrafast
time-resolved electroabsorption technique revealed mobility
decrease “in dark” by more than an order of magnitude during
the initial couple of nanoseconds.'” Taking into account that
mobility on this ultrafast time scale was independent of the 1
sun illumination even in the TQ1:PC;,BM blend, where the
influence of illumination on the microsecond mobility was
much stronger, we do not expect any significant illumination
influence on the ultrafast mobility in the PBDB-T:Y1 blend as
well. Consequently, these data allow us to conclude that the
carrier mobility in the PBDB-T:Y1 solar cell under real
operation conditions is strongly time-dependent on the ps—ns
time scale.

Investigations of the TQ1:PC;,BM and PBDB-T:Y1 blends
have shown that precise measurements of TPC kinetics at a
low laser intensity performed “in dark” and under 1 sun
illumination are sufficient to estimate the role of a low-energy
state population in the carrier extraction.

To determine the role of blend morphology in the formation
and properties of low-energy states, we also performed TPC
measurements on three different devices using the efficient
donor polymer PCEI0 and the PC,;BM acceptor mixed at
different D/A weight ratios of 1:0.5, 1:1.5, and 1:3 (further
referred to as samples 0.5, 1.5, and 3.0, respectively). As shown
in the table presented in Figure S1, the optimal concentration
was 1:1.5, which resulted in a PCE of 6.5% and the highest
values of other photovoltaic parameters.

The carrier motion dynamics in fullerene-based solar cells
was found to be strongly dependent on the stoichiometric ratio
of donor and acceptor materials.*® The slow carrier extraction
component at t > 1 us clearly decreases at higher PC,,BM
concentrations and therefore can be attributed to the electron
extraction via PC;BM domains, which may lose percolation
pathways at low PC;BM concentrations, causing the
formation of dead ends in the electron transfer pathways.”
The current TPC investigation results (Figure Sa—c) agree
with this conception. At a low PC;;BM concentration (sample
0.5), the TPC kinetics is qualitatively similar to that obtained
for the TQI:PC;;BM sample, indicating the increased density
of low-energy states, which are occupied under 1 sun
illumination. However, TPC kinetics in samples 1.5 and 3.0
shows almost no influence of the 1 sun illumination, similar to
the PBDB-T:Y1 blend, suggesting that carrier trapping and
occupation of low-energy states by 1 sun illumination are
marginal. Considering that chemical structures and fabrication
procedures of all PCE10:PC;BM samples were identical, the
more expressed influence of low-energy states on the sample
with a low PC;;BM concentration suggests that especially dead
ends in the electron pathways create additional traps, causing a
significant decrease in the electron extraction rate. Note that
we cannot exclude that the low-energy states in the
investigated TQI:PCBM blend are also to some degree
geometrical in nature although geometrical trapping is
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Figure §. TPC kinetics at 0.2 (red curves) and 0.8 V (purple curves)
effective voltages “in dark” (dotted lines) and under 1 sun light (solid
lines) conditions for PCE10:PC,,BM samples (a) 0.5, (b) 1.5, and
(c) 3.0.

normally weak in this system due to the presence of a
significant fraction of fullerene in the donor-rich phase.'**

B CONCLUSIONS

In conclusion, we have addressed the role of population of low-
energy states in carrier dynamics in organic solar cells
operating under quasi-real conditions. We applied several
transient methods to cover a wide temporal window from
picoseconds to microseconds and analyzed the influence of
solar illumination on carrier mobility, extraction, and
recombination. Carrier trapping strongly influences the carrier
mobility on a ns—us time scale in TQI:PC;BM devices
possessing deep low-energy states, but steady-state solar
illumination causes occupation of these states, making the
carrier mobility less time-dependent. At low electric fields,
close to the MPP conditions, the low-energy state filling
increases both recombination and extraction rates and reduces
the extraction efficiency. However, the low-energy state
population becomes less significant and weakly affects carrier
dynamics when the internal electric field is sufficiently strong,
which happens close to short-circuit conditions. On the other
hand, low-energy state filling does not affect the strongly
decreasing mobility on a ps-time scale.

Carrier trapping plays a less significant role in more effective
solar cells. Carrier mobility in a nonfullerene PBDB-T:Y1 solar
cell is weakly time-dependent on a ns—us time scale and low-
energy state filling by solar illumination plays only a marginal
role, even at low, close to MPP effective voltages. Carrier
trapping in PCE10:PC;BM solar cells with different donor/
acceptor stoichiometric ratios was found to be more significant
at low PCBM concentrations, when poor PCBM domain
percolation caused the formation of geometrical electron traps.

The investigation results also show that carrier mobility is
strongly time-dependent on a ps—ns time scale during carrier
relaxation within high-energy states of DOS in all investigated
organic solar cells, independently of the occupation of low-

energy states by solar illumination, while at longer times, the
occupation of low-energy states significantly changes the
charge carrier mobility and recombination rate in cells with
increased carrier trapping, but its influence was found to be
only marginal in efficient solar cells.
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ABSTRACT: Non-fullerene organic solar cells (NFOSCs)
demonstrate record efficiencies exceeding 16%. In comparison
with cells with the fullerene-based acceptor, the NFOSCs benefit
from a longer wavelength absorption, which leads to a small
highest occupied molecular orbital (HOMO) level offset. Here, we
use several advanced transient investigation techniques, covering
timescale from sub-ps to s, to address all sequence of processes
starting from photoexcitation of donors or acceptors to carrier
extraction in several NFOSCs and cells with phenyl-C71-butyric
acid methyl ester (PCBM). Though small offsets result in higher
open-circuit voltage, we show that at the same time, it limits cell
performance because of inefficient hole transfer from excited
acceptors to donors and enhanced geminate recombination. We
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demonstrate that 100 meV HOMO level offset and proper acceptor molecule structures are sufficient for efficient hole transfer
(>70%) and for reduction of the geminate recombination losses down to about 20%. Subsequent extraction of unbound charge
carriers in all NFOSCs is slightly faster than in cells with PCBM, while non-geminate carrier recombination causing additional losses
is slightly slower in the best performing NFOSCs than in cells with PCBM.

1. INTRODUCTION

Organic photovoltaics (OPVs) have been persistently devel-
oping for over three decades as one of the alternative solar
energy-harvesting technologies." Advantages of being light-
weight, flexible, transparent, and low-cost stimulated the
research in materials design, morphology optimization, device
engineering, and mechanism study to increase solar-to-
electrical power conversion efficiency (PCE).”™ Even though
it has risen remarkably since their appearance, and now record
values exceed 16%’ for single-junction OPV devices, yet it is
still insufficient to compete with state-of-the-art silicon or
perovskite photovoltaic technology. During the last few years, a
rapid PCE increase was achieved by employing small low-band
gap molecules as an alternative to well-established fullerene
type acceptors. There are few advantages of non-fullerene
(NF) molecules over fullerene-based acceptors, including
complimentary absorption with respect to the solar spectrum,
which results in higher short-circuit current (Jsc) and
tunability of energy levels that allow gaining open-circuit
voltage (Vo). The superior photovoltaic performance of NF
OSCs is believed to originate not only from the prominent
electronic and optical characteristics of NF molecules but also
from the favorable morphology and superior charge dynamics
in blends, the latter of which is, however, still obscure and
requires better in-depth unclerstancling.6
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One of the drawbacks of fullerene-based OSCs is the
inevitable energy loss originating from high exciton binding
energy of a donor—typically within 0.25—0.7 eV.”* It requires
a large energy offset of the lowest unoccupied molecular orbital
(LUMO) levels between the donor (D) and acceptor (A)
molecules to be overcome. On the other hand, owing to low-
energy photon absorption of an acceptor, there are two
possible charge transfer channels in NF-based systems: the so-
called channel I, when an electron is transferred from excited D
to A, and channel II, when a hole is transferred from A to D via
highest occupied molecular orbital (HOMO) energy levels.
Interestingly, multiple reports show that NF-based systems
with an energy offset less than the exciton binding energy
(~03 €V) can still function well, producing high PCEs
exceeding 10%.”~"> Therefore, the charge transfer dynamics,
especially the mechanism of channel I, is currently being re-
evaluated by the OPV community. However, despite the wide
range of reported polymer donors and NF acceptors, a
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Figure 1. Chemical structure (a) and energy levels (b) of used materials. (c) Absorption of acceptors and AML.S solar irradiation spectra. (d)

Current—voltage characteristics and photovoltaic parameters table.

comprehensive study of the interplay between polymer donors
and NF acceptors is still lacking.

In this study, we employ several time-resolved electro-optical
measurement techniques covering exceptionally wide time
ranges (from sub-ps up to ys) to investigate the whole life
cycle of photogenerated charge carriers, from their generation
to extraction. We thoroughly study carrier mobility kinetics
and disentangle geminate and nongeminate recombination
processes in different bulk heterojunction (BH]J) systems. We
comparatively investigated OPV systems comprising the well-
established poly[ (2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-y1)-
benzo[1,2-b:4,5-b0]dithiophene))-alt-(S,5-(10,30-di-2-thienyl-
50,70-bis(2-ethylhexyl)benzo[ 10,20-c:40,50-c0] dithiophene-

21284
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4,8-dione))] (PBDB-T) blended with either previously
reported'® electron-deficient-core-based (DAD) NF acceptor
Y1 or archetypal PC71BM acceptor. Additionally, BHJ systems
based on benchmark NF acceptor (ITIC) with PBDB-T-2Cl
and PDCBT-2F donor materials specifically chosen to have
small HOMO level offsets were investigated.

2. RESULTS AND DISCUSSION

2.1. Materials and Solar Cell Performance. The main
criterion by which materials were chosen for this work was a
small difference in HOMO energy levels. Second, we have
tried to include different donors and acceptors, which are
typical, accessible, and with obvious performance difference.

https://dx.doi.org/10.1021/acs jpcc.0c05263
J. Phys. Chem. C 2020, 124, 21283-21292
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ITIC and Y1 were chosen because they are among the most
representative NF acceptor materials. ITIC is a groundbreak-
ing material in OPVs, marking the era of the NF acceptor
material. It has an electron-rich central unit with non-
conjugated side groups and electron-deficient end-capping
units, which shows intramolecular electron push-pulling effects.
Y1 belongs to the currently most popular Y series NF
acceptors, which have a similar ADA'DA structure, exhibiting
higher performance than ITIC. PBDB-T and its derivatives are
widely used as polymer donors to pair with high-performance
NF acceptors. Here, PBDB-T and PBDB-T-2Cl were chosen
to make the HOMO offsets of PBDB-T:Y1 and PBDB-T-
2CLITIC close. PDCBT-2F was selected as a reference donor
polymer because of its structure difference and accessibility.
Fullerene derivatives were believed to be a critical component
for the efficient operation of organic solar cells. Unique to
fullerene derivatives is their ball-like fully conjugated structure,
which provides strong electron-accepting and isotropic
electron-transport capabilities and facilitates electron delocal-
ization at the D:A interfaces. Moreover, fullerene devices have
been widely studied and can be used as reference easily. Thus,
it is valuable to have phenyl-C71-butyric acid methyl ester
(PCBM) as a comparison.

