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"O correr da vida embrulha tudo. A vida é assim: esquenta, esfria,
aperta e dai afrouxa, sossega e depois desinquieta. O que ela quer da
gente é coragem.”

— Joao Guimaraes Rosa, Grande Sertao: Veredas (1956)



Abstract

Organic solar cells (OSCs) are part of an emerging renewable energy
technology that offers a low-cost, flexible, and lightweight alternative
to conventional photovoltaics. Record power conversion efficiencies of
OSCs have exceeded 20% to date. With the continuous development of
new electron donor and acceptor materials through molecular design,
new challenges arise in controlling and characterizing the active layer

morphology.

This thesis addresses these challenges by investigating the factors that
govern the molecular orientation and nanostructure in donor-acceptor
systems, while critically evaluating the strengths and limitations of the
applied characterization techniques. Angular dependent Near-Edge X-
ray Absorption Fine Structure (NEXAFS) spectroscopy of spin-coated
films of Y-type small molecule acceptors revealed that solvent-solute
interactions strongly influence molecular orientation during film for-
mation, with chloroform promoting preferential face-on orientation of
the Y-type acceptor, while less suitable solvents led to pre-aggregation

and non-oriented films.

This study was extended to polymer acceptors and donor-acceptor
blends. Nitrogen K-edge NEXAFS spectroscopy was introduced as an
element-selective probe that enables component-specific determina-
tion of molecular orientation of the acceptor polymer in multicompo-
nent systems, as well as depth-dependent analysis through comple-
mentary detection modes. Moreover, the sulfur L.-edge was evaluated
as a sulfur-selective probe for thiophene-based semiconductors, not
only for molecular orientation analysis but also for unveiling aspects of
the underlying electronic structure, thereby providing a basis for future

studies of charge dynamics.

il



Sequential deposition was explored as a strategy to control vertical
phase separation, enabling inversion of donor-acceptor stratification

while preserving molecular orientation.

Finally, complementary AFM-based techniques were applied to corre-
late nanoscale morphology in donor-acceptor blend films with local
mechanical and electrical properties, highlighting both the capabilities
and challenges in the interpretation of such results for finally mixed

non-fullerene-based blends.

Overall, this work emphasizes that understanding morphology in or-
ganic solar cells requires combining element-selective spectroscopy
with nanoscale characterization methods. These results advance the
understanding of how processing conditions govern molecular orienta-
tion and nanoscale structure, while establishing a more robust frame-
work for probing these properties in complex organic photovoltaic sys-

tems.
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Sammanfattning

Organiska solceller (OSC:er) utgor en del av en framvaxande fornybar
energiteknik som erbjuder ett alternativ till konventionell fotovoltaik
med lag kostnad, samtidigt som dessa solceller ar flexibla och har lag
vikt. Rekordhoga verkningsgrader rorande effekten for OSC:er 6versti-
ger idag 20 %. Med den kontinuerliga utvecklingen av nya elektrondo-
nator- och acceptormaterial genom molekylar design uppstar nya ut-
maningar nar det galler att kontrollera och karakterisera morfologin i

det aktiva lagret.

Denna avhandling behandlar dessa utmaningar genom att undersoka
de faktorer som styr den molekylara orienteringen och nanostrukturen
i donator—acceptorsystem, samtidigt som styrkorna och begransning-
arna hos de anvianda karakteriseringsteknikerna kritiskt utvarderas.
Vinkelberoende Near-Edge X-ray Absorption Fine Structure
(NEXAFS)-spektroskopi pa spincoatade filmer av smamolekylara ac-
ceptorer av Y-typ visade att interaktioner mellan det 10sta amnet och
losningsmedlet starkt paverkar den molekyldara orienteringen under
filmbildningen, dar kloroform framjade en preferentiell face-on-orien-
tering hos acceptorn av Y-typ, medan andra losningsmedel ledde till en

mindre lamplig preaggregering och icke-orienterade filmer.

Studien utvidgades till polymeracceptorer och donator—acceptor-
blandningar. NEXAFS-spektroskopi vid kvavets K-kant introducera-
des som en elementselektiv prob som mgjliggor komponentspecifik be-
stamning av den molekyldra orienteringen hos acceptorpolymeren i
multikomponentsystem, samt djupberoende analys genom komple-
mentara detektionsmoder. Vidare utvarderades svavlets Li-kant som

en svavelselektiv prob for tiofenbaserade halvledare, inte bara for

v



analys av molekylar orientering utan ocksa for att belysa aspekter av
den underliggande elektroniska strukturen, och darmed skapa en

grund for framtida studier av laddningsdynamik.

Sekventiell deposition undersoktes som en strategi for att kontrollera
vertikal fasseparation, vilket mojliggjorde en inversion av donator—ac-
ceptor-stratifieringen samtidigt som den molekylara orienteringen be-

varades.

Slutligen tillampades komplementira AFM-baserade tekniker for att
korrelera morfologin pa nanoskala i filmer av donator—acceptorbland-
ningar med lokala mekaniska och elektriska egenskaper, vilket belyser
bade mojligheterna och utmaningarna i tolkningen av sadana resultat

for fint blandade icke-fullerenbaserade filmer.

Sammantaget betonar detta arbete att forstaelsen av morfologi i orga-
niska solceller kraver en kombination av elementselektiv spektroskopi
och karakteriseringsmetoder pa nanoskala. Dessa resultat ger mojlig-
het till 6kad forstéaelse for hur processbetingelser styr molekylar orien-
tering och struktur pa nanoskala, samtidigt som de etablerar ett mer
robust ramverk for att undersoka dessa egenskaper i komplexa orga-

niska fotovoltaiska system.
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1 Introduction

In the face of growing global energy demands and the pressing need to
mitigate the most detrimental scenarios of climate change, the need for
utilizing sustainable and renewable energy sources has never been
more critical. According to the “World Energy Outlook 2025” report by
the International Energy Agency (IEA), 79% of the world’s primary en-
ergy supply is still derived from fossil fuels [1]. Additionally, the strong
rebound in economic activity and CO- emissions following the COVID-
19 pandemic, followed by the energy crisis triggered by the Russian in-
vasion of Ukraine, has aggravated climate change by accelerating CO-
emissions and temperature rise [2]. Within this context, limiting global
warming to 1.5 °C above the pre-industrial levels has become urgent.
Even in the IEA s Net Zero Roadmap! scenario, global temperatures
are projected to temporarily rise to approximately 1.65 °C before de-
clining to 1.5 °C by 2100. However, returning warming to 1.5 °C will
only be possible through immediate reduction in greenhouse gas?
emissions. These projections highlight the urgent necessity of acceler-
ating the transition from fossil fuels to renewable energy systems.

On the other hand, in Europe, the urgent need to reduce dependence
on Russian gas has boosted the green transition. Solar energy has great
potential to be one of the main players in the electrification of society.
The Sun is the most abundant energy resource on Earth — 173000
terawatts of energy strikes the Earth continuously. That’s more than
10000 times the world”s total energy needs. In contrast, for example,
wind as a resource has a potential of 4000 GW [3]. In addition to its
vast theoretical potential, solar photovoltaics (PV) have recently be-
come the leading renewable energy source in terms of installed capacity
[4]. However, the rapid expansion of manufacturing has led to signifi-
cant overcapacity, resulting in sustained price reductions and in-
creased pressure across the photovoltaic industry [5].

1 The Net Zero road map is a strategic plan aimed at reducing greenhouse gas emissions to net zero by
a specific target year, nowadays 2050.

2 Greenhouse gases are gases that trap heat in the atmosphere including carbon dioxide, methane,
nitrous oxide and fluorinated gases.



Specifically, in terms of electricity production, solar energy can be con-
verted directly into electricity by the photovoltaic effects. The first pho-
tovoltaic device was a silicon solar cell invented by researchers at Bells
laboratories in 1954, with 4,5% efficiency [6]. Since then, photovoltaic
devices have evolved, and different types of technologies have been de-
veloped. Currently, wafer-based crystalline silicon (c-Si) technologies
account for more than 98% of the overall cell production; the single
crystalline cells, feature commercial efficiencies between 20% and 25%
[7]. A major development in photovoltaic research is the integration of
perovskite absorber with c-Si in tandem devices. Perovskite/silicon
tandem solar cells have achieved record efficiencies exceeding 33%,
demonstrating significant potential to surpass the theoretical limits of
single-junction silicon cells [8].