OPV cells were fabricated with an inverted device structure
of ITO/ZnO/active layer/MoO;/Ag. Figure 1 shows the
current density versus voltage (J—V) characteristics under the
illumination of AM 1.5. The table in Figure 1d summarizes the
photovoltaic parameters of these OPV devices based on the
different active material blend. Absorption peak (Figure 1c) of
Y1 at about 800 nm, compared to PCBM or even ITIC
acceptor, enabled additional lower energy photon-to-electron
conversion and resulted in the highest PCE of 13.2%
empowered by a high short-circuit current of 22.2 mA/ cm?.
Nevertheless, PBDB-T:PCBM blend showed a decent PCE
value of 8.2%, distinguished by the highest fill factor (FF)
among all investigated samples. Devices based on ITIC
acceptors expressed lower PCE values of 9.5% in the case of
PBDB-T-2Cl donor and only 5.6% with the PDCBT-2F donor.
However, these devices showed the highest VOC, later of
which exceeding 1.1 V, due to a large donor HOMO—acceptor
LUMO energy gap of ~1.5 eV (Figure 1b), which is few
hundreds of meV larger than in other investigated systems.

Before addressing dynamic processes in solar cells, we
examined excited state dynamics in neat films of the donor
(PBDB-T) and acceptor (Y1) materials of the best performing
solar cell. After excitation of the PBDB-T film (4, = 515 nm),
bleaching of the main absorption band and a wide induced
absorption band at longer wavelengths are observed (Figure
2a), whereas the excited YI film (4, = 730 nm) is
distinguished by a strong ground state bleaching (GSB) in
the long-wavelength range together with a notable induced
absorption band at about 530 nm, as shown in Figure 2b. It is
noteworthy that bleaching rapidly decays in both films with
~50 and ~75% of the excited molecules recovering to the
ground state in less than 10 ps in PBDB-T and Y1 films
accordingly (Figure 2b inset). Such rapid relaxation of a donor
PBDB-T has been also reported in previous publications.'*'*

2.2. Formation of the Interfacial CT State. In BHJ
structures, where donor and acceptor materials are mixed, light
absorption causes the formation of a Frenkel exciton within
one of the materials. Then stochastically diffusing, the exciton
can reach a D—A interface, where electron (or hole) transfer
from excited to nonexcited molecules of another material takes

o

] M
. T
450 S0 S0 60 650 700 750 800
Wavelength, nm

Figure 2. TA spectra at indicated delay time and steady-state
absorption spectra of (a) PBDB-T and (b) Y1 neat films. Inset shows
normalized TA signal decay kinetics of Y1 (535540 nm) and PBDB-
T (555-560 nm).

place. Interfacial charge-transfer (CT) exciton is formed, where
despite being on separate material domains, electron and hole
remain 0.5—1 nm apart bound by Coulomb binding energy. An
equivalent CT state is obtained after either electron transfer
from the donor to the acceptor (Channel I) or hole transfer
from the acceptor to the donor (Channel II). A unique
absorption spectrum distinguishes each state; thus, the CT
state formation kinetics could be traced by employing transient
absorption (TA) measurements. After CT state formation, the
donor loses an electron and becomes ionized. Such a state in
the following will be denoted as D*. Analogously, after
receiving additional electron, the acceptor becomes negatively
charged (A”). We performed TA measurements in 2 ns time
window investigating the visible absorption range of all four
BHJ systems. Excitation wavelengths were chosen to
specifically excite either the donor or acceptor.

Now let us discuss the TA dynamics for the PBDB-T:Y1
blend under excitation at 515 and 730 nm. When the PBDB-T
donor molecule is excited in the blend by 515 nm pulse, we
immediately observe a very different TA spectrum from the TA
spectrum of PBDB-T. Moreover, the shape of the TA spectrum
does not change in time. The strongest negative band at about
630 nm is absent in both PBDB-T and Y1 TA spectra;
therefore, apparently, it should be attributed to the new, CT
state formed in the blend. We cannot identify any excited
PBDB-T contribution to the TA spectrum, neither immedi-
ately after excitation nor anytime afterward, as it is shown in
Figure 3a. This could be explained by the ultrafast electron
transfer from the donor to the acceptor, which converts the S1
state of PBDB-T to the CT state faster than our time
resolution of ~200 fs. Such ultrafast transfer has been widely
observed in other NF-based OPV cells'***™"? as well as for the
PBDB-T donor with YS, kindred polymer to Y1, and BTTPC
acceptors.Zn In this case, negative TA bands at 580 and 630 nm
could be attributed to the ground state absorption bleaching of
the donor (PBDB-T) because of the formation of the ionized
donor (D*), which has no or only weak absorption in this
spectral region.

On the other hand, ionized acceptor A~ should be formed
simultaneously with D, yet there is no bleaching whatsoever in
the longer wavelength range where bleaching of A is expected.
To clarify this unexpected property, we have performed
quantum chemistry calculations of electronic transitions
causing absorption of different Y1 electronic states. Calculation
details and description of the results are presented in
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Figure 3. Steady-state (thick black curves) and TA spectra at
indicated delay time, after excitation with S15 nm, for (a) PBDB-
T:Y1; (b) PBDB-T:PCBM; (c) PBDB-T-2CLITIC; and (d) PDCBT-
2FITIC blend films. The blue curve in (a) represents the EA
spectrum in PBDB-T:Y1 device, whereas the light-green curve shows
TA of the neat PBDB-T film at 0.5 ps delay time.

Supporting Information. Briefly, the calculations showed that
A should have a similar lowest energy absorption band as A,
only with about twice reduced oscillator strength. Thus,
apparently, a very weak TA signal of the blend in the A
absorption region is caused by the compensation of the partial
bleaching of A ground-state absorption by the induced
absorption of created D* and A~ ions. Similar weak bleaching
of the acceptor absorption was also observed in blends with
another investigated acceptor ITIC (Figure 3c).

Another peculiar TA feature is a notable narrow induced
absorption band at about 670 nm, which would be difficult to
expect by combining only D*, D*, and A~ spectral signatures.
It inevitably implies the existence of at least one more yet
unidentified constituent of the TA spectrum. A similar induced
absorption band has been observed in other D—A blends™' ™
and explained as follows. The created CT state has a strong
dipole moment forming an electric field in its vicinity. Created
electrical field shifts energy levels of neighboring molecules by
the so-called Stark effect, causing a change in electronic
transition energies and an associated electroabsorption (EA)
signature. Indeed, under the application of —2 V steady-state
voltage to the device, similar changes of the absorption
spectrum are observed, that is EA spectrum (blue line, Figure
3a). The EA spectrum in the 630~700 nm region has strikingly

similar features as the TA spectrum, only shifted to the short
wavelength side by about 10 nm. Despite this difference, we
attribute the induced absorption band in the TA spectrum at
670 nm to EA. Some long-wavelength shift of the TA band in
comparison with the EA spectrum is apparently caused by the
contribution of the donor absorption bleaching. The additional
difference may appear because the applied external field
influences all donor polymer chains within the bulk, while the
CT state, created at the D—A interface, influences those donor
polymers selectively stronger, which are close to the interface.
Because we observe the EA component already immediately
after the sample excitation, it further supports the idea of sub-
ps CT exciton formation.

Very fast CT state formation under excitation of the donor,
much faster than the relaxation of the donor exciton, suggests
that CT state formation strongly dominates. We also do not
observe any modifications of the TA spectrum on a ps time
scale, which could be attributed to the decay of the donor
excited state. These observations lead to the conclusion that
exciton losses are small; thus, the Frenkel-to-CT conversion
rate is close to 100%. Similar TA dynamics revealing no
signatures of donor excitons were also observed for PBDB-
T:PCBM and PBDB-T-2CLITIC blends, indicating efficient
CT formation. However, in the case of PDCBT-2F:ITIC, the
situation is different. The initial spectrum and those observed
at 100 ps and longer times are significantly different. The initial
spectrum resembles an inverted absorption spectrum of
PDCBT-2F (see Figure S1 in Supporting Information); thus,
it should be mainly attributed to the excitation of the donor
(D*). The dominating 520 nm band decays during hundreds
of ps, and a weak spectrum with bleaching bands at about 550,
600 and 725 nm appears. A similar long-time spectrum was
also obtained under excitation of the acceptor (see below).
This spectrum should be assigned to the CT state, which is a
common state, created at both excitation wavelengths. We
attempted to decompose the TA spectra at different delays to
D* and CT components (see Figure S7 in Supporting
Information). The decomposition shows that the CT
component is much weaker than D* both in the initial TA
spectrum and at 2150 ps indicating that the majority of donor
excitations decays to the ground state and only minor fraction
is converted to CT states.

Under the excitation of the PBDB-T:Y1 blend at 730 nm
when Y1 is excited, we also immediately observe bleaching of
the donor absorption band. It shows that similar ultrafast CT
state formation takes place, in this case by the hole transfer.
However, the 530 nm-induced absorption band in the initial
TA spectrum together with the weak GSB signal in the long-
wavelength region also clearly signifies the A* state. However,
the GSB of the Y1 absorption band is very weak, which shows
that majority of Y1 excitations are converted to the CT state
already during the excitation pulse action. A* state features
disappear during several ps, and we also observe some growth
of the donor bleaching signal (light blue curve, Figure 4a inset)
attributed to the formation of D*. By comparing A* absorption
decay kinetics at 530 nm in blend versus neat film (dark blue
and red curves, Figure 4a inset), we see that decay is about
twice faster in the blend indicating that about half of A*
remaining at 0.5 ps also form CT states. Consequently, CT
state formation takes place in two steps.

We can roughly estimate the CT state formation efficiency
by comparing the bleaching of donor and acceptor absorption
bands. For this task, we assume that an excited state of Y1
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Figure 4. Steady-state (thick black curves) and TA spectra at
indicated delay time after 730 nm excitation of (a) PBDB-T:Y1; (b)
PBDB-T-2CLITIC; and (c) PDCBT-FITIC blend films. Red curve in
(a) shows TA spectrum of the neat Y1 film at 0.5 ps delay time. Inset
in (a) shows kinetics of the ionized donor signal (573—593 nm band)
in blend (light blue curve); relaxation of Y1 excited state (525—3545
nm band) in blend (dark blue curve), and in neat film (red curve).

causes only bleaching of its absorption band, while the CT
state, as discussed above, causes only bleaching of the donor
PBDB-T absorption. We also account that extinction
coeficients of Y1 and repeat units of PBDB-T are
approximately equal (evaluated form their concentrations in
the blend and related absorption bands intensities). Under
these assumptions, the ratio of the donor and acceptor
absorption bleaching intensities shows the ratio of concen-
trations of the CT states and Y1 excited states. Consequently,
roughly 6 times stronger bleaching of PBDB-T in comparison
with bleaching of Y1 in the 0.5 ps TA spectrum suggests that
CT state concentration at this time is about 6 times larger than
the concentration of Y1 excitations, which means that about 6/
7 of Y1 excitations are already converted to CT states.
Accounting additional conversion on a ps time scale, we obtain
that the total conversion efficiency is of about 90% or even
more. This high efficiency is in agreement with the reported
about 70% EQE values for PBDB-T:Y1 solar cells obtained
both in donor and acceptor absorption regions.”

In the case of PBDB-T-2CLITIC (Figure 4b), the acceptor
and donor bleaching bands in the initial spectrum are
approximately proportional to their intensities in the steady-
state absorption spectrum. Accounting that the extinction
coefficient of ITIC is about 2 times larger, we estimate that
about 66% of acceptor excitations form CT states during 0.5
ps. In this case, we do not observe the growth of the donor
bleaching band when the acceptor bleaching band decays.
Apparently, CT state formation from the stabilized acceptor

excited state is inefficient and the majority of excitations decay
to the ground state. Thus, this rough estimation suggests that
the efficiency of the CT state formation by photons absorbed
by the ITIC acceptor is of about 60—70%.

In the case of PDCBT-F:ITIC (Figure 4c), the initial TA
spectrum closely resembles the spectrum of ITIC, which shows
that majority of excitations do not form CT states. Only at 100
ps when the excited state of ITIC almost decays, a weak band
at about 600 nm reveals, which, as was discussed, should be
considered as a signature of the CT state. Using the above-
described estimation procedure, from the intensity of this
band, we obtain that the CT state formation efficiency under
excitation of the acceptor hardly exceeds 20—30%.