Organic solar cells (OSCs), classified among the third generation, have
attracted considerable attention as lightweight, mechanically flexible,
and potentially low-cost photovoltaic devices [9]. Typically, an OSC
consists of a photon absorber layer (active layer), sandwiched between
two electrodes. The active layer is composed of polymers and/or small
molecules that act as electron donors and acceptors. The concept of
OSCs was first introduced in 1959 by Kallmann and Pope with a single-
layer device [10]. They used an anthracene single crystal as the active
layer placed between two metal electrodes with different work func-
tions. However, at the time, single-layer devices had very low efficien-
cies (<1%), due to not only the low dielectric constant of the organic
semiconductors, which limited exciton dissociation, but also to the nar-
row absorption range of anthracene in the visible spectrum. Excitons,
which are electron-hole pairs created when light is absorbed, need to
be efficiently dissociated into charge carriers to generate electrical cur-
rent.

Then, in 1986, Tang introduced the organic bilayer or planar hetero-
junction (PHJ), where the active layer was composed of two different

3 The photovoltaic effect consists in the process by which light is converted into electricity. This phe-
nomenon was discovered in 1839 by the French physicist, Alexandre Emond Becquerel.



materials, i.e. electron donor and electron acceptor materials [11]. The
built-in electric field, resulting from the energy level offset between do-
nor and acceptor materials, promoted a more efficient exciton dissoci-
ation. However, there was still another issue to face: the exciton diffu-
sion length. The exciton had to travel distances exceeding their diffu-
sion length to reach the donor/acceptor interface, leading to significant
charge recombination and resulting in low conversion efficiencies. A
major breakthrough came with the discovery of ultrafast photoinduced
charge transfer between conjugated polymers and fullerene derivatives
by Sariciftci and co-workers [12], demonstrating that efficient charge
separation could occur at donor-acceptor interfaces on ultrafast time-
scales. This finding highlighted the importance of maximizing interfa-
cial area within the active layer. After that, another breakthrough was
the introduction of the bulk heterojunction (BHJ) by Heeger’s group
and Friend’s group [13, 14]. The bulk heterojunction consists of a do-
nor-acceptor blend with a phase-separated nanostructure that pro-
vides a high interfacial area for charge separation. The bulk heterojunc-
tion is now known as the conventional OSC device.

Recently, looking for further morphology optimization of the active
layer to achieve the ideal bulk heterojunction, researchers started to
explore the sequential deposition method [15]. Unlike bulk heterojunc-
tion, which exhibits disordered morphology, the goal here is to create
an intermixed donor-acceptor region sandwiched between donor-rich
and acceptor-rich phases. Additionally, researchers have been working
on synthesizing organic semiconductors with a higher dielectric con-
stant, which reduces the exciton binding energy. However, the higher
dielectric constant can lead to compatibility issues during the solution
processing due to the increased polarity of the materials. Nevertheless,
it is expected that shortly, with the development of materials with very
high dielectric constant, efficient single-layer organic devices will be a
possibility. The historical evolution of the OSC structure and current
prospects reveal a tendency to revisit the early structures but with ad-
vanced materials based on what has been learned so far (Figure 1).



Figure 1. Overview of OSCs structure evolution and prospects.

In recent years, power conversion efficiencies exceeding 20% have
been achieved through advances in non-fullerene acceptor-based sys-
tems, together with continued optimization of device architecture, pro-
cessing conditions, and interlayers, in particular the hole-transport
layer [16-21]. While this marks significant progress compared to earlier
OSCs, these efficiencies remain lower than those of commercialized sil-
icon solar cells, which can exceed 26%. Rather than replacing silicon
technology, OSCs have the potential to complement it by offering ad-
vantages such as flexibility, lightweight designs, solution processabil-
ity, and compatibility with a wide range of applications, and by being
integrated with silicon in tandem solar cells. Progress in the field of
OSCs depends on various key factors, some of which are: i) the design
and synthesis of new organic semiconductors, ii) transition to more en-
vironmentally friendly solvent iii) the optimization of the device struc-
ture, iv) the deep understanding of device physics, v) operational sta-
bility, vi) upscaling and vii) fabrication costs [22, 23]. Specifically, re-
garding aspect iii), morphology plays an important role in determining
the efficiency of the device. For example, in the case of the conventional
BHJ, the arrangement and distribution of donor and acceptor materi-
als within the active layer influence the pathways for charge transport
and the efficiency of the exciton dissociation.

For solution-processed OSCs, controlling morphology involves consid-
ering the intrinsic properties of donor and acceptor materials as well as
parameters used for film processing. Researchers have employed strat-
egies such as solvent choice, solvent additives, annealing conditions



(thermal and solvent vapor), spin-coating speed, and concentration of
the active layer solution to fine-tune the nanoscale arrangement and
phase-separation of materials. Optimizing the morphology relies on
the ability to resolve the structural and compositional properties on the
nanoscale, which requires advanced characterization techniques, such
as Atomic Force Microscopy (AFM), Transmission Electron Micros-
copy (TEM), Scanning Electron Microscopy (SEM), Time-of-Flight Ion
mass spectrometry (ToF-SIMS), Grazing Incidence Wide Angle X-ray
scattering (GIWAXS), and Near Edge X-ray Spectroscopy (NEXAFS).
When combined, these techniques can provide detailed insights into
nanoscale morphology, material distribution, and molecular orienta-
tion.

With the available characterization techniques, resolving nanoscale
morphology and its relation to nanoscale electronic properties remains
challenging in multicomponent donor-acceptor blends, in the context
of the rapid advances in materials design. While several methods pro-
vide structural or compositional information, a critical understanding
of the strengths and limitations of each technique is required to extract
meaningful structure-property relationships.

The overall goal of this thesis is to advance the understanding of how
processing parameters influence the final morphology of the active
layer in organic solar cells, with particular emphasis on molecular ori-
entation. A central objective is to investigate how the choice of solvent,
deposition method, and post-treatments affects the final molecular ori-
entation of individual materials in multicomponent donor-acceptor
systems. It also aims to investigate how nanoscale morphology and lo-
cal photovoltaic response vary across the active layer, allowing the
identification of inhomogeneities in photocurrent generation that are
not accessible from macroscopic device measurements. Finally, the
thesis aims to establish a more robust framework for probing these
properties in modern organic photovoltaic systems by evaluating the
strengths, limitations, and opportunities of advanced characterization
techniques.



2 Organic Photovoltaics

2.1 Organic semiconductors

Organic semiconductors are carbon-based materials that rely on con-
jugated m electron systems for electronic conduction. m-electron sys-
tems arise from the overlap of p orbitals and may be localized or delo-
calized between adjacent atoms. Delocalization is commonly observed
in conjugated molecules with alternating single and double bonds. To
understand the distinct electrical properties of organic semiconduc-
tors, one can start by examining the electronic structure of carbon. Car-
bon in its elementary form has 6 electrons, which are distributed in the
electronic structure as 1s2, 2s2, 2p2. However, when bonding to other
atoms, a lower energy state is achieved by the hybridization between 2s
and 2p atomic orbitals. Hybridization involves the combination of one
s orbital and one, two, or three p orbitals to form new hybrid orbitals
sp, sp?, and sp3, respectively [24]. These different hybridizations lead
to the formation of different types and numbers of bonds, specifically
m and o. The molecular orbitals (MOs) associated with = and o bonds
are formed through the linear combination of atomic orbitals. These
orbitals arise from constructive or destructive overlap of atomic orbit-
als, resulting in bonding (lower energy) or antibonding (higher energy)
character [24].

Let’s consider the examples of ethane (C:Hs), ethene (C-H,), and
ethyne (C2H-) to illustrate this (Figure 2). In the case of ethane (Figure
2.a), each carbon atom undergoes sp3 hybridization, forming four o
bonds; three of them with hydrogen atoms and one with the other car-
bon atom. On the other hand, ethene (Figure 2.b) is formed through
the sp2 hybridization of each carbon atom, which results in three o
bonds and one 7 bond; two of those g bonds with hydrogen and one ¢
and one m bond between the carbon atoms. In the case of ethyne
(Figure 2.c), each carbon undergoes sp* hybridization, resulting in two
7 bonds between carbon atoms: one ¢ bond with the other carbon and
one o bond with hydrogen. Additionally, Figure 2.d shows the MOs en-
ergy diagram for the ethene molecule; the overlapping of two unhybrid-
ized 2p. atomic orbitals results in a bonding = molecular orbital (m MO)
and one antibonding 7 *MO. In the case of this molecule, the highest



occupied molecular orbital (HOMO) is the # MO, and the lowest unoc-
cupied molecular orbital (LUMO) n* MO. The electronic structure of
Ethene will be revisited in section 4.2, as an example to discuss a char-
acterization technique that provides information about electronic
structure and molecular orientation. Ethene is also a fundamental
building block in conjugated systems, such as the benzene ring, which
forms the basis of many aromatic molecules and conjugated polymers

Figure 2. Molecules formed by the combination of two carbons and different numbers of
hydrogen atoms, depending on the degree of hybridization a) ethane, when the two carbon
atoms undergo sp3 hybridization, b) ethene, in the case of sp2 hybridization, and c) ethyne
in the case of sp1 hybridization d) shows the energy MOs diagram of ethene, for exemplifi-
cation. In e) a simplified polyacetylene structure (double bonds and hydrogen atoms are
not shown) shows the p: orbitals located perpendicular to the trigonal plane, which overlap
forming the m-system; in this configuration, the electrons are delocalized and loosely
bound.