Taking into account small energy differences between donor
and acceptor HOMO levels, this inefficient CT state formation
by the hole transfer from the excited acceptor is not surprising.
The hole transfer apparently takes place only from the
unstabilized exciton state, and its efficiency correlates with
the HOMO level offset. However, we do not see any
indications of the CT state formation at longer times. Exciton
stabilization (formation of excitonic polaron) apparently
reduces its energy and blocks or at least strongly impedes
the hole transfer.

2.3. Geminate Recombination. Once formed, the CT
exciton can either overcome its binding energy and separate
into free charge carriers or undergo relaxation and recombine
geminately to the ground state resulting in an energy loss. Such
recombination is usually observed from sub-ps to hundreds of
ps time scale,”*** before electron—hole pair separates beyond
the geminate recombination range (Langevin radius), which is
about 15 nm.

In our investigation, we observe rapid, almost uniform,
decrease of the total TA spectrum within a few initial ps in all
investigated samples (see Figure 3) (slightly faster decay of the
EA component will be discussed below). The TA kinetics
represents well this decrease in the donor absorption band
region, shown in Figure Sa. Within 3 ps, the bleaching signal
decreases down to 82, 75, and 50% of its peak values in PBDB-
T-2CLITIC, PBDB-T:Y1l, and PDCBT-2F:ITIC samples
respectively, but the decrease is only marginal in the sample
with PCBM. Any other process, then carrier recombination
leading to the donor and acceptor ground states, can hardly
explain the uniform decrease of the entire TA spectrum.

Carriers might recombine geminately or non-geminately.
For non-geminate recombination, photogenerated carrier
density should be high enough for an electron (or hole) to
have a complementary charge in its vicinity to recombine. Such
recombination is light fluence-dependent; thus, we have
performed TA measurements at different light intensities
(Figure SS). As it is shown in Figure Sc, TA signal decay is
independent of excitation intensity allowing us to rule out the
non-geminate recombination. In a recent study of all-polymer
solar cells based on the N2200 NF acceptor, it was found that
almost 50% of the charges recombine geminately, which was
suggested as being the major factor hindering the device
performance compared with polymer/fullerene cells.*® Sim-
ilarly, in our study, much stronger geminate recombination is
indeed observed in NF samples.

In Figure 6, we present a simple model explaining the origin
of the effective geminate recombination, which lasts for a few
ps, in NF OPV devices. As was discussed, electron transfer
from the excited donor LUMO to the acceptor LUMO level
(process 2) takes place on a sub-ps timescale, whereas a hole,
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Figure 6. Schematic representation. (1)—donor excitation; (2)—CT
formation; (3)—hole transfer from the donor to the acceptor; (4)—
geminate recombination in the acceptor domain; (S)—environment
polarization in the vicinity of the delocalized hole.

created within the donor polymer, can be transferred back to
acceptor only by overcoming energetic barrier (hole energy
increases when it is transferred down). If this barrier, regarded
as HOMO level offset, is low, some holes may jump to the
acceptor domain and regenerate its excited state. Because
excited state relaxation of acceptor molecules is very fast (7 ~ 2
ps), such a process leads to very fast geminate carrier
recombination (process 4). Such a model s strongly supported
by the correlation of the geminate recombination efficiency of
different blends with their HOMO level offsets. In the case of
negligible HOMO offset (~0.02 V) in PDCBT-2F:ITIC
samples, we observe >50% of carriers recombine geminately.
This number decreases to ~20% in the case of PBDB-T:Y1
and PBDB-T-2CLITIC devices, where HOMO level offset is
~0.1 eV, and drops to marginal values in the case of PBDB-
T:PCBM where HOMO offset is the highest (>0.6 eV).
However, such a model does not explain why the geminate
recombination stops after a few ps. The straightforward

explanation could be based on the splitting of CT states into
separated charges. However, as will be discussed below, this
process is significantly slower. Another reason could be the
stabilization of the CT state. Both donor and acceptor
materials contain electrically charged donor and acceptor
functional groups; therefore, strong polaron formation effects
are expected (process 5). We suggest that CT state
stabilization (formation of CT polaron) taking place during
the several initial ps reduces electron and hole energies, as
shown in Figure 6b, and blocks the hole transfer to an
acceptor. This explanation is additionally supported by the
stronger decay of the EA spectral component during the
geminate recombination process (see Figure Sb). It suggests
that the hole created in PBDB-T polymer is initially
delocalized over few monomeric units. Such a delocalized
state has large effective e-h separation distance, thus strong
dipole moment, which causes a strong Stark shift of the donor
absorption band. Formation of the CT polaron not only
reduces the CT state energy but also screens electric field, in
the vicinity of a delocalized hole or/and electron by the
polarization of the surrounding media, and reduces the EA
spectral component. This process is much weaker in the case of
PBDB-T:PCBM blend (see Figure 7b); however, the large
HOMO level offset in this case prevents fast geminate
recombination.
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Figure 7. GSB of a donor (black curves) and EA (red curves) kinetics
in (a) PBDB-T:Y1 and (b) PBDB-T:PCBM blend films after S1S nm
excitation. Dotted red lines are guide-for-an-eyes.

2.4. Dissociation of the Interfacial CT Exciton. To
temporally resolve the electron—hole separation process, we
require a probe that is sensitive to the distance between the
charges. The electric field created as the charges separate
serves this purpose. Investigation of the dynamics of the EA
signal has been already successfully employed to track the CT
splitting kinetics.”" In the present work, we addressed the CT
splitting and subsequent charge transport by analyzing the EA
signatures in conventional TA measurement together with the

21288 https://dx.doi.org/10.1021/acs jpcc.0c05263
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investigation of the dynamics of the externally applied
macroscopic electric field revealed by the optical electric field
probing (OEFP) technique.”*

Figure 7 shows the EA dynamics for PBDB-T:Y1 and PBDB-
T:PCBM blends together with the GSB dynamics of donor
molecules. The EA signal of PBDB-T:Y1 decays during several
initial ps, when geminate recombination process is dominant.
The decay of the EA signal is more pronounced. We attribute
this difference to the above-discussed stabilization of the CT
state slightly reducing the effective e—h separation distance and
thus the electric field created by the CT state. The EA signal
decay is less pronounced in PBDB-T:PCBM blend where the
geminate recombination is also less significant. It should be
noted at this point that the observed EA dynamics is opposite
than was observed in ref 21 for polymer:PCBM blend.
However, there, the observed rise of the EA intensity was
much faster, during tens of fs, and attributed to the electron
delocalization within PCBM. Such delocalization was also
confirmed theoretically.”’ The time resolution of our setup was
insufficient to resolve this ED dynamics phase.

After the initial decay, the EA signal shows a weak but
reproducible increase during tens of ps, in both (and also in all
investigated) samples. The slow growth of the EA signal should
be attributed to the electric field outspread with CT exciton
splitting. Electric field energy increases during the separation of
e—h pairs until the separation distance reaches the Langevin
radius. Thus, the EA dynamics suggests that CT state
separation takes place during ~30 ps in PBDB-T:Y1 blend
and slightly longer in PBDB-T:PCBM blend. As Figure 7
shows, the bleaching of the donor absorption band continues
to decrease slowly during this time. This is an additional
confirmation of the made interpretation of the observed TA
dynamics. We attributed this decrease to the geminate
recombination. Although its rate, as was discussed, decreased
during the CT state stabilization, recombination still continues
with lower rates until the full separation of CT pairs.

Charge transport, obtained from OEFP data, which is
described in detail below, gives additional information on the
CT state splitting dynamics. Here, we just point that these
investigations reveal the charge carrier drift dynamics along the
applied external electric field. Figure 8a shows that the
substantial drift distance of several nanometers appears on tens
of ps time scale. Taking into account that both electrons and
holes move to opposite directions, it converts to about 5—10
nm carrier separation along the electric field direction.
Considering additional input of diffusion, which at short
times might be even more substantial than that of the drift,
these data are in agreement with the above-made conclusion
that the Langevin carrier separation radius of about 15 nm is
reached during tens of picoseconds.

The faster CT state separation rate in PBDB-T:Y1 blend
than in the blend with PCBM suggests that the CT state
binding energy in this NF blend is lower than in blend with
fullerene. Quantum chemical calculations of the electronic
states of the Y1 molecules show that the electron in the SUMO
orbital (single occupied molecule orbital, which is occupied by
electron transferred from the donor) is dominantly localized
on two side groups separated by about 2 nm distance (see
Supporting Information). Thus, electron delocalization over
this large distance, apparently, significantly reduces the CT
state binding energy.

2.5. Charge Transport. Now let us discuss carrier
transport after the CT exciton splitting. To track the carrier
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Figure 8. (a) Mean carrier drift distance kinetics in indicated systems
under applied —2 V voltage. Inset shows initial kinetics (dotted lines)
and fitted curves (solid lines). (b) Mobility kinetics in indicated
systems obtained by OEFP, TPC, and TDCF measurement
techniques. The black dot shows the mobility value obtained in
PBDB-T:Y1 by the short-circuit limited current technique.

dynamics during initial 2 ns with ps time resolution, we used
the time-resolved OEFP technique, when probing was
performed by monitoring the EA signal”® The conventional
transient photocurrent (TPC) technique with several ns time
resolution was applied for tracking the carrier transport up to 1
yis. Briefly, the time-resolved OEFP technique is based on the
optical probing of the electric field dynamics in an active layer
of solar cells forming a plate capacitor, which was electrically
charged by an applied external voltage prior optical excitation.
Because drifting photogenerated carriers screen the electric
field within the active layer, spectral EA signature, which is
proportional to the square of electric field strength, allows
probing the electric field strength dynamics within the sample.
The electric field dynamics is directly related to the integrated
TPC, which is a product of density and drift distance of charge
carriers. OEFP allows achieving femtosecond time-resolution,
characteristic for optical pump—probe techniques.

The TPC was also measured by the oscilloscope on much
wider time-window, but with worse time-resolution than that
of OEFP. The photocurrent was measured after sample
excitation with a short laser pulse at specific effective voltage
U which is a sum of applied voltage U,,, and built-in
potential of a device (Uyg = Uyyp + Upyiein)- Because carriers
are generated within the entire active layer, the charge carriers
(electron or hole) travel on average half the sample thickness
until they are extracted from the sample. Based on such an
assumption, the measured U,g drop can be converted to mean
carrier drift distance.

Figure 8a presents the mean carrier drift distance dynamics
obtained by merging both time-resolved OEFP and TPC data
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at Uy, = —2 V applied voltage, which together with the built-in
field creates ~2.3 X 10° V/em effective electric field. The
obtained drift distance is averaged over all carriers; thus,
electrons and holes are separated and still bound in CT states.
The carrier drift distance in all investigated samples increases
almost logarithmically; thus, the drift rate dramatically
decreases with time. Similar strongly decreasing carrier drift
rate, reflecting decreasing carrier mobility, has been observed
in other polymer/fullerene blends.”® The inset in Figure 8a
shows the initial part of the drift dynamics on a linear time
scale. The drift kinetics shows that the drift rate is surprisingly
similar for all investigated NF blends; however, initially, it is
slightly more rapid than in PCBM-based system. This is
consistent with the above-stated slightly slower CT splitting in
PCBM-based samples.