Ethene, also known as ethylene, is the building block for polyacetylene,
one of the first and simplest conjugated polymers [25]. The conjugated
carbon chain, characterized by the alternating single and double-bond
structure, is the distinguishing feature of all conductive polymers and
molecules [26]. To promote the formation of the polyacetylene, each
carbon atom undergoes sp2 hybridization. Three of the four valence
electrons form ¢ bonds: two between carbon atoms and one with a hy-
drogen atom. The fourth electron is located in the p. orbital of each



carbon atom. The overlapping of the p- orbitals from each carbon atom
forms the n-system, which extends above and below the sp2. In this
configuration, the m system is half-filled (one electron per carbon
atom), leading to the expectation that polyacetylene would behave as a
metal. However, as predicted by Peierls, such a one-dimensional half-
filled system is unstable due to the interaction between electrons and
phonons within the polymer [26].

To achieve a more stable configuration, the polymer adopts a structure
with alternating longer single and shorter double bonds along the
chain. This results in the formation of bonding (7) and antibonding
(7r*) that are separated by an energy gap (around 1.5 eV for trans-pol-
yacetylene [27]), which gives rise to its semiconducting behavior. This
energy gap, corresponding to the difference between the highest occu-
pied and lowest unoccupied molecular orbitals, is typically in the range
of 1-3 eV for organic semiconductors [28].

The electronic structure and, consequently, resulting properties of or-
ganic semiconductors are rather complex. The role of conjugation in
one-dimensional polymers, such as polyacetylene, has been extensively
studied, as the delocalization of n-electrons along the polymer back-
bone is crucial for enabling efficient charge transport and electronic
conductivity. However, predicting the final electronic structure of more
complex structures that would include other atoms such as oxygen, ni-
trogen, and sulfur is not as straightforward.

2.2 Physics of Organic Solar Cells

In the previous section, the electronic structure of organic semiconduc-
tors was described as a carbon-based m-conjugated system, character-
ized by an energy gap between the HOMO and LUMO of the material.
Despite the semiconducting properties, organic semiconductors differ
significantly from inorganic semiconductors. In particular, light ab-
sorption in organic semiconductors typically leads to the formation of
strongly bound electron-hole pairs, known as excitons, rather than free
charge carriers. In inorganic semiconductors, exciton binding energies
are low, and thermal energy at room temperature (kzT = 25 meV) is



often sufficient to dissociate them [29]. However, in organic materials,
excitons remain strongly bound due to the low dielectric constant. This
strong Coulombic binding significantly affects the charge generation
process, as additional energy or a driving force is required to dissociate
excitons into free charges. This behavior is closely related to differences
in material properties. For instance, the dielectric constant4 (¢,) of
common inorganic semiconductors such as silicon, germanium, and
gallium arsenide ranges from approximately 10 to 12 [30]. In contrast,
organic semiconductors have a dielectric constant of about €, ~ 3 to 4
[31], resulting in a weaker screening of Coulombic interactions. The
first organic solar cells (see section 1), characterized by a single-layer,
sandwiched configuration, relied on the difference in work functions of
the two electrodes for the exciton dissociation. However, the driving
force was insufficient, resulting in very low-efficiency devices (<1%).

To overcome this problem, Tang [11] proposed in 1986 a two-layer or-
ganic solar cell consisting of a planar heterojunction of donor and ac-
ceptor materials. The effectiveness of the exciton dissociation at the do-
nor/acceptor interface in the active layer was associated with a high
built-in field of unknown origin. Subsequent studies revealed that an
energetic offset between the donor and acceptor LUMO levels plays a
crucial role in facilitating exciton dissociation [32]. However, this offset
must be carefully balanced, as an excessive LUMO offset leads to en-
ergy losses and reduces the open circuit voltage (Voc). At the time, an
optimal LUMO offset was proposed to balance exciton dissociation ef-
ficiency and minimize Voc loss.

Despite the improved exciton dissociation, the efficiencies of early bi-
layer OSCs remained limited by several factors, including short exciton
diffusion length, the restricted interfacial area for exciton dissociation,
and recombination losses. While charges were effectively separated at
the interface, the long path to the respective electrodes resulted in high
recombination rates. This limitation was addressed more effectively
later by the introduction of the bulk heterojunction (BHJ) concept,

4 Dielectric constant measures how easily charges are displaced in a material in response to an electric
field.



where the donor and acceptor are distributed throughout the active
layer, reducing the distance that charges must travel to reach the elec-
trodes.

The development of blending techniques further enabled the pro-
cessing of the active layer from a single solution containing both donor
and acceptor materials. This not only simplified the fabrication process
but also facilitated the formation of the interpenetrating networks nec-
essary for efficient charge generation and transport. The ideal mor-
phology and its role in fabricating an efficient device will be discussed
in the following section 2.3.

Figure 3.a shows the structure of a conventional OSC, which is com-
posed of an active layer sandwiched by two electrodes. In this layered
structure, the current flow is perpendicular to the semiconductor sur-
face. The active layer is the absorbing layer where the photoelectrical
process occurs, leading to the generation of charges [33]. The active
layer consists of a mixture of at least two types of molecules: one elec-
tron-donor and one electron-acceptor. For the anode electrode respon-
sible for the hole collection, a transparent conductive oxide such as in-
dium-tin-oxide (ITO) glass is typically used. The cathode electrode, re-
sponsible for the electron collection, should have a low work function
to facilitate the electron collection. The simplest option of cathode con-
sists in a calcium layer covered by aluminum. In addition, an electron
transport layer (ETL) and a hole transport layer (HTL) are used to se-
lectively extract the free electrons and holes.

Specific focus will now be given to the active layer, composed of two
materials with different HOMO and LUMO energies, to discuss the
processes involved in charge generation. In donor-acceptor blends,
light absorption may occur in either component, giving rise to different
photogeneration pathways. As shown in Figure 3, the charge genera-
tion process can be described in terms of three main steps [9].
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Figure 3. Schematic diagram of a conventional OSC structure (a). Main steps involved in
charge photogeneration: first step, photoexcitation, exciton generation and exciton diffu-
sion, occurring either through Channel I in the donor (b) or Channel II in the acceptor c);
second step, formation of the charge-transfer (CT) state at the donor-acceptor interface
(d); and third step, dissociation of the CT state into free charge carriers, followed by charge
transport and (e).

In the first step (Figure 3.b and 3.c), photons with energy equal to or
greater than the energy gap of the active layer materials are absorbed,
generating excitons either in the donor (Channel I) or in the acceptor
(Channel II). In Channel I, absorption in the donor promotes an elec-
tron from the HOMO to the LUMO of the donor. In Channel II, absorp-
tion in the acceptor promotes an electron from the HOMO to the
LUMO of the acceptor. In both cases, the generated exciton diffuses to-
ward the donor/acceptor interface. One of the loss channels is
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associated with this step, where the electron and hole may recombine
before reaching the interface. The exciton diffusion length, which de-
termines how far the exciton can travel before recombination, is typi-
cally short. In the literature, the reported exciton diffusion length for
organic materials is in the range of 5-10 nm [34]. However, higher dif-
fusion lengths in the range of 20-47 nm have been reported for some of
the new non-fullerene acceptors [35-38].

In the second step (Figure 3.d), the exciton is dissociated into free
charge carriers. In donor-acceptor blends, this process is enabled by
energetic offsets at the interface, which drive charge transfer and help
overcome the exciton binding energy. If the exciton is formed on the
donor, electron transfer to the acceptor can occur, as shown in Figure
3.d; if it is formed on the acceptor, hole transfer to the donor can take
place. In both cases, the electron and hole become spatially separated
across the interface but remain Coulombically bound in the CT state.
Due to the low dielectric constant in these materials, the exciton bind-
ing energy is high. The exciton binding energy of organic semiconduc-
tors is in the range of 0.1-1.0 €V [39, 40]. Hence, efficient exciton dis-
sociation in organic semiconductors requires donor-acceptor inter-
faces that provide sufficient energetic driving force for charge transfer,
often assisted by the internal electric field of the device.

Finally, in the third step (Figure 3.e), the CT state is dissociated, and
the free electron and hole can drift toward their respective electrodes
under the influence of the electric field.

The efficiency of the overall power conversion (PCE) is evaluated from
the measurement of the current-voltage (J-V) curve of the device under
illumination. Figure 4 shows an illustration of a J-V curve in the dark
and under illumination, together with the key photovoltaic parameters:
the short-circuit density (J5.), defined as the current density at zero ap-
plied voltage; open-circuit voltage (V,.), defined as the voltage at which
the current becomes zero; fill factor (FF), defined as the ratio of maxi-
mum power delivered by the device and the product (Jg. - V) , indi-
cating how efficiently photogenerated charges are extracted; and the
maximum output power density (B,4,).- The PCE is calculated as the
ratio between P,,,, and the power density of incident light (P;,):

12



Pmax _ USC'VOC'FF)

PCE =
P; P;

The shape of the J-V curve reflects the combined effects of charge gen-
eration, recombination, transport, and extraction processes described
above.

Figure 4. Representation of the solar cell J-V characteristics in the dark and under illumination.

2.3 Morphology of the photoactive layer

In the previous section, the working mechanism of a conventional OSC,
specifically the BHJ cell, was discussed. This structure addresses key
challenges observed in early organic photovoltaic devices, including the
low dielectric constant of organic semiconductors, the limited donor-
acceptor interfacial area, and the short exciton diffusion length. By re-
placing the bilayer structure with an interpenetrating donor-acceptor
network, the BHJ provides a large interfacial area for exciton dissocia-
tion. However, device performance is not determined by charge gener-
ation alone. In organic semiconductors, charge transport is often de-
scribed in terms of hopping between localized states, particularly in
disordered materials, whereas more ordered systems can exhibit more
delocalized, band-like transport [41]. Therefore, the morphology of the
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photoactive layer plays a central role in both charge generation and
charge transport.

The concept of BHJ was first proposed by Heeger et al.[42]. In their
work, they propose that an interpenetrating, phase-separated donor-
acceptor network would be ideal. By controlling the morphology of this
bicontinuous network, a large interfacial area could be achieved
throughout the entire active layer, thereby facilitating the exciton dis-
sociation and charge generation. However, in the conventional BHJs
processed from D-A solutions, the spontaneously formed domains do
not exhibit pure phases. Figure 5 shows a comparison between a con-
ventional and an ideal BHJ. In the ideal device structure, as described
by McGehee et al. [43] donor and acceptor pure domains have a width
comparable to the exciton diffusion length, with straight pathways to
the respective electrodes. Nonetheless, this morphology does not form
spontaneously.

Figure 5. Examples of a) conventional BHJ and b) ideal or ordered BHJ.

In solution-processed OSCs, a blend solution of donor and acceptor
materials, usually in a common solvent, is used to fabricate the BHJ.
This processing relies on the spontaneous phase separation of the do-
nor and acceptor as the solvent is extracted, which is driven by their
interaction energies. The phase separation process will be discussed in
the next section. McDowell et al. [44], proposed a route for the solu-
tion-processed BHJ formation which can be described in four steps:

1. Solution deposition: the blend solution is deposited onto the
substrate.
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2. Surface flow: in this stage, there is a change in solution concen-
tration or component mixing. For instance, during solvent evap-
oration, if spin-coating is used, the solution is slung off from the
substrate. Consequently, an increase in viscosity and a decrease
in material is observed.

3. Drying: further evaporation of the solvent occurs followed by the
organization of donor and acceptor materials.

4. Phase separation: domains that are donor-rich or acceptor-rich
are formed.

The morphology of the active layer is influenced by the molecular prop-
erties of the donor and acceptor, such as solubility, crystallinity, and
molecular weight [45]. In addition to these intrinsic donor/acceptor
properties, the morphology is significantly affected by the processing
parameters, including solvent choice, temperature, blend ratio, depo-
sition method, substrate, and pre-and post-treatment [46-49].

2.3.1 Sequential deposition

Previously, blending was introduced as a possible method for optimiz-
ing the morphology of the active layer by controlling phase separation
and, consequently, improving charge transport. On the one hand,
blending is a one-step method for obtaining specific structural and
physical properties of the molecular mixture in the solid state without
the need to synthesize new materials [50]. On the other hand, the mor-
phology depends on various intrinsic parameters and controlling them
to achieve a structure closer to the ideal BHJ morphology (Figure 5.b)
is not straightforward.

Aiming for the ideal heterojunction, researchers have been exploring
the sequential deposition (SD) method for active layer processing. SD
involves depositing the donor solution and the acceptor solution se-
quentially to construct a p-i-n-like structure. The concept of p-i-n
structure is to form an active layer that is formed of full layers pure in
donor and acceptor near the electrodes, and a region with interpene-
trated acceptor and donor in the middle of the film. In principle, the
acceptor is cast onto the dry donor layer, or vice versa, depending on
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whether the device follows a conventional or inverted architecture. De-
pending on the choice of solvent, the underlying layer can swell upon
contact with the acceptor solution, allowing a limited diffusion of the
layer into the bottom layer. According to Li et al. [51] and Jing et al.
[52], this method has some advantages over the blending method,
namely:

1. The optimization of the solution and film processing is possible
for each component (donor and acceptor) separately.

2. Limitations associated with intrinsic properties, including solu-
bility, crystallinity, and miscibility become easier to overcome.

3. The SD appears more suitable for large-area device fabrication.

Recent studies have shown promising results of devices prepared by
the SD method, and assigned them to the aforementioned advantages
[53-56]. While blending remains a widely used and effective method
for active layer optimization, the SD approach offers an alternative
strategy with unique advantages. Sun et al. [54] used a polymer donor
(P12) characterized by the well-defined fibril morphology, and Y6 to
process a p-i-n like structure. P12 was processed from a chlorobenzene
(CB) solution, and Y6 processed from a chloroform (CF) solution, was
deposited subsequently. The resulting SD device exhibited a PCE of
16.5 %, outperforming the conventional BHJ device, with a PCE of 15%.
Additionally, they found that the SD device was insensitive to the poly-
mer’ s molecular weight (in the range Mn = 45, 57 and 91 kg mol). Song
et al. [53]. reported that the SD method improves the average visible
transmittance (AVT) compared to conventional BHJ devices. The opti-
mization of AVT is crucial for semitransparent solar cells. Their strat-
egy was to optimize the donor-acceptor content to reduce the light ab-
sorption in the visible range of the spectrum, thereby increasing the
device’s transparency. Zhan et al. [56] took advantage of the poor mis-
cibility between the donor (PM6) and the acceptor (BTP-S2) to process
an active layer with the desired vertical composition distribution. They
blended the host acceptor (BO-4Cl ) with BTP-S2. The SD-processed
ternary device with a BO-4Cl: BTP-S2 blend layer spin-coated over the
PMB6 layer exhibited a high PCE of 18.16% which exceeded that of SD
(17.11%) and BHJ (16.64%) processed ternary devices. Liu et al. [55]
used the fullerene derivative indene-Céo bisadduct as the third
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component to achieve the desired pseudo-bilayer in PM6/IT-4F de-
vices. This optimized the degree of molecular ordering of PM6, result-
ing in a 1.05 cm? SD device with a PCE of 14.25%, compared to 13.75%
for the corresponding BHJ device. The devices, produced by blade coat-
ing, can be scaled up for large area and roll-to-roll processing. There-
fore, the combination of better morphology control and scalability
makes the SD method an interesting choice.

2.3.2 Thermodynamic aspects of phase separation in polymer
blends

As discussed in the previous section, the BHJ morphology plays an im-
portant role in the device s working mechanism. Therefore, morphol-
ogy control is essential for achieving higher efficiency and reproducible
device performance. When working with polymer-polymer and poly-
mer-small molecules blends, they can be homogeneous (miscible) or
heterogeneous (immiscible). The miscibility of the components is in-
fluenced by thermodynamic interactions not only between the solutes
themselves, but also with the solvent used during processing [45]. In
addition, the rapid solvent evaporation and non-equilibrium nature of
spin-coating significantly affect phase separation and thus the final
morphology.