Following simple relation between mean carrier drift and
their mobility

_d1
=& E,

where x means drift distance of the carrier and Ejmeans
electric field, we plot mobility kinetics during initial 50 ns
(Figure 8b). For the mobility plot, we used fitted mean carrier
drift distance curves presented in Figure S6. It is shown that
the initial mobility value for the fullerene-based system is
several times lower than in well-performing NF devices.
Nevertheless, during initial ~100 ps, mobility drops drastically
in all samples because of carrier relaxation within the density of
states and becomes similar in all blends 500 ps after excitation.
Because the majority of carriers are extracted within S0 ns,
mobility evaluation using TPC measurements would give less
accurate results at later times. Nevertheless, by performing
time-delayed collection field (TDCF) measurements, which
are described below, we were able to obtain mobility values at
much longer times, up to 1 us. It showed that mobility
continues to decrease slowly for a few hundreds of ns, until it
reaches quasi-equilibrium, which is about one-two orders of
magnitude lower than its initial value. In the case of PBDB-
T:Y1 sample, a very similar mobility value of ~§ X 107*
em®V's™" was obtained by space charge-limited current
measurements.”> In general, we observed no substantial
differences in carrier extraction dynamics between fullerene-
and NF-based devices.

2.6. Non-geminate Recombination. Non-geminate
recombination was investigated by the TDCF technique,
which is often used for such purpose.’”** In TDCF
measurements (Figure 9b), the sample is excited at specific
pre-bias generation voltage (U%"), and then, after varying delay
time, strong electric field (Ugf = —1.8 V), so-called extraction
field, is turned on to extract charge carriers remaining at this
moment. The minus sign shows that carriers are collected in
the reverse direction. If the pre-bias voltage is set to
compensate for the internal electric field (USPP = —Ubuiltins
thus U%= 0 V), then photocurrent is equal to zero and
photogenerated carriers are not extracted before extraction
field application. In such a case, carrier density during
extraction delay time decreases only because of their
recombination (red line in Figure 9b). It allows us to
determine the carrier recombination rate, which, for all
investigated samples, is presented in Figure 9c. These data
were obtained at times much longer than the geminate
recombination time; therefore, they correspond to the
nongeminate recombination. They are similar as reported
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Figure 9. (a) Schematic representation of TDCF measurement; (b)
extracted (with U = —1.8 V) charge carrier density decay kinetics
after sample excitation at generation voltage U%f' = 0.0 V and U =
Vi for PBDB-T:Y1 device; (c) bimolecular recombination rate and
PCE values for the indicated device.

. . 1,32 .
values in other organic solar cells;*"** however, they differ

nearly three times for different samples. The slowest
recombination rate was obtained for the best performing
solar cell based on PBDB-T:Y1 blend; moreover, anti-
correlation (Figure 9c) is established between the carrier
recombination rate and device FF indicating that sufficiently
strong internal field is required to rapidly extract charge
carriers and compete with their recombination. However, it
remains unclear how much the nongeminate recombination
rate is determined by the electronic structure of materials and
by their morphology.

In the case of non-zero effective pre-bias voltage during the
time period between sample excitation and application of the
collection field, the carrier number within the active layer
decreases because of their recombination and additional
extraction (blue curve, Figure 9b). Because the recombination
rate was already obtained, we can evaluate how many carriers
were extracted after the given delay time. The extracted carrier
number is proportional to their mobility; thus, we obtain
mobility values in longer timescale, which are presented in
Figure 8b and were already discussed in the previous
paragraph.

3. CONCLUSIONS

We have analyzed all significant processes, determining the
operation of an organic solar cell, in devices with Y1, ITIC, and
PCBM acceptor materials.

https://dx.doi.org/10.1021/acs jpcc.0c05263
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NF low band gap acceptors enable the collection of low-
energy photons; however, conversion of absorbed photon
energy to electrical current is more challenging than in the case
of cells with a fullerene acceptor. It requires a subtle balance
between long-wavelength absorption, open-circuit voltage, and
HOMO level offset. Small offset does not guarantee efficient
conversion of Frenkel excitons into interfacial CT states,
particularly for photons absorbed by acceptor molecules.
Efficient hole transfer from the excited acceptor to the donor
takes place only from the nonrelaxed Frenkel exciton state, and
its efficiency strongly depends on the HOMO level offset. In
the case when the offset is close to zero, the CT state
formation efficiency hardly exceeds 20—30%, while 100 meV
offset in PBDB-T:Y1 device enabled to reach about 90%
efficiency. Thus, depending on the structure of donor and
acceptor molecules, offset of about 100 meV may be sufficient
to ensure efficient carrier generation. Geminate CT state
recombination mostly taking place during several initial ps
creates additional loss channel. Small HOMO level offset
allows hole transfer from the donor to the acceptor,
consequently recreating rapidly relaxing donor excited states.
The geminate recombination causes ~20% loss, in the case of
about 100 meV HOMO level offset, and ~50% when the offset
is close to zero. Therefore, we conclude that the HOMO level
offset should be 100 meV or more. Otherwise, significant
losses via inefficient CT state formation and hole transfer to
the acceptor would outbalance minor gain in VOC.

Comparing other processes, we found that CT state
separation into independent charge carriers was slightly faster
in all investigated NF solar cells than in cells with fullerene
acceptors, probably due to the electron delocalization within
large acceptor molecules. Mobility and extraction dynamics of
separated charge carriers were very similar for all investigated
cells, including that with fullerene acceptors. Values of
bimolecular recombination rates were determined for the
investigated devices, and they anticorrelate with the cell FF,
which indicates that the nongeminate recombination is also an
important loss channel in real operation conditions..
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Organic bulk heterojunction solar cells with electron acceptors based on small donor-acceptor type molecules
show record efficiencies mainly due to their long wavelength absorption, which enables efficient harvesting of
solar light and, thus, causes high current density. Meanwhile, relative positions of HOMO and LUMO levels of
donor and acceptor materials determine the open circuit voltage. Here, we apply ultrafast transient absorption
and transient luminescence techniques together with specially-designed modelling technique to address charge

carrier generation and recombination dynamics in detail. We demonstrate the importance of careful adjustment
of the HOMO and LUMO levels, as their positions determine formation and recombination rates of interfacial
charge transfer (CT) states. An insufficient donor and acceptor LUMO level offset, lower than ~300 meV, leads to
slow and inefficient CT state formation, while an offset of the HOMO level below ~100 meV leads to fast CT state
recombination, which we attribute to the back transfer of a hole from the donor to the acceptor.

1. Introduction

Organic photovoltaic (OPV) technology has been steadily improving
for several decades [1] to achieve remarkable power conversion effi-
ciencies (PCE) of over 18% for single-junction devices [2-6]. However,
for OPV commercialization, among other challenges, further improve-
ment in PCE is required. One of the possible strategies for this is to
minimize the voltage losses AV (AV = Eg/q - V,., where E is the optical
bandgap, q is the elementary charge and V. is the open-circuit voltage),
which are typically around 0.6 V or higher, while they are only
~0.3-0.4 V for GaAs and c-Si-based devices [7-9]. While there are ex-
amples of novel OPV devices with significantly reduced voltage losses
[10-13], in general the voltage loss is higher than in inorganic semi-
conductors because the illumination of organic materials does not
directly generate free charge carriers, but excitons, bound electron-hole
pairs, which require excess energy to dissociate. In bulk hetero-junction
devices, exciton dissociation into free charges is driven by the energy
difference in ionization potential or electron affinity between donor and
acceptor, or by the energy offset between the lowest unoccupied mo-
lecular orbitals (LUMO) and the highest occupied molecular orbitals

* Corresponding author.
E-mail address: rokas.jasiunas@ftme.lt (R. Jasiunas).
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(HOMO) of the individual components between donor and acceptor
materials [14-18].

It is generally accepted that an energy offset of at least 0.3 eV be-
tween the LUMO levels of the donor and acceptor is required for efficient
charge separation, as demonstrated in fullerene derivative-based de-
vices [19-21]. For decades, fullerene derivatives were considered a
critical component of OPV, but the fullerene’s poor absorption of a solar
radiation limits the maximum PCE to less than 12% in such devices [22].
Recently, a new class of fused-ring non-fullerene acceptor (NFA) mate-
rials has emerged, which has been improving PCE in unprecedented
rate. Typically, NFAs are narrow-bandgap molecules, which comple-
ment the absorption of the wide-bandgap donor in the near-infrared
region of solar radiation and consequently enable short-current (Jsc)
values as high as >25 mA/cm? [23-26]. Furthermore, such a combi-
nation of material ensures a high LUMO offset (~0.3eV) and also allows
for HOMO energy offset adjustment to minimize voltage losses. Inter-
estingly, it has been suggested that hole transfer from acceptor to donor,
contrary to popular belief, can occur even at negligible HOMO offsets
[13,27-32]. However, the apparent advantage of low voltage losses
comes at a price, as a negligible energy offset sets no barrier for transfer
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of holes back to an acceptor where they could recombine, increasing
energy losses [33,34].

In this work, we have analyzed the effects of the LUMO and HOMO
energy offsets on the charge generation efficiency in four different de-
vices based on the same donor polymer and four conventional NFAs,
which have similar chemical compositions but different energy level
positions. We have investigated main optoelectronic processes using
transient absorption (TA), transient photoluminescence (tPL) and orig-
inally developed multivariate curve analysis. We found out that LUMO
offset of at least 300 meV is needed for efficient generation of interfacial
charge transfer state (CT). Moreover, we show that HOMO offset lower
than 100 meV, though beneficial for increasing Voc, leads to enhanced
recombination due to hole back transfer between donor and acceptor
HOMO levels.

This work is organized as follows: in the first section investigated
materials and devices are introduced; in the second and third sections
photophysics of the blends following excitation of donor polymer and of
acceptor respectively is analyzed; in the fourth section peculiarities of
PTO2:ITM sample are addressed; final remarks and conclusions are
provided in fifth section.

2. Materials and devices

We investigated the benchmark non-fullerene acceptor 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2’,3'-d’]-s-indaceno[1,2-b:5,6-b’]dithio-
phene, also known as ITIC, and three of its derivatives with different
sidechains — ITM, ITCC and IT4F. The detailed chemical composition of
each acceptor is depicted in Supplementary Information (S.L.) Fig. S1. As
donor material, we chose the wide band-gap copolymer Poly[(2,6-(4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’1dithiophene))-
alt-(2,2-ethyl-3(or4)-carboxylate-thiophene)] (PTO2) with electron-
donating benzodithiophene and electron-withdrawing thiophene
carboxylate ester as the main backbone, as it matches well with the
energy levels of an acceptors, as shown in Fig. 1. Notably, commonly
used methods for measuring HOMO and LUMO level of a material, such
as cyclic voltammetry, suffer from poor reproducibility. For example,
the value for HOMO level of ITIC span from 5.48 eV to 5.80 eV

Organic Electronics 108 (2022) 106601

depending on the research group [36-38]. Even in the same group,
deviation up to 0.1 eV can be found [39,40]. Moreover, the concept of
molecular orbitals is misleading in D/A blends, since the intermolecular
interactions between the two components in blends alter the energy
levels [41]. Therefore, the figures given here, taken from Ref. [35],
indicate a gradual decrease in the energy from the PTO2:IT4F device to
PTO2:ITCC, rather than exact quantitative values. The same tendency,
IT4F > ITIC > ITM > ITCC for HOMO level distribution between the
investigated acceptors, is also observed elsewhere [42-44].

The same table lists the photovoltaic properties of our devices. The
best performing PTO2:IT4F sample had a PCE of 12.66%, along with
high short-circuit current density of 20.95 mA/cm?, due to the good
absorption of long wavelength photons by acceptor (Fig. 1b). These
values are comparable to those obtained elsewhere [45]. The remaining
samples had decent PCE values between 7 and 8%. These lower effi-
ciencies compared to PTO2:IT4F are mainly due to 30-50% lower
short-circuit currents. The poorer absorption of long-wavelength pho-
tons can lead to differences in short-circuit currents by about 10-15%,
but the main difference is obviously due to the less efficient charge
carrier generation.