The Gibbs free energy of mixing AG,, determines whether blending two
or more materials is thermodynamically stable as a homogeneous mix-
ture or tends to phase separate [24]. It describes the change in free en-
ergy upon mixing and is expressed as:

AG,, = AH,, — TAS,,, (1)

where T is the absolute temperature, AH,, is the change in enthalpy
upon mixing, and AS,, is the entropy of mixing. AH,,, represents the var-
iation in interaction energies between molecular surfaces (hydrogen
bonds, van der Waals bonds, ions) during the mixing process [57]. AS,,
denotes the change in entropy due to the rearrangement of molecular
species during mixing. The entropy of the system is dependent on the
size of the molecular species. For instance, in a polymer-solvent blend

17



with a high molecular weight polymer, the entropy of mixing is small
because of the restricted number of possible molecular configurations
(see Figure 6). The sign of AG,,, determines the spontaneity of the mix-
ing process:

e Negative AG,,: mixing is spontaneous, the materials will mix and
form a homogeneous solution.

e Positive AG,,: mixing is non-spontaneous, and the components
are prone to phase separation.

In the case of polymer blends phase separation is likely to occur, be-
cause when mixed they do not gain enough entropy to yield a negative

AG,, [50].

Figure 6. Schematic representation of quasicrystalline lattice model for solutions. a) Mix-
ture of molecules of the same size represented by blue and grey circles. b) Polymer solution,
where grey circles represent solvent molecules, and the blue chain represents a polymer
molecule.

The relation presented in Equation 1 works well for the simple case of
small molecules in solution. However, in the case of polymer systems,
modifications are necessary to account the variation in entropy more
accurately. In the case of a binary polymer solution, consisting of one
polymer and one solvent, the Flory-Huggins theory is often applied.
Flory-Huggins theory uses a pseudolattice model to describe the
system, where each lattice cell is occupied by either a solvent molecule
or a chain segment as indicated in Figure 6.b [57]. Based on this
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pseudolattice model the Flory-Huggins equation for the Gibbs free
energy of a binary system is:

1G, = RT [P i, + P21, + yu b, (2)
[£] )

Where R is the ideal gas constant, T is the absolute temperature, ¢, and
¢, are the volume fractions of the solvent (components 1) and polymer
(component 2), respectively, r, represent the number of polymer
segments, and y is the Flory-Huggins interaction parameter. In the
context of a polymer solution, y account for the interactions between
the solvent molecules and the polymer chain segments and can be
expressed as:

ZAwlZ (3)
kgT

X12 =

Where z is the coordination number of the lattice, kz is Boltzmann’s
constant, and Aw,, the interchange energy associated with polymer-
solvent interaction. In the Flory-Huggins equation, the first two terms
correspond to AS,, , and the last term represents AH,,,.

As shown in Equation 2, the Flory-Huggins theory accounts for the size
difference between polymer and solvent molecules and considers the
interactions between polymer and solvent, influencing the enthalpy of
mixing described by the interaction parameter y.

The blends used to process a BHJ are usually ternary systems,
consisting of donor, acceptor, and solvent. As the solvent evaporates
during film formation, the system evolves toward a binary donor-
acceptor blend. However, some residual solvent may remain in the
final film. For that, AG,,t is generalized as follows:

AGm = RT ﬁln(pl + ﬁlT'L(l)Z + ﬁln(pg + X12¢1¢2 (4)
7 T T3

+ X13P1P3 + X23P203
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Using these equations, it is possible to calculate the Gibbs free energy
of mixing for all possible compositions of the mixture of interest. This
information can be represented as a phase diagram, as shown in Figure
7. It allows for predicting the values of temperature, pressure, and com-
position at which the mixture will form a single phase or undergo phase
separation.

Figure 7.a shows a general phase diagram (temperature versus compo-
sition) for a binary system. Figure 7.b shows a general phase diagram
for a ternary system, typically presented by an equilateral triangle for a
single temperature. The temperature dependence can be depicted by
adding a third-dimension axis. The regions where phase separation is
possible are delimited by two lines: the binodal (solid line) and the spi-
nodal (dashed line) [58].

Figure 7. Examples of general phase diagrams for a) a binary system and b) a ternary
system, for example, a mixture of solvent and two polymers (P1 and P2). The solid line
(binodal) defines the boundary between stable and metastable compositions. The dashed
line (spinodal) defines the boundary between metastable and unstable compositions. In b)
the arrow shows that as the solvent is removed, the mixture becomes less miscible and un-
dergoes phase separation when going from point A (1 phase) to point B (2 phases). Adapted
from reference [58].

The phase diagram in Figure 7.b illustrates that the components in the
mixture can phase-separate via two different mechanisms: nucleation
and growth, and spinodal decomposition [59]. Nucleation and growth
occur in the metastable region, defined as the region between the spi-
nodal and binodal lines, while spinodal decomposition occurs in the
unstable region, i.e. the region surrounded by the spinodal line. These
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two phase separation mechanisms can lead to distinct morphological
evolution during phase separation. Examples of morphology often as-
sociated with these mechanisms are shown in Figure 8.

Figure 8. Illustration of morphologies commonly associated with a) spinodal decomposi-
tion and b) nucleation and growth. Adapted from reference [59]

2.3.3 Molecular Orientation in Conjugated Organic Semiconductor
Films

The morphology resulting from phase separation defines the donor-ac-
ceptor network, both laterally and vertically throughout the film. How-
ever, the performance of organic solar cells is also strongly influenced
by the vertical alignment of the conjugated backbones within these do-
mains. In particular, molecular orientation affects the key processes
discussed in Section 2.2, including light absorption, charge separation
at the donor-acceptor interface, charge transport toward the elec-
trodes, and extraction by their respective electrodes [60]. Therefore,
molecular orientation is an important structural parameter that must
be considered alongside phase separation.

Conjugated polymers and small molecules can adopt preferential ori-
entations with respect to the substrate, commonly classified as face-on
or edge-on configurations, as illustrated in Figure 9. In a face-on ori-
entation, the conjugated backbone lies parallel to the substrate,
whereas in an edge-on orientation, the backbone is oriented perpen-
dicular to the substrate.
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Figure 9. Schematic illustration of molecular orientation of Y5 molecules with respect to the substrate
surface: a) edge-on configuration, where the conjugated backbone is oriented perpendicular to the
substrate, and b) face-on configuration, where the backbone lies parallel to the substrate. Adapted
from reference [61].

In conjugated materials, adjacent molecules can interact through inter-
molecular = — 7 stacking [62], resulting in characteristic stacking dis-
tances typically on the order of ~3.3-3.8 A [63]. For the materials used
in this thesis, GIWAXS data have been reported in the literature, 7 —
stacking distances extracted from GIWAXS are typically in the range of
about 3.6-3.8 A [64-66]. These interactions enhance intermolecular
coupling and influence charge carrier mobility [67]. Since electronic
coupling is strongest along the m — 7 stacking direction, the molecular
orientation with respect to the substrate determines whether efficient
transport pathways are aligned parallel or perpendicular to the elec-
trodes. For instance, in conventional solar cell architectures, a face-on
configuration promotes = — 7 stacking perpendicular to the substrate,
which favors vertical charge transport. Similarly, in vertical organic
field-effect transistor architectures, a face-on orientation may be more
favorable. In lateral field-effect transistors, however, an edge-on orien-
tation is generally more favorable because charge transport occurs par-
allel to the substrate [68].

In addition to charge transport, molecular orientation can give rise to
orientation-dependent surface dipole and quadrupole moments, re-
sulting in measurable shifts in the HOMO and LUMO levels [69]. These
shifts can modify both the energy level alignment between the active
layer and the electrodes and, in some cases, the relative energy offsets
at donor-acceptor interfaces, thereby influencing charge separation
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and extraction. Furthermore, molecular orientation influences the an-
isotropic optical response of conjugated materials [70]. The strength of
optical absorption depends on the orientation of the electric field vector
of the incident light with respect to the transition dipole moment. Alt-
hough sunlight is unpolarized, the intrinsic optical anisotropy of the
material remains relevant for understanding its spectroscopic response
and orientation-dependent measurements.

Molecular orientation is sensitive to processing conditions and interfa-
cial properties. Parameters such as solvent choice, drying kinetics,
thermal annealing, and the use of processing additives can significantly
influence how molecules organize during film formation [71]. For ex-
ample, molecular organization is frequently linked to drying dynamics,
with high-boiling-point solvents or additives often reported to promote
ordering by slowing film formation. However, this effect is not univer-
sal, and the resulting orientation depends on the solute-solvent inter-
action in solution, as it can lead to pre-aggregation. In such cases, so-
lute-solute interaction may dominate over the solute-substrate interac-
tion during the deposition process [72]. Furthermore, the surface en-
ergy of the underlying substrate of interfacial layers plays a crucial role
in determining preferential orientation, as it governs the interaction
between the first molecular layers and the surface [48]. Therefore, con-
trolling molecular orientation involves a complex interplay between
different processing conditions and interfacial properties.
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3 Materials and sample preparation

In this thesis, the organic semiconductors that were used are:

Polymer donor PBDB-T: poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thi-
ophen-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"-¢"]dithi-
ophene-4,8-dione)]

Polymer donor PM6 (fluorinated version of PBDB-T): Poly[(2,6-
(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-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))]

Small molecule acceptor Y5: (2,2'-((2Z,2°Z)-((12,13-bis(2-
ethylhexyl)-3,9-di-undecyl-12,13-dihydro[1,2,5]thiadia-

zolo[3,4e] thieno[2”,37:4°,5’] thieno[2’,3":4,5]pyrrolo[3,2-g]
thieno[2’,3’:4,5] thieno[3,2-b]-indole-2,10-diyl)bis(methany-
lylidene)) bis(3-0x0-2,3-dihydro-1H-indene-2,1-diylidene))di-

malononitrile)]

Small molecule acceptor Y6 (fluorinated version of Y5): 2,20-
((2Z,207)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihy-
dro-[1,2,5] thiadiazolo[3,4-e]thieno[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(me-thanylylidene)) bis(5,6-difluoro-3-
0x0-2,3-dihydro-1H-indene-2,1-diylidene))dima-lononitrile)]

Polymer acceptor PF5-Y5: Poly[(2,2’-((2Z,2’Z)-((12,13-bis(2-
ethylhexyl)-3,9- diundecyl-12,13- dihydro[1,2,5]thiadia-
zolo[3,4€e]thieno[2”,3”:4’,5’Ithie no[2’,3’:4,5]pyrrolo[3,2- ix
glthieno[2’,3’:4,5]thieno[3,2-b]-indole-2,10- diyl)bis(methany-
lylidene))bis(3-0x0-2,3-dihydro-1Hindene-2,1-diylidene))di-
malononitrile-alt-2,6-(4,8-  bis(5-(2-ethylhexyl-3-hexyl)thio-
phen-2-yl)- benzo[1,2-b:4,5-b’]dithiophene))]

Polymer acceptor PYT: (Poly[(2,2’-((2Z,2'Z)-((12,13-bis(2-oc-

tyldodecyl)-3,9-diundecyl-12,13-dihydro[1,2,5]thiadia-
zolo[3,4e]thieno[2”,3":4’,5 ]thieno[2’,3":4,5]pyrrolo[ 3,2-
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glthieno[2’,3":4,5]thieno[3,2-b]-indole-2,10-diyl)bis(methany-
lylidene))bis(3-0x0-2,3-dihydro-1H-indene-2,1-diylidene)) di-
malononitrile-alt-2,5-thiophene)])

3.1 Polymer donor PBDB-T and PM6

PBDB-T (Figure 10.a) is a donor alternating copolymer composed of
donor-acceptor (D-A) repeating units. The donor moiety (BDT-T),
shown in pink, consists of a benzodithiophene (BDT) core and thio-
phene side chains. The acceptor moiety (BDD), shown in purple, con-
sists of a benzodithiophene-4-,8-dione unit functionalized with car-
bonyl and thiophene side chains.

First synthesized by Qian et al. [73], PBDB-T achieved a PCE of 6.67%
when combined with the fullerene acceptor PC61BM. In the literature,
alternative names for PBDB-T include PD1, PBDTBDD, and PCE12

[74].

PBDB-T has an optical gap of 1.8 eV. It exhibits an impressive absorp-
tion coefficient, temperature-dependent absorption spectra, a deep-ly-
ing HOMO level, and high carrier mobility [73]. Moreover, systematic
studies on temperature-dependent absorption spectra reveal that
PBDB-T’s strong tendency to aggregate in solution provides a practical
approach to modulating domain size without changing crystallinity,
thereby enabling the achievement of an optimized morphology.

Figure 10. Molecular structure of a) PBDB-T and b) PM6, where R = 2-ethylhexyl.

Aiming for a better energy alignment with the fluorinated acceptor,
Jianhui Hou"s group optimized PBDB-T by the introduction of fluorine
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and alkylthiol substituents to the conjugated thiophene side groups
[75]. The resulting polymer donor derivative PM6 (Figure 10.b) exhib-
its a similar optical gap (1.8 eV) and a deeper HOMO level of -5.45 eV
as compared to PBDB-T (-5.28 eV). Similar to PBDB-T, it presents a
strong tendency to aggregate in solution and in the solid state, pro-
nounced 7 — 7 stacking, and fibrillar morphology.

PM6 combined with the small molecule acceptor Y6 became one of the
benchmark systems in high efficiency non-fullerene organic solar cells
[76-78]. The PM6:Y6 system played a central role in pushing single-
junction organic photovoltaics beyond 15 % efficiency and established
material design principles that were later adopted in next-generation
donor-acceptor systems, which eventually achieved efficiencies above
20 % [79].
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3.2 Small molecules Y5 and Y6

Y5 and Y6 are molecular electron-acceptors, often called small mole-
cule acceptors (SMAs). They have a planar structure composed of con-
jugated fused rings [76, 80]. The conjugated structures shown in
Figure 11 are composed of A-D-A"-D-A repeating units. This structure
stems from the earlier A-D-A type of SMAs by replacing the core donor
unit (D) in A-D-A type SMAs with a more extended fused central unit
[81]. These SMAs are members of the so-called Y-series, first synthe-
sized by Yuan et al. [82], and include benzothiadiazole (BT) as an elec-
tron-deficient unit in the central fused ring.

Y6, a fluorinated derivative of Y5, was developed by introducing fluor-
inated end groups. This modification aimed to enhance absorption and
promote intermolecular interactions by forming non-covalent F---S and
F---H bonds, thereby facilitating charge transport. In the literature, al-
ternative names for Y6 include BTP-4F and PCE 157.

OSCs based on A-D-A’-D-A NFAs exhibit relatively higher short-circuit
current density (Jsc) and fill factor (FF), along with a comparable open-
circuit voltage (Voc) [81]. These performance enhancements are at-
tributed to redshifted absorption, favorable nanoscale morphology,
and suppressed charge recombination.

Figure 11. Molecular structures of a) Y5 and b) Y6, where R1 = 2-ethylhexyl and R2 = un-
decyl.
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3.3 Polymer acceptors PF5-Y5 and PYT

To address challenges presented by SMAs such as strong self-aggrega-
tion, unsatisfactory mechanical strength, and limited thermal stability,
the polymerized small molecules (PSMs) approach has been widely ex-
plored. In this thesis, two polymerized small molecules, PF5-Y5 and
PYT, have been investigated.

The PF5-Y5 polymer acceptor depicted in Figure 12.a, is a low-bandgap
polymer (1.68 eV) first synthesized by Fan et al. [83]. It is an alternat-
ing copolymer based on the Y5 SMA. PF5-Y5 consists of alternating Y5
units (highlighted in purple) acceptor units, and BDT-T donor moieties
(highlighted in pink). Studies conducted by Fan et al. revealed that the
PF5-Y5 neat film exhibits significant improvements in their properties,
including absorption coefficient (~1.45-105 cm™), electron mobility
(~3.18:1073 ecm2V-s1), and favorable molecular crystallinity and pack-
ing characteristics.

Moreover, the all-polymer solar cells based on PBDB-T: PF5-Y5 show
better thermal stability. These devices retained ~75% of their initial
PCE after 2500 min of storage at 85 °C, whereas devices fabricated with
PBDB-T: Y5 blends retained only ~55% of their initial efficiency under
the same conditions.

Figure 12.b illustrates the polymer acceptor PYT, first synthesized by
Wang et al.[84]. Like PF5-Y5, PYT is an alternating copolymer based
on the Y5 SMA; however, in PYT, thiophene is used as the linking unit
instead of BDT-T. This polymer acceptor has broad absorption with a
narrow bandgap of ~1.40 eV, and a high absorption coefficient >
1.00-105 cm™,

Wang et al. demonstrated that the molecular crystallinity and miscibil-
ity of PYT can be fine-tuned by modifying its molecular weight, with
minimal impact on its energy levels. They also showed that PYT exhib-
its good thermal stability: for the low molecular weight variant, only 5%
of weight loss was observed at 300°C, and an increase in molecular
weight further improved the onset thermal decomposition tempera-
ture.
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Figure 12. Molecular structures of a) PF5-Y5 and b) PYT. where R1 = 2-ethylhexyl and R2
= undecyl, R3 = hexyl and R4 = 2-octyldodecyl.