3. Results
3.1. Excitation of a donor

We begin our analysis by addressing excited state dynamics of a
polymer PTO2 in a neat film and in blends. PTO2 was used as an electron
donor in all investigated blends. PTO2under excitation at 515 nm shows
broad photoluminescence (PL) spectrum with the peak at about 627 nm,
while the blends show spectra consisting of multiple bands attributable
to both donor and acceptors (See S.I. Fig. S2a). Acceptors have weak
absorbance at 515 nm excitation wavelength, therefore their PL may
also originate from excitation energy transfer from excited donor [58].
However, PL dynamics of acceptors show no growth simultaneous with
the donors PL decay, which suggests that this mechanism is not domi-
nating. Fig. 2a shows PTO2 PL band dynamics both in neat film (brown
curve) and in blends. Here the samples were excited with short (200 fs)
515 nm laser pulses and PL was recorded with a streak camera. For the

a b
) -3.67 ) ; . ; .
1.04 PTO2 ITCC ITM ITIC IT4F
= 382 190 '
= L ¥ .
L 398 -4.03 3 084
° o~ o
> c
[e] J J
;:‘ E o % 06
) gl Elle 5
uc) = = E |_‘|'_. 2 044 1
i E <
0.2
559 563
83 - 0.04
564 566 400 500 600 700 800
S5.72 Wavelength, nm
c)
Jsc 5
Sample Voc (V) (mAlcm?) FF PCE (%)
PTO2:ITIC 1.09 12.47 0.55 7.40
PTO2: ITM 1k 13.07 0.56 8.17
PTO2:ITCC 1.19 10.68 0.58 741
PTO2 : IT4F 0.92 20.95 0.65 12.66

Fig. 1. a) Energy levels of used materials, as measured in Ref. [35]. B) Normalized steady-state absorption spectra of indicated materials. c) Table of photovoltaic

characteristics.
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Fig. 2. Experimental data under excitation of donor. a) Transient photoluminescence of neat and in-blend PTO2; b) TA of PTO2:IT4F blend after 520 nm (Iey = 0.76
pJ/cmz) excitation. Solid lines indicate steady-state absorption spectra of PTO2 (green curve) and IT4Facceptor (red curve); Normalized Dggp decay dynamics in neat
PTO2 and blend films (c) and Agsp dynamics of indicated blends (d) after 520 nm excitation.

analysis of the PTO2 PL dynamics in blends we used the short wave-
length (595-615 nm) part of the PL band, as it less overlaps with the PL
spectra of acceptors (see Fig. 52). Rapid PL quenching, which is clearly
seen when the donor polymer is blended with any of acceptors, indicates
the formation of a charge transfer (CT) exciton state, i.e. a rapid electron
transfer from the LUMO level of the donor to the LUMO of acceptor.
Notably, the PL quenching rates correlate with the energy offsets be-
tween LUMO levels, except of ITM acceptor. In the PTO2:ITCC blend,
which has the lowest LUMO offset (~150 meV), the PL of the excited
donor reveals relatively slow decay and is still present even 100 ps after
excitation. In PTO2:IT4F blend, where the LUMO offset is ~360 meV, PL
decays faster than the time resolution of our measurement setup of about
4 ps. Interestingly, we also observe a similarly rapid PL decay in case of
PTO2:ITM, although LUMO offset is not as high (~230 meV), but this
blend exhibits even more peculiar properties, therefore, we will specif-
ically address it in more detail later. The fast and almost complete PL
quenching indicates that CT state formation is close to 100% in these
blends. The clear correlation between the LUMO offsets and the PL
quenching rates indicates that the small LUMO offset slows down the CT
state formation. On the other hand, the fast CT state formation might not
necessarily essential for the CT state formation efficiency until it is much
faster than the excited state relaxation of the donor. This may be the case
for the PTO2:ITCC solar cell, which features only slightly lower Ig than
cells with ITM or ITIC acceptors despite of much slower CT state
formation.

To gain further insight into the dynamics of electron transfer after
donor excitation, we turn to transient absorption measurements
(Fig. 2b-d). In Fig. 2b, transient absorption 3D plot is presented for the
PTO2:IT4F blend (plots for other samples are provided in S.I, see
Fig. $3). The solid curves represent normalized steady-state absorption
spectra of a donor (green curve) and a corresponding acceptor (red
curve). We have used 520 nm excitation here to minimize the excitation
of the acceptors. Importantly, our experiments were performed within
low excitation intensity (Iexc ~ 0.76 pJ/cm?) range, when annihilation
and higher order recombination could be ignored, as demonstrated in
Fig. S7. In all blends, we observe ground state bleaching (GSB) of PTO2
in the range of 500-600 nm emerging immediately after excitation.

Fig. 2c and d shows the transient absorption kinetics in the donor
(normalized for convenient comparison between blends) and acceptor
absorption band bleaching peak regions. The excited donor (D*) may
either relax to the ground state, restoring the original absorption spec-
trum, or may form the interfacial CT state by transferring electron to
acceptors’ domain, which also causes GSB of the acceptor (Agsp). The
Agsp appears dominantly on a subpicosecond time scale in PTO2:IT4F
and in PTO2:ITM blends in agreement with the PL data and similarly as
observed in many other fullerene [46-49] and non-fullerene devices
[50-53]. The electron transfer rate is even slightly faster in PTO2:ITM
blend than in PTO2:IT4F where we initially observe a positive peak due
to the induced absorption of D* state. In the case of PTO2:ITCC and
PTO2:TIC, it takes more than 30 ps for the Aggp signal to peak, sup-
porting the correlation between LUMO offset and electron transfer rate
described above. Interestingly, bleaching of donor absorption slightly
decreases during the CT state formation time as shown in Fig. 2c. CT
formation can hardly cause parallel D* relaxation to the ground state,
therefore, it shows that CT states cause weaker bleaching of a donor
absorption than D* state. This explanation is supported by the obser-
vation that this fast relaxation is the most significant in PTO2:ITM and
PTO2:IT4F blends characterized by the most efficient CT state
generation.

To assess the actual dynamics of CT state formation more precisely,
we performed a special global analysis of the transient absorption data,
called multivariate curve resolution, which is described in detail in S.I.
Briefly, the analysis assumed that the TA spectra consist of two inde-
pendently evolving spectral components of D* and CT/CS states. Here
we do not distinguish between charge transfer (CT) and separated
charge (CS) states, since both states lead to similar transient absorption
spectra. We also do not consider other possible processes, such as energy
transfer from excited donor to acceptor [58], formation of triplet states
[59], or reverse electron transfer discussed below. The two-state model,
as discussed below, reproduces the experimental data well, indicating
that D* and CT/CS states are dominating. We also demonstrate below
that the transient absorption dynamics are very different under excita-
tion of donor and acceptor, which should not be the case if excitation of
a donor creates excited acceptor state by rapid energy transfer. Whereas
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formation of the triplet state is expected to occur at longer times than
our investigated time domain. Thus, although, we cannot completely
rule out these processes, apparently, they do not play essential roles in
the investigated blends at our experimental conditions. Unlike conven-
tional global analysis, we did not use the assumption of exponential
phenomenon dynamics here, but used fixed spectra and modelled their
kinetics. The D* spectrum was obtained from the TA spectrum of the
neat PTO2 film and was therefore identical for all investigated blends.
For the CT/CS state spectral signature, we used the TA signal at times
>1.5 ns after excitation, as it is very unlikely that the D* is still present at
this time, as also shown by the tPL measurements. All spectral compo-
nents used in modelling are provided in S.I. Model Description section.
Despite some oversimplification, this model worked quite well, as fairly
good fits were obtained for all investigated samples (see Model Results
section in S.I). The modeling gives time evolutions of D* and CT/ST
states concentrations, however, in relative values. The evaluated CT/CS
dynamics are presented in Fig. 3b. Even though the absolute values of
the CT/CS state generation yield cannot be obtained, the model, none-
theless, enables comparison of CT/CS state yields and their kinetics
between different blends. It gives the highest CT/CS formation efficiency
in PTO2:ITM blend, while efficiencies are lower by 1.1, 1.7 and 2.6 times
for blends with IT4F, ITIC and ITCC respectively. The highest CT/CS
concentration for PTO2:IT4F and PTO2:ITM blends is obtained at about
3 ps, while in case of PTO2:ITIC and PTO2:ITCC, the maximal value is
reached at about 40 ps and 100 ps, respectively. After reaching the
maximum values, the densities of the CT/CS states start to decrease due
to recombination, but the decrease rates are significantly different.

To characterize the CT/CS formation and decay rates we have fitted
the modelled CT/CS kinetics by simple biexponential function:

y= {A, +(1-4;)x <1—exp(—t/1gmwm>>}
X {Aﬂr(l —-A) Xexp(—t/rmay)} @)

where Tgrowth and Tdecay correspond to formation and decay times of CT/
SC states, A; shows fraction of CT/CS states formed faster than our time
resolution, and A, shows a fraction of CT/CS states, which do not
experience recombination on a several ns time scale. As seen from
Fig. 3b, the fitting is not ideal, since these processes are not expected to
be exponential, yet it provides reasonable comparison between the
blends. The fitting results are presented in Table 1. The CT/CS formation
rates correlate with the LUMO level offset, again except for the PTO2:
ITM blend. A; values are given only for the blends with the lowest LUMO
offsets, because for other two blends, the formation rate was too fast to
discriminate it form the apparatus function. While in case of PTO2:ITIC
and PTO2:ITCC we clearly observe two formation phases. The ultrafast
phase should be attributed to the CT/CS state formation from the non-
stabilised D* state.

The fraction Ay of slowly recombining CT/CS states should be

D* decay, a.u.
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Table 1

Biexponential fitting parameters for CT/CS dynamics.
Blend Ay Tgrowth, ps Ay Tdecay, ps
PTO2:ITM 0 0.31 0.35 84
PTO2:IT4F 0 0.26 0.66 253
PTO2:TIC 0.26 2.09 0.50 819
PTO2:ITCC 0.36 3.47 0.18 2500

attributed to the CT states, which separate into CS states, thus form free
charge carriers, and recombine much slower. This fraction increases
with the HOMO offsets and together with the formation efficiency of CT/
CS states determines charge carrier generation yield. Clear correlation of
this fraction with the HOMO offset suggests that efficient dissociation of
the CT states depends on the offset value. We have previously discussed
that thermally activated reverse electron transfer from the acceptor to
donor’s HOMO level may take place in OPV devices with sufficiently low
HOMO level offset [33,34]. We hypothesize that this process causes
incomplete charge transfer from donor to acceptor, as explained in
Fig. 4, making CT state dissociation into CS state more difficult. This
process should also cause appearance of the excited acceptor state A*
during the CT/CS state relaxation. Dynamics of both these states is ex-
pected to be similar, therefore, we cannot explicitly distinguish the A*
state, however, we cannot exclude that it contributes to the evaluated
CT/CS state spectrum.

At this point, we emphasize the fact that our measurements were
carried out at zero electric field. Under short-circuit conditions, when a
strong electric field is present, both the relaxation and recombination
dynamics would be different due to the prevailing charge carrier
extraction and field-assisted CT state dissociation. In the case of a zero
field, no charge carriers are extracted, so they are more prone to
recombination.

3.2. Excitation of an acceptor

An analogous transient absorption analysis was performed with
excitation pulses tuned to specifically excite acceptor molecules in bulk
heterojunction films. Fig. 5 a,b show time evolution of the transient
absorption spectra for PTO2:IT4F and PTO2:ITCC blends (3D plots for
other blends are provided in S.1.). Same as in case of donor excitation, we
observe donor and acceptor absorption bleaching bands, however, the
acceptor band is much stronger. Fig. 5c and d shows the transient ab-
sorption kinetics measured close to the maxima of donor and acceptor
bleaching bands. In this case, the Dggp signal appears due to the hole
transfer from excited acceptor’s HOMO level to the HOMO level of the
donor creating identical CT/CS state as in case of electron transfer form
photoexcited donor. Bleaching of acceptor Agsp appears both due to the
A* and CT/CS states. We also observe decay of the Agsg on an ultrafast
time scale, which should be also attributed to the formation of the CT/CS
states, since ionized acceptors A~ apparently cause weaker absorption

b)

——PTO2IT4F
—PTO21TIC
06 ——PTO2ITCC
——PTO2ITM

CT State Dynamics, a.u.

Time, ps

0 1 2 3 10 100 1000
Time, ps

Fig. 3. Multivariate curve resolution modelling results under excitation of donor. Modelled D* (a) and CT/CS (b) state dynamics in indicated blends. Dashed curves

in (b) show fitting of the kinetics by biexponential grow-decay function.
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Fig. 4. Schematic comparison of processes in PTO2:
IT4F and PTO2:ITCC blends after excitation donor
PTO2 (1). Electron transfer to acceptor (2) is very fast
in PTO2:ITA4F and much slower in PTO2:ITCC. After-
wards, thermally activated hole transfer from HOMO
level of a donor to acceptor takes place in PTO2:ITCC
sample, due to low HOMO offset (3). It generates
excited acceptor state A* which rapidly relaxes to the
ground state (4). Such hole transfer is less potent in
PTO2:IT4F sample due to a high energetic barrier.
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Fig. 5. Excitation of an acceptor. a,b)TA of PTO2:IT4F and PTO2:ITCC blends after 670 nm or 730 nm excitation (Iexc ~ 2 pJ/cmz). Solid lines indicate normalized
steady-state absorption spectra of PTO2 (green curve) and respective acceptor (red curve); ¢) Normalized ground state bleaching dynamics of acceptor (c) and donor
(d) in indicated blends; e,f) Modelled transient absorption measurement results of A* (e) and CT/CS (f) dynamics in indicated blends.
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bleaching than A*, as was also demonstrated by quantum chemical
calculations for acceptor Y1 [33].

The effective charge transfer is visible immediately after excitation in
all investigated blends, as shown by the instantaneous appearance of the
Dgsp signal. Notably, energy difference between the HOMO levels, i.e.
the driving force for the charge transfer, is much smaller than the dif-
ference between the LUMO levels. For example, LUMO offset in the
PTO2:ITCC sample is ~150 meV, while HOMO offset is ~40 meV.
Therefore, this ultrafast CT/CS state formation is surprising. Neverthe-
less, this finding is in line with the reported high CT state formation
efficiencies in blends with a very low or even near zero HOMO level
offset [32,54-57]. This ultrafast phase takes place on a subpicosecond
time scale independently of the HOMO level offset. These features
suggest that the hole transfer takes place from the nonequilibrated
excited state.

We have also used modeling to evaluate the A* and CT/CS state
dynamics more accurately. In this case we fixed the CT/CS spectrum as
obtained in the case of excitation of donor and used the A* spectra as
obtained for the pure acceptor films, only shifted along the wavelength
scale by the same values as obtained by comparing absorption bands
positions in blends and pure films. Fig. 5e and f shows the evaluated A*
and CT/CS state dynamics. Unfortunately, in this case evaluation of the
absolute CT/CS state formation efficiencies is even more complicated
because of different spectral properties of A* and CT/CS states of
different acceptors. Therefore, Fig. 5f presents the evaluated CT/ST state
dynamics in relative units. In contrast to the fast D* decay, A* states are
present during the entire 2 ns measurement range confirming that only a
fraction of the A* form CT/CS states on a subpicosecond time scale.
Additional much slower CT/CS state formation phase is also observed in
all blends except for PTO2:ITM, where additional formation may be
eliminated by the fast CT/CS recombination. This slow formation phase
has been also observed before for the PM6:IT4F blend and attributed to
the migration of excitons created in bulk of acceptor domain at some
distance form donor acceptor interface [57]. In our samples, this for-
mation phase is the fastest, lasting for about 30 ps, in PTO2:IT4F blend
and the slowest in PTO2:ITCC, lasting for several hundreds of ps. Thus,
the rate of this phase correlates with the HOMO level offset, which
suggests that the hole driving force plays an important role in such
charge transfer exciton formation.

3.3. PTO2:ITM sample

The PTO2:ITM sample shows somewhat peculiar properties
compared to other samples studied. In the case of donor excitation, the
rapid quenching of the D* state by effective ultrafast CT/CS state for-
mation, seen in both tPL and TA measurements, is followed by rapid CT/
CS state relaxation. In the case of acceptor excitation, the fast formation
of the CT/CS state is followed by rapid recombination. Considering that
the measured HOMO/LUMO levels of ITM are intermediate between
those of ITCC and ITIC acceptors, these phenomena seem to contradict
the tendency observed for other acceptors. However, the HOMO/LUMO
values measured on neat materials should only be applied to blends with
great caution. As mentioned earlier, CV measurements are prone to large
errors and, more importantly, HOMO/LUMO levels of acceptor shift
when the molecules are incorporated into a heterojunction with the
donor polymer and also undergo an excited state stabilization observed
as a Stokes shift of the PL bands. All acceptors show a blue shift of the
absorption band in the blend compared to pure films, but this shift is less
significant for the ITM (see Fig. 6). Therefore, the absorption band of the
ITM appears between absorption bands of ITIC and IT4F. Moreover, the
ITM fluorescence shows significantly stronger Stokes shift, even more
red-positioned than that of IT4F. Orange lines in Fig. 6 are guides-for-an-
eye, connecting peak absorption values of neat and in-blend acceptors. It
demonstrates that absorption shift is very similar for all acceptors,
except for ITM, for which in-blend absorption is further away from the
orange line compared to neat ITM. Moreover, same line connecting peak
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Fig. 6. Steady-state absorption of blends (thick solid curves) and neat acceptor
materials (thin solid curves). Dashed curves show transient (0-120ps) photo-
luminescence spectra of the blends. Orange lines are guide-for-an-eye with
explanations in the text.

absorption values of neat acceptors also connects red-shifted PL spectra
peaks, however, it fails drastically to do so for PTO2:ITM sample, due to
much stronger Stokes shift than in other samples. Taking this correction
into account, the ITM performance, which is closer to the IT4F than to
the other two acceptors, ranks properly in the sequence of all devices
studied. In particular, CT state dynamics (see Fig. 3b) shows a rapid
formation of the CT state, indicating that the LUMO level of ITM in-
blend is indeed shifted downwards compared to ITIC and ITCC. The
larger energy gaps of the acceptors in the blends also indicates that the
LUMO energy offsets are somewhat smaller than the values determined
from positions of the energy levels in pure materials, so that the offset
values of about 300 meV estimated above might actually be lower.

The blue shift of the absorption bands of the acceptors when mixed
with PTO2 donor molecules also suggests that these donor-acceptor
molecules are well mixed with the less polar donor material. We sug-
gest that the less significant shift of the absorption band and the strong
PL Stokes shift of the ITM molecules is caused by poorer mixing due to
the greater difference in polarity of the two components, i.e. the stronger
polarity of ITM.

4. Conclusions

In conclusion, we have used transient absorption and transient
photoluminescence techniques to investigate formation and recombi-
nation of charged states in blends of PTO2 donor and IT-class small
molecule acceptors. Our results emphasize the need of careful
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consideration of interplay between the long-wavelength absorption and
the positions of the energetic levels to further improve solar cell effi-
ciencies. We show that a fast and efficient interfacial charge transfer
state formation requires an offset of about 300 meV between the LUMO
levels of donor and acceptor, assuming correct reported energy level
positions. On the other hand, even a small HOMO level offset is suffi-
cient for the ultrafast hole transfer from photoexcited acceptor mole-
cules, but efficiency of the CT state formation decreases at low HOMO
offsets. Efficiency of the CT state dissociation into a pair of separated
charge carriers also decreases at low HOMO offsets, which we attribute
to the back hole transfer causing incomplete carrier separation in CT
state.
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Thermally Activated Reverse Electron Transfer Limits
Carrier Generation Efficiency in PM6:Y6 Non-Fullerene

Organic Solar Cells

Rokas Jasitinas,* Huotian Zhang, Andrius DeviZis, Marius Franckevicius, Feng Gao,

and Vidmantas Gulbinas

Transient absorption and time-resolved fluorescence measurements in a wide
temperature range are used to investigate the mechanism of charge carrier
generation in efficient organic solar cells based on a PM6:Y6 donor-acceptor
blend. The generation mechanisms differ significantly under excitation of a
donor or acceptor. The investigations reveal a temperature-dependent inter-
play between the formation of interfacial charge transfer (CT) states and intra-
moiety CT states of the acceptor, their separation into free charge carriers and
carrier recombination. The efficient charge carrier generation is ensured by the
carrier separation over a small energy barrier, which is easily surmountable at
room temperature. However, the overall yield of charge carrier generation at
room temperature is reduced by the recombination of charge carriers due to
the thermally activated back transfer of electrons from the acceptor to the
donor via the highest occupied molecular orbit (HOMO) levels, which is
enabled by the small energy offset between HOMO levels of the donor and the

1.5AM illumination conditions due to
strong acceptor absorption, which is com-
plementary redshifted compared to a
donor.P# Moreover, high J,. values have
been demonstrated in NFA systems with
remarkably low HOMO energy offsets at
the donor-acceptor heterojunctions.’
Such low carrier generation reaction ener-
gies provide low voltage losses, typically
slightly above 0.5 V."*2 Moreover, non-
radiative voltage losses are suppressed in
NFA-based devices compared to fuller-
ene-based devices, due to the hybridization
of the interfacial charge transfer (CT) state
with the first excited state, which increases
the oscillator strength of the CT state via an
intensity borrowing mechanism.'” In

acceptor.

1. Introduction

Organic photovoltaic (OPV) technology has been gradually devel-
oping for few decades™ and has experienced unprecedented
improvement in recent years. The replacement of previously
used fullerene derivatives with novel organic molecules known
as non-fullerene acceptors (NFAs) has led to state-of-the-art
power conversion efficiencies (PCEs) of over 17% in binary bulk
heterojunction organic solar cells.”* NFA-based blends exhibit
short-circuit currents (Js) of over 25mAcm™? at standard
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other work, the enhanced radiative decay

efficiency in the NFA devices with negligi-

ble energy offset has been attributed to sta-

tionary-state equilibrium between excitons

and CT states,”® suggesting the use of
highly luminescent near-infrared emitters for high-efficiency
OPV devices.