3.4 Sample preparation

3.4.1 Spin-coating for film deposition

Spin-coating is a widely used technique for thin film deposition on
small substrates, particularly in fields such as microelectronics, pho-
tonics, and biotechnology. This method enables the production of
highly uniform thin films with controlled thickness and is therefore
widely used in laboratory-scale research. However, because it is mainly
suited to small area coating, its application in large-scale industrial
manufacturing is limited.

Spin-coating has the advantage of being simple, inexpensive, and ver-
satile. It can be performed under ambient conditions, unlike vacuum-
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based deposition techniques such as Physical Vapor Deposition (PVD).
However, one limitation of spin-coating is that it is most effective for
small substrates, as film homogeneity can become problematic for
larger areas.

As a solution-based technique, spin-coating is commonly used to fab-
ricate OSC active layers by depositing a solution containing the organic
semiconductor materials onto a substrate. The equipment typically
consists of a rotating platform mounted on a motorized axis capable of
operating at different speeds. The spin-coating process can be de-
scribed as a multi-step procedure consisting of four stages, as illus-
trated in Figure 13.

Figure 13. Schematic representation of the spin-coating process steps; a) dispense step, b)
spin up step, ¢) spin off step and d) drying (solvent evaporation).

In the dispensing step (Figure 13.a), a drop of the blend solution is de-
posited onto the substrate. The amount of solution used will depend on
the size of the substrate to be coated. This step can be performed with
the substrate motionless (static dispense) or with the substrate spin-
ning at low speed (dynamical dispense). Dynamic dispense is usually
preferred over static dispense because it allows the solution to spread
over the whole substrate and offers more control over the process. For
instance, this becomes crucial when working with volatile solvents,
such as chloroform; in the dynamic mode, the solvent has less time to
evaporate before the start of the spinning.

In the subsequent step (Figure 13.b), the substrate is accelerated until
it reaches the desired rotation speed, typically in the range of 500-4000
rpm. During the acceleration, the solution is spread across the sub-
strate, and excess solution is expelled from the substrate surface. Ini-
tially, due to the fluid"s thickness and inertia, it does not rotate at the
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same speed as the substrate [85]. After a short time, the fluid film be-
comes thin enough to co-rotate with the substrate.

In the third step (Figure 13.c), the substrate rotates at a constant speed.
As further solvent evaporation occurs, the viscosity of the film in-
creases, leading to the formation of a uniform thin film [86]. At this
stage, the flow is increasingly governed by viscous force, as the rising
viscosity resists further redistribution of the liquid across the substrate.
In the fourth step (Figure 13.d), the expulsion of fluid stops, and the
thinning of the film is dominated by evaporation of the solvent. The
film drying time depends on the evaporation rate of the solvent, which
is determined by its properties, including boiling point, vapour pres-
sure, and ambient conditions.

In general, the final film thickness is proportional to the inverse of the
square root of spin speed as shown in Equation 5 [87].

hy o 1 (5)

Vo

1
The w2 dependence may vary due to the influence of factors such as
material concentration and the properties of the solvent.
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4 Characterization Techniques

4.1 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful surface characterization
technique in the scanning probe microscopy family. It was proposed by
Binnig and Quate in 1986, as a combination of the principles of the
scanning tunneling microscope (STM) and the stylus profilometer, ca-
pable of measuring forces as small as 10-® N [88]. The AFM is based on
the measurement of forces between a sharp probe and a sample sur-
face. The forces can be classified as chemical forces (short range), van
der Waals and electrostatic forces (long range), capillary forces (in air),
and magnetic forces [89]. The tip-sample interaction can be qualita-
tively discussed using a model potential, such as the Lennard-Jones
potential. In this model, the tip-sample interaction is reduced to a sim-
pler system, consisting of two neutral atoms interacting by a potential
composed of contributions of short- and long-range forces. Equation 6
shows the Lennard-Jones potential, where U, is the depth of the poten-
tial well, d is the distance between the tip and sample, and R, is the
distance at which Uy,;(d) is zero [90].

I I

Figure 14.a shows the attractive (green line) and the repulsive (pink
line) contributions to the Lennard-Jones potential, which are propor-

tional to d—iz and %, respectively. Figure 14.b shows the force-distance

curve, as a result of the attractive and repulsive contributions of tip-
sample interaction. Once the probe is brought closer to the sample, the
Van der Waals force rises due to temporary fluctuating dipoles, result-
ing in an attractive interaction. However, the closer the probe gets to
the sample surface, the stronger the repulsive forces get due to the in-
teraction of the electron clouds of the atoms in the probe and in the
surface.
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Figure 14. a) Lennard-Jones potential as a function of the tip-sample d. The pink and green
curves represent the attractive and repulsive contributions to the potential, respectively
(d). b) Force curve showing the contact and intermittent contact working ranges, which
determine the AFM operation mode. c) Schematic diagram of the AFM instrument.

The probe is placed on the end of a cantilever, which will experience
deflections, depending on the forces involved. Therefore, the cantilever
acts as a force sensor during the surface scanning. The cantilever de-
flections are very small, consequently, an indirect way of detecting it is
needed. Deflection sensors can be based on different techniques, such
as beam deflection, interferometry, capacitance, piezoresistance, and
piezoelectricity [89]. The AFM used in this work is based on the beam-
deflection method, i.e., a light beam is reflected off the back side of the
cantilever, and the deflection is monitored by a position-sensitive pho-
todiode, as shown in the schematic diagram Figure 14.c. AFM measure-
ments can be performed in different detection working regimes, static
or dynamic; within these working regimes, there are different opera-
tion modes concerning the tip-sample separation, such as contact, in-
termittent contact, and non-contact.

Contact mode is the most used among the static modes. In contact
mode, the tip is dragged across the surface in contact; the measurement
is performed in the repulsive regime (Figure 14.b). The tip-sample dis-
tance is controlled through a feedback loop that maintains a constant
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cantilever bending [89]. The variation in the vertical movement of the
cantilever, referred to as the z-signal, is recorded and presented as a
topographic (height) image. However, this mode is challenging when
characterizing soft samples, since the direct contact may induce dam-
age to the sample. To overcome this, tapping mode was developed [91].

Tapping mode is a dynamic mode, and it is performed in the intermit-
tent contact regime of the force curve (Figure 14.b). In tapping mode,
the cantilever is excited to vibrate at or close to its resonance frequency
while it is scanning across the sample surface. As the tip is intermit-
tently touching the surface, it experiences changes in the resonance fre-
quency and consequently in the oscillation amplitude due to the tip-
sample force interactions. The amplitude contains information on the
average tip-sample distance, d, and therefore, the amplitude is the sig-
nal used as a feedback parameter. The z-signal is adjusted to keep a
constant oscillation amplitude and recorded as the signal that yields
the topography image. Tapping mode is particularly suitable for soft or
weakly adhered samples, since it minimizes the risk of sample defor-
mation or delamination during imaging.

4.1.1 PeakForce quantitative nanomechanical mapping

PeakForce quantitative nanomechanical mapping (PF-QNM) is an ad-
vanced scanning probe microscopy (SPM) mode based on PeakForce
tapping mode. In PeakForce Tapping mode, a force-distance curve is
measured at every pixel in the image, and the resulting peak interaction
force of each of these force curves is used as imaging feedback signal.
This is enabled by the choice of a modulation frequency of about 1 to 2
kHz, which is much lower than the cantilever’s resonant frequency

[92].

In addition to using the force curve to determine the peak interaction
force as the control feedback signal, the software extracts from each
force curve the sample's mechanical properties, such as elastic modu-
lus and deformation. The elastic modulus reflects the local stiffness of
the material, while the deformation corresponds to the maximum in-
dentation experienced by the surface under the applied PeakForce.
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The elastic modulus is obtained by fitting the repulsive (contact) por-
tion of the retract segment of the force-distance curve using the Der-
jaguin-Muller-Toporov (DMT) contact mechanic’s model. This model
describes the elastic deformation of a material under a spherical in-
denter while accounting for adhesive interactions outside the contact
area and is appropriate for materials with relatively low adhesion [93,
94]. In the DMT framework, the interaction force F is described by:

3
F — Faan = EE*\/E(d = do)z, 7)

where F,;;, is the adhesion force, R is the tip radius, and d — d,, repre-
sents the indentation depth (deformation). The reduced modulus E* is
treated as a fitting parameter and is obtained by fitting the experi-
mental force-indentation curve with the DMT expression. It is related
to the Young’s modulus of the sample (E;) and the tip (E};,) through:

1 1-vZ 1-vg (8)

+
E* E; Eiip

where vg and vy, are the Poisson ratios of the sample and tip, respec-

tively. Since the AFM tip is significantly stiffer than the polymer sample
(Egp > E), the tip contribution can be neglected. The modulus values

shown in the AFM images are derived from the fitted reduced modulus
using the assumptions of the applied DMT model, including an as-
sumed Poisson ratio for the sample.