In 2019, Zou et al. reported a novel NFA 2,20-((2Z,20Z)-
((12,13-bis(2-ethylhexyl)- 3,9-diundecyl-12,13-dihydro-[1,2,5]thia-
diazolo [3,4-ethieno [2,”30" :4',50]thieno [20,30:4,5]pyrrolo
[3,2-g]thieno [20,30:4,5]thieno [3,2-blindole-2,10-diyl) bis (metha-
nylylidene)) bis(5,6-difluoro-3-oxo-2, 3-dihydro-1H-indene-2,1-
diylidene)) dimalononitrile (Y6), by employing a ladder-type
electron deficient-core-based central fused ring with a benzothia-
diazole core.""! Matched with polymer donor poly[(2,6-(4,8-bis(5-
(219 ethylhexyl-3-fluoro) thiophen-2-yl)-benzo [1,2-b:4, 5-b0]
dithiophene))-alt-(5,5-(10,10  30-di-2-thienyl-50,70-bis(2-ethyl-
hexyl) benzo [10,20-c:40,50-c0]dithiophene-4,8-11  dione))]
(PMG), it became one of the best performing material combina-
tions in OPVs, not only in single junction, but also in ternary
configuration™® and even in upscaled modules."” In recent
years, several review articles have been devoted solely to the prog-
ress of the PM6:Y6 system."® 2! Although the technical aspects
of optimizing PM6:Y6 devices have been extensively covered,
there is a clear lack of a comprehensive understanding of the
physical basis of charge generation in these materials, which
is critical for further improving device performance and develop-
ing even better NFAs. For example, two major works,”*? which
scrutinize the photo-physics behind the operation of these PM6:Y6

© 2022 Wiley-VCH GmbH

138



ADVANCED
SCIENCE NEWS

E IRRL

www.advancedsciencenews.com

solar cells, reach somewhat different conclusions regarding the
role of temperature in electron-hole separation. Wang et al.*"
argue that temperature-assisted charge hopping is involved in
charge generation, whereas Perdigon-Toro et al.”? conclude that
the activation energy for dissociation of the CT states is extraordi-
narily low, at about 6 meV, and therefore photocurrent is effi-
ciently generated down to 100K. Notably, the studies were
limited to 200 and 75 K, lowest temperatures, respectively.

Here, we report a detailed investigation of the charge carrier
generation mechanism in the PM6:Y6 blend combining tran-
sient absorption (TA) and transient photoluminescence (tPL)
at various temperatures down to 15 K. The wide temperature
range has helped us to uncover previously undiscovered aspects
of charge generation in this state-of-the-art photovoltaic material.
We show that three distinctly different charge generation path-
ways coexist: one under excitation of the donor and two under
excitation of the acceptor. All of these pathways ensure efficient
charge carrier generation at room temperature (RT). However,
the final generation efficiency is reduced by the carrier recombi-
nation channel opened by the small offset between the HOMO
levels of donor PM6 and acceptor Y6.

2. Results

Figure 1 presents the main spectroscopic and electronic proper-
ties of PM6 and Y6 materials and their solar cells. The absorption

www.solar-rtl.com

spectra of this donor-acceptor pair ensure efficient absorption of
all visible and near IR light and result in a high short-circuit cur-
rent of over 23 mAcm 2 A small energy offset between the
HOMO levels of the donor and acceptor causes high open-circuit
voltage (Vo). The charge carrier generation efficiencies upon
light absorption by the donor and the acceptor are comparable,
but, as we will show, the generation pathways are very different.
We have investigated both pathways through TA studies of the
blend films and the pure donor and acceptor films. The blend
study was performed with two different excitation wavelengths
to ensure a dominant excitation of the donor or the acceptor.
Time-resolved photoluminescence spectroscopy was also used
to reveal additional details of the charge carrier generation
mechanism.

2.1. Transient Absorption: Excitation of the Donor

To investigate the generation of charge carriers in the PM6:Y6
blend upon excitation of a donor PM6, the donor was preferen-
tially excited with 560 nm light, which is only weakly absorbed by
the acceptor (see Figure 1). Figure 2a shows the time evolution of
the TA spectrum at RT. The black and brown dashed lines also
show the normalized TA spectra of the pure donor PM6 and pure
acceptor Y6 films, which clearly show the ground state absorp-
tion bleaching (GSB) bands of the respective materials. TA
spectrum of the blend shows the same bleaching bands at

au
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700
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Figure 1. a) Steady-state absorption spectra of the PM6:Y6 blend (black curve) and the neat PM6 and Y6 films (green and red solid curves) and photo-
luminescence spectra of the neat films (dashed curves). The light orange curve represents 1.5 AM solar irradiation spectrum. The arrows indicate the
wavelength used to excite the blend in the transient absorption (TA) measurements; b) J-V characteristics of the PM6:Y6 device. c) Chemical structure
and energy levels of PM6 and Y6 materials as measured by cyclic voltammetry (CV) (see Supporting Information for details and Figure S1, Supporting

Information, for CV curves).
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625-650nm and 820-860nm corresponding to the GSB of
donor PM6 (Dgsp) and acceptor Y6 (Agsg). Figure 2b,c shows
the kinetics of the GSB intensities of the two components at dif-
ferent temperatures. To avoid inaccuracies in the GSB signal
dynamics caused by the GSB band shift, the kinetics shown were
obtained by integrating the TA signal values in the 570-650 nm
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Figure 2. a) Evolution of the TA spectra of the blend at RT after excitation
with 560 nm laser pulse. The black and brown dashed curves show the
normalized TA spectra of donor and acceptor neat films 1 ps after excita-
tion with a 560 or 820nm laser pulse, respectively (see Figure S2,
Supporting Information, for full spectral dynamics). The solid light blue
curve indicates the electroabsorption spectrum of the blend; b) Kinetics
of ground state bleaching of the donor obtained by integrating the TA
spectrum in the donor absorption band region (570-650 nm);
<) Kinetics of the ground state bleaching of the acceptor, obtained by inte-
grating the TA spectrum in the acceptor absorption band region
(770-890 nm), and kinetics of the induced absorption of charge-separated
(CS) states, obtained by integrating the TA spectrum in the 750-775 nm
region.
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range for Dggp, and in the 770-890 nm range for Agsp. Next, to
avoid possible slight variations in excitation intensity at different
temperatures, the kinetics were corrected by normalizing the ini-
tial donor absorption bleaching intensity, based on the reason-
able assumption that the number of donor molecules initially
excited at a fixed excitation intensity is independent of tempera-
ture. Excitation of the donor leads to an immediate (within the
response time of the device) increase in the Dgsp signal, while
bleaching of the acceptor is slightly delayed (=1 ps), which is con-
sistent with the time required for complete electron transfer
from the excited donor (D*) to the acceptor to form an interfacial
CT state or a pair of free charge carriers (referred as CS [charge
separated]) with holes and electrons located in the donor and
acceptor domains, respectively. Thus, both CT and CS states cor-
respond to the ionized donor D* and acceptor A™. Notably, the
strong instantaneous Agsp signal component indicates that most
electrons are transferred from the excited donor to the acceptor
much faster than our time resolution of about 200 fs, which is
also typical for fullerene™?* and other non-fullerene
blends.” % The Aggp signal value is slightly lower at reduced
temperatures (by ~20% at 15 K [Figure 2c]), indicating that the
efficiency of CT state formation decreases slightly at low temper-
atures. Such a slight decrease is expected because the diffusion
lengths of the excitons are shorter at low temperatures and thus
the excitons cannot reach the D-A interface.*" Importantly, the
weak temperature dependence shows that the electron transfer
involved in the formation of the CT state is a barrierless process,
in agreement with the large difference between the lowest unoc-
cupied molecular orbit (LUMO) energies of the donor and accep-
tor (=0.6eV).

After the immediate appearance, the D¢gp decreases slightly
during the first 1ps, regardless of temperature. This decrease
occurs simultaneously with the final development of Agsp
and, thus probably reflects the difference between TA caused
by the D* and D states. A stronger TA, caused by D¥, is to
be expected, as stimulated emission may contribute to TA in
addition to Dgsp. Such a decrease may also be caused by the
rapid relaxation of fraction of the D* states to the ground state
(which is supported by the similar decay rate of a neat donor,
dotted curve as shown in Figure 1b). Importantly, the discussed
decay of the Dgsp, signal was identical at the reduced excitation
intensity (see Figure S3, Supporting Information), which
ensures that our measurements were performed within the limit
of low excitation intensity when the nonlinear intensity-
dependent recombination processes can be neglected. After
the slight decay, the Dggp increases again on a time scale of tens
of picoseconds, but this increase is less pronounced at low
temperatures. A similar increase was previously reported by
Wang et al. 2! and was vaguely attributed to an additional electro-
absorption (EA) component that enhances the Dggsp signal.
The EA signal is caused by alternated absorption of unexcited
molecules in the presence of induced local electric fields gener-
ated by the CT and CS states. The electric field in the CT state is
mainly confined between donor and acceptor molecules forming
the CT state and therefore has only a weak effect on neighboring
molecules. A larger distance between separated charge carriers in
CS states leads to expansion of the electric field area. Neutral
molecules appear in a strong electric field between and around
the charges and enhance the EA spectral signature. Therefore,
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the EA signal has been used as a probe to track the charge carrier
separation dynamics.**?

To verify the role of the EA in the formation of the TA spectra
and their dynamics in the given blend, we measured the EA spec-
tra induced by an external electric field (Figure S5, Supporting
Information). The shape of the EA spectrum with a small kink
at 22600 nm, the main D¢gp band at 630 nm, and the induced
absorption at 675 nm strongly resembles the measured TA spec-
tra, however, is blueshifted by about 20 nm. To illustrate this sim-
ilarity, the light blue curve in Figure 2a shows the spectrum of EA
redshifted by 20 nm. Such a shift can be caused by different EA
formation conditions under macroscopic and local electric fields.
The local fields mainly affect molecules that are close to the
donor-acceptor interfaces and may have slightly different spec-
tral properties. The local fields may also be much stronger than
the applied macroscopic field. Indeed, the measured EA spec-
trum tends to broaden and redshift with increasing electric field
strength (as shown in Figure $3, Supporting Information),
approaching the TA spectrum of the blend. Consequently, our
results confirm the hypothesis about the effect of EA on the
growth of the Dgsp signal and, more importantly, provide a tool
to probe the dynamics of CT state dissociation to CS state. An
alternative approach to probe the dynamics of the formation
of CS in the PM6:Y6 blend was proposed by Wang et al.,*!) where
the authors attributed the 750-790 nm induced absorption band
to the absorption of CS states or, more specifically, to the holes in
PMG. Though, our data suggest that an attribution to the absorp-
tion of holes is rather rash: there are several different constitu-
ents in the 750-790 nm range, originating from the A*, D¥, EA,
CT, and CS states; therefore, this band might be only phantom-
like and originate from a changed equilibrium between these
constituents during charge separation. Nevertheless, we agree
with authors of ref.[21] that the intensity of this band is roughly
proportional to the CS state concentration. The dynamics of CS
state formation and its temperature dependence, which results
from the dynamics of this band intensity, is shown in
Figure 1c. On the time scale of 1-100 ps, it closely matches the
increasing Dggp signal at all temperatures, which is also due to
the fact that the CS state formation increases the EA signal.

Although an accurate quantitative assessment of charge sepa-
ration efficiency based on the spectral features described earlier
is problematic, we can reasonably assume that the CS state for-
mation rate is roughly proportional to the increase rate of these
spectral features and therefore apply the Arrhenius formalism to
estimate the barrier to the formation of the CS state. The proce-
dure for evaluating CS state formation rate is illustrated in SI
Figure S4, Supporting Information (SI), together with the
Arrhenius plot obtained. Arrhenius plot deviates strongly from
the linear dependence. At 300 and 180 K, we obtain an activation
energy of ~14 meV, while at lower temperatures activation ener-
gies are lower. Nevertheless, the deduced low activation energy is
in reasonable agreement with the value of 6 meV reported by
Perdigon-Toro et al.”Z! Such low activation energy was explained
by the electrostatic bias potential arising from the large quadru-
polar moments of Y6 and the specific acceptor-donor-acceptor
molecular architecture that compensates for the Coulomb bond-
ing of the CT state. Our data show that the formation rate of CS
states at low temperatures is much larger than predicted by
Arrhenius dependence. The 15 K used in our work corresponds
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to a kT of ~1 meV, at which even a marginal barrier of a few meV
for the dissociation of the CT state can hardly be overcome. It
should be noted that, according to the CS kinetics presented
in Figure 2c, most CS states are generated during a several pico-
seconds after excitation, especially at 15 K. It hints that CT state
dissociation occurs at least in part from non-equilibrated (hot) CT
state, similar to what is observed in some fullerene-based solar
cells.**) A higher degree of delocalization of the hot CT exci-
tons compared to the relaxed ones increases the probability of
charge dissociation.®®! Such hot-state dissociation together with
a low activation energy explains the very weak temperature
dependence of the CS state formation.

The TA dynamics during 0.1-2 ns deserves special attention.
The simultaneous decay of donor and acceptor bleaching bands
shows that the charge carrier recombination takes place in this
time range. Recombination is the most pronounced at RT, but
does not occur or is much weaker at 180 K and regains signifi-
cance at very low temperatures. This process reduces the electron
and hole densities by about 10% during 2 ns at RT. The enhanced
recombination at very low temperatures can be explained by the
fact that large fraction of CT states does not split into CS states.
Therefore, CT states eventually recombine by the retransfer of
electron from the LUMO of the acceptor to the HOMO of the
donor. This process becomes less efficient at higher tempera-
tures, when the CT states split into CS states more rapidly.
However, this mechanism also predicts that carrier recombina-
tion at RT should be particularly weak when the CT states split
very quickly. The rapid recombination at RT therefore suggests
that there is an additional, thermally-activated recombination
channel. Considering a small energy offset of ~150 meV
between the HOMO levels of donor and acceptor, there could
be a thermally activated reverse electron transfer from HOMO
of the acceptor to HOMO of the donor (it may also be considered
as a reverse hole transfer), producing the A* state of the acceptor.
This channel may also cause recombination of already generated
charge carries if they geminately or non-geminately recreate CT
states. Since the relaxation of the excited acceptor Y6 (as
discussed later) is much faster than the direct recombination
(relaxation) of the CT state, this reverse transfer process creates
an additional recombination channel activated at RT.

2.2. Excitation of the Acceptor

Let us now examine the path of charge generation by excitation of
acceptor Y6. Figure 3a shows the time evolution of the TA spec-
trum of the PM6:Y6 blend excited at 820 nm at RT. The instan-
taneous (within experimental resolution) Agsp signal is followed
Dby a two-phase Dgsp, signal growth (Figure 3b,c). The fast phase,
which is limited by our time resolution, accounts for about 40%
of the total Dggp signal at RT. We assign it to conventional direct
hole transfer from the excited acceptor (A*) to the donor, which
forms identical interface CT states as in the case of excitation of a
donor. The remaining ~60% of the Dgsp, evolves on a timescale
of several hundreds of picoseconds. According to Wang et al.,*!]
this slow hole transfer channel is mediated via peculiar intra-
moiety CT state (xCT) of an acceptor, which forms at RT during
~0.2 ps and dissociates into free polarons within ~15 ps. Our
data are consistent with this interpretation. Accordingly, we
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Figure 3. a) Evolution of the transient absorption spectra of the PM6:Y6
blend after 820 nm laser excitation. The black and brown dashed curves
show the normalized TA spectra of donor and acceptor neat films 1ns
after 560 or 820 nm excitation, respectively. The light blue curve shows
electroabsorption spectrum; b) Donor ground state bleaching kinetics
obtained by integrating the TA spectrum in the donor absorption band
region (570-650nm). c) Acceptor ground state bleaching kinetics,
obtained by integrating TA spectrum in the acceptor absorption band
region (770-890 nm).

attribute the slow Dgsp growth phase to delayed hole transfer
from the xCT state or from free electron-hole pairs formed in
the acceptor. An additional contribution to the Dggp growth
may come from the formation of CS states. This process is sup-
ported by the delayed (=10 ps) appearance of a kink at 570-
625 nm (Figure 3a) in the TA signal, which is specifically char-
acteristic of EA spectra and absent in the initial Dggp signal.
However, the contribution of EA can hardly be greater than in
the case of donor excitation, resulting in a Dgsp growth by about
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20% at RT. Therefore, most of the growth should still be attrib-
uted to delayed hole transfer mediated by xCT states.
Importantly, Dgsp growth slows at low temperatures and is mar-
ginal at 15 K, indicating that hole transfer mediated by xCT states
requires thermal assistance.

The evolution of TA on a timescale of hundreds of picosec-
onds and a few nanoseconds is very similar to that observed
under excitation of the donor: we observe a decay of the entire
TA spectrum at RT, which disappears at a temperature reduced
to 240K, but is observed again at even lower temperatures.
Consequently, both donor and acceptor excitation lead to approxi-
mately the same system state during about 100 ps. This state is com-
posed of the CT and CS states, with the ratio depending on the
temperature. As with donor excitation, the observed TA decay at
RT should be attributed to the reverse electron transfer to the donor.

2.3. Transient Photoluminescence

To confirm the earlier made conclusions and to further elucidate
the mechanisms of charge carrier generation, we have performed
tPL studies with a temporal resolution of less than 5 ps. We used
an excitation wavelength of 515 nm, which predominantly excites
the donor, although weak excitation of the acceptor is also pres-
ent. It was shown in ref[37] that the CT state manifold in the
PM6:Y6 blend emits only very weakly and is even referred to
as dark. Therefore, we can state that PL originates only from
neutral-excited singlet states of donor and acceptor (D* and A*),
so that the intensity of PL unambiguously represents the concen-
trations of D* and A*. Figure 4a shows the temporally (0-120 ps)
integrated PL spectra of the blend at different temperatures.
Despite the dominant excitation of the donor, the time-integrated
PL of the donor is very weak and changes only slightly with
temperature, which is in good agreement with the rapid and bar-
rierless formation of interfacial CT states.

In contrast, the PL intensity of the acceptor is much stronger
and decreases sharply with temperature. Zhu et al. have recently
demonstrated that the photoluminescence intensity of pure Y6
film also decreases at lower temperatures.*® This unconven-
tional behavior was explained by the assumption that strong
polarization effects reduce the energy of the charge-separated
state (xCT) even below that of the lowest excited singlet state,
resulting in effective charge separation within the Y6 material.
The fluorescence of Y6 is attributed to thermal repopulation
of the A* state—a kind of thermally activated luminescence
(TAL) with an activation energy of ~185meV, which is easily
overcome at RT, but strongly hinders exciton reforming and thus
luminescence at lower temperatures. We observe a similar trend
in blend, where PL intensity decreases about threefold when the
temperature is reduced from RT to 60K (see Figure 4a), and
remains stable at lower temperatures. However, this decrease
is much weaker than the ~20-fold PL decrease in the pure Y6
film (Figure 4b).

The PL kinetics of Y6 in the neat film and in the PM6:Y6 blend
presented in Figure 4c explain the mentioned difference in tem-
perature dependence (Figure S6, Supporting Information, shows
the decay kinetics at more temperature points). At very low tem-
peratures, PL of the neat Y6 film and the PM6:Y6 blend decays
identically, indicating that only intramolecular processes in Y6,
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Figure 4. Temporally integrated (0-120 ps) photoluminescence spectra of a) PM6:Y6 blend and b) Y6 film at various temperatures after excitation with a
515 nm laser pulse. The green and black dashed curves in (a) indicate the photoluminescence spectra of the neat PM6 and Y6 films; c) Y6 and Y6-in-blend

photoluminescence kinetics at various temperatures.

namely the barrierless formation of nonfluorescent xCT states
determines the PL decay. At 180K and higher temperatures, a
slow PL component appears in the neat Y6 film due to thermal
repopulation of the A* state and causes a dramatic increase in the
steady-state PL as shown in Figure 4b. While at high tempera-
tures, the PL decay of the blend becomes much faster than that
of the neat Y6 because hole transfer from the xCT state to the
donor rapidly decimates the xCT state population and prevents
the repopulation of the A* state, thus mitigates the increase of
the steady-state PL intensity with temperature making it less
impressive than in the pure Y6 film. This agrees well with the
TA kinetics of the blend under excitation of the acceptor, which
shows that only the ultrafast PM6 bleaching component caused by
hole transfer from the “hot” A* state takes place at very low tem-
peratures, while at higher temperatures PM6 bleaching related to
the hole transfer continues for hundreds of picoseconds.

3. Carrier Generation and Recombination Model

The schematics shown in Figure 5 summarize the experimental
data and show the main electronic processes that occur in the
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solar cell during the first few nanoseconds under excitation of
the donor and acceptor. Black arrows show processes that do
not require thermal activation, while red arrows show thermally
activated processes. As it is shown, the formation of the CT states
does not require thermal assistance under either donor or accep-
tor excitation. Moreover, some of the D* (or A*) states that are
not yet in equilibrium form CS even without thermal assistance
in a time scale of less than one picosecond (denoted as (a)). In
contrast, the formation of the CS states from equilibrated CT
states requires thermal assistance and stops almost completely
at 60K (b). Excitation of the acceptor also leads to additional,
temperature-independent formation of the xCT state during a
few picoseconds (c). However, the subsequent formation of
CS states requires thermal assistance (d). Consequently, the gen-
eration of free charge carriers occurs by a temperature-indepen-
dent process from non-equilibrated D* and A* states (a) and by
thermally activated separation of CT (b) and xCT (d) states. The
solid black arrows show the non-radiative recombination path-
ways (e). The partial recovery of the acceptor absorption on an
nanoseconds time scale at temperatures below 180K, when
the reformation of A* and the formation of the CT state do
not occur (see Figure 2 and 3), indicates the presence of a
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Figure 5. Schematic representation. Explanation in the text.

temperature-independent relaxation channel of the xCT state to
the acceptor ground state. This is a loss channel but is less effi-
cient at higher temperatures when the formation of the CT state
and the reformation of the A* state are present. The xCT state is
also subject to recombination through the reformation of the A*
state. This pathway is represented by the TAL. However, the TAL
signal decays much faster in the blend at RT than in the pure Y6
film, so this loss channel is obviously not significant.

The thick dark orange curves (f) show the reverse electron
transfer to the donor (or hole transfer to the acceptor) opened
by a small HOMO level offset that reopens the e-h recombina-
tion pathway in the acceptor and creates an additional channel for
the solar cell efficiency loss.

4. Conclusions

In this work, we have investigated the mechanism of charge car-
rier generation in PM6:Y6 bulk heterojunctions using TA and
tPL at temperatures ranging from 295K down to 15 K. There
are different pathways of charge carrier generation and recom-
bination that depend on either excitation of the donor or accep-
tor. When the donor is photoexcited, the generation of interfacial
CT excitons is almost temperature independent, while their
separation into free charge carriers is highly suspended at low
temperatures and dominated by ultrafast separation from non-
equilibrated interfacial CT state. When an acceptor is excited,
charge carrier generation occurs via two different pathways:
the interfacial CT state and the intra-moiety xCT state, and both
pathways contribute about equally at RT. The conventional path-
way is almost temperature independent, whereas charge carrier
generation via the xCT state requires thermal assistance. Charge
carrier recombination also occurs via thermally independent
recombination of interfacial CT and xCT states, and via thermally
activated reverse electron transfer from the acceptor to the donor,
which is related to the small HOMO level offset and restores the
singlet exciton state of the acceptor. The latter channel is the
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most significant at RT and causes a loss of charge carrier gener-
ation efficiency of more than 10%. Consequently, a small energy
offset between the HOMO levels of donor and acceptor opens an
additional loss channel. This relaxation pathway requires a subtle
balance between minimizing the HOMO level offset, which
increases Voc but causes current losses due to reverse electron
transfer.
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