The local deformation is extracted directly from force-distance curve as
the indentation depth at the applied peak force, defined as the differ-
ence in the z-position between the point of first tip-sample contact and
the tip position at the peak force.

As an example, we show in Figure 15 PF-QNM measurements of a
TQ1:PC70BM blend. In this mode, topography, DMT modulus, and de-
formation are measured simultaneously. The TQ::PC;0BM blend is a
well-studied system and, under the specific processing condition used
here (chlorobenzene as the solvent and a donor-acceptor ratio of 1:3),
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exhibits strong phase-separation with large globular domains of ap-
proximately 100-300 nm. Compositional study by scanning transmis-
sion X-ray microscopy (STXM) and dynamic secondary ion mass spec-
troscopy (d-SIMS) shows that the globular domains are rich in
PC,0BM, while they are surrounded by a TQ:-rich phase. These reports
also show the formation of a TQ:-rich layer at the film surface, at-
tributed to surface energy minimization [95, 96].

The distribution of the DMT modulus values in the scan region shows
three peaks, centered at 2.7 GPa, 3.5 GPa, and 5 GPa. The stiffest
(brightest) regions arise from PC;,0BM-rich domains, while the peak at
3.5 GPa corresponds to the TQ1-rich regions. Consequently, in the de-
formation image, the lowest deformation is observed for the PC,0BM-
rich domains. It is important to note that the DMT modulus signal from
the PC;0BM-rich domains is not homogeneous and shows values of ap-
proximately 5-6 GPa, which are lower than that of pure PC,0BM (12
GPa), reflecting the presence of TQ: in their composition. At the edges
of the globular domains, which appear black in the DMT modulus map,
artifacts are observed, likely due to altered contact mechanics at the
domain boundaries [97].

Figure 15. PF-ONM measurements on TQ:1:PC70BM blend prepared in CB with a ratio 1:3. a) To-
pography, b) DMT modulus, and c) deformation. Measurements were carried out by 1. Benamar as
part of his Master’s thesis [98]. Samples were prepared by the author.

Overall, the TQ::PC,0BM blend provides a well-defined and phase-sep-
arated morphology that serves as a suitable model system for demon-
strating AFM-based characterization techniques. Because the PC;,0BM-
rich and TQ:-rich domains can be clearly distinguished, this system is
well-suited not only for nanomechanical characterization but also for
probing the additional local properties discussed in the following
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sections. Therefore, this system will be used to illustrate the capabili-
ties of additional AFM modes.

It should be noted that the strong phase separation observed in the
TQ1:PC,0BM system represents a comparatively simple morphological
case. In contrast, modern non-fullerene acceptor systems such as
PBDB-T:Y6 typically exhibit a much finer and more intermixed mor-
phology. In such systems, the reduced mechanical contrast between
donor- and acceptor-rich regions makes the interpretation of AFM-
based nanomechanical mapping more challenging.

4.1.2 Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) measures the long-range elec-
trostatic interaction between a conductive AFM tip and the sample sur-
face. The technique is based on the (macroscopic) Kelvin probe, an ex-
perimental setup introduced by Lord Kelvin in 1898, used to measure
the work function difference (A¢) between two metallic electrodes
[99]. In the classical Kelvin probe, the distance between the electrodes
is periodically varied, which modulates the capacitance of the system.
If a contact potential difference (CPD) exists between the electrodes,
this time-varying capacitance generates an AC current. A DC bias is
then applied to null this current, allowing the work function difference
to be determined. In KPFM, the tip and the sample act as the two elec-
trodes, enabling nanoscale mapping of the sample’s local surface po-
tential.

The physical origin of the contact potential difference (CPD) is sche-
matically illustrated in Figure 16. When the tip and sample are electri-
cally connected, electrons redistribute until their Fermi levels align.
This charge redistribution generates a CPD represented by a relative
shift in their vacuum energy levels. The CPD is given by:

Ap Psample—Ptip (9)

Vopn = =2 = Zsample” Ptip
CPD e e )

where ¢ is the work function, and e is the elementary charge [100]. In
this work, the sample work function is related to the measured CPD via
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¢bs = Prip + eVepp (10)

Regions that exhibit higher (less negative) V., values correspond to a
higher sample work function.

Figure 16. Schematic illustration of the physical mechanism of KPFM. In this case, the tip has a
higher work function than the sample. Before electrical contact is established, the vacuum
levels of the two materials are aligned, while their Fermi levels differ. Once the electrical
contact is made, electrons flow until both tip and sample Fermi levels align. This charge
redistribution results in a contact potential difference (CPD) between tip and sample, lead-
ing to an offset of their vacuum energy levels.

In heterodyne KPFM mode, an AC voltage (V,.) at frequency w; is ap-
plied to the conductive tip in addition to a DC bias (V,.). Simultane-
ously, the cantilever is mechanically driven near its resonance fre-
quency w,. The electrostatic force between the tip and the sample can
be expressed as:

C _ (11)
Felec = — 537 (Vpe + Vae sin(wqt) — Vepp)?

where 3—2 is the capacitance gradient with respect to the tip-sample dis-

tance. Because the cantilever is oscillating mechanically while the tip is
also electrically modulated, the electrostatic force contains mixed-fre-
quency components arising from frequency mixing between w, and w,.
In the heterodyne KPFM, this mixing generates force components at
w; + w, [101]. These heterodyne signals are demodulated using a lock-
in amplifier, and the DC bias is adjusted via a feedback loop to null the
selected mixed-frequency electrostatic force component. Under this
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nulling condition, V. = V,pp, and the applied DC voltage directly rep-
resents the local surface potential.

In the dark, the measured CPD reflects the local work function differ-
ence between the tip and the sample. Under illumination, changes in
CPD correspond to the surface photovoltage (SPV), which arises from
photoinduced charge separation and the associated splitting of local
quasi-Fermi levels in donor-acceptor systems [102, 103].

Figure 17 shows KPFM measurement on TQ::PC;0BM in dark and un-
der illumination. In the dark, the PCBM-rich domains show a less neg-
ative CPD values as compared to the TQ:-rich matrix, indicating a
higher work function of the acceptor-rich regions. Upon illumination,
an overall negative shift in Vpp is observed across the film.

This global negative SPV originates from photoinduced charge redis-
tribution in the blend film. Under illumination, this behavior is con-
sistent with electron accumulation in the PC;,0BM phase near the
probed surface and corresponding hole depletion at that surface. Such
electron accumulation shifts the electron quasi-Fermi level upward,
i.e., toward the vacuum level. Since the work function is defined as ¢ =
E,.. — Er, an upward shift of the quasi-Fermi level reduces the work
function [102, 103]. According to ¢s = ¢;,, + eVipp, this reduction in
work function results in a negative shift of about 300 mV in Vpp, con-
sistent with the observed overall SPV.

Figure 17. KPFM measurements on TQ:1:PC70BM blend prepared in CB with a ratio 1:3. a) Topog-
raphy, b) CPD map in dark, and c) CPD map under illumination. Measurements were carried out by
1. Benamar as part of his Master's thesis [98]. Samples were prepared by the author.

In summary, KPFM enables spatially resolved mapping of local work
function variations and surface photovoltage in donor-acceptor blends.
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These measurements provide insight into charge redistribution and
quasi-Fermi level shifts at the nanoscale. However, KPFM does not di-
rectly probe charge generation. To complement this information with
spatially resolved measurements of photocurrent generation and col-
lection, photoconductive atomic force microscopy (pc-AFM) was em-
ployed, as described in the following section.

4.1.3 Photoconductive Atomic Force Microscopy

Photoconductive Atomic Force Microscopy (pc-AFM) combines con-
ductive AFM (c-AFM) operated in contact mode with a light source. In
c-AFM a conductive probe is used as a nanoelectrode, enabling the spa-
tial mapping of the sample conductive network under applied bias. In
addition to current mapping, local current-voltage (I-V) spectroscopy
can be performed to characterize the electrical response of the na-
noscale tip-sample junction at specific positions.

When a light source is introduced, the technique allows detection of,
photogenerated current, providing spatially resolved information
about charge generation and charge collection. Depending on the do-
nor-acceptor system and the energy level alignment at the junction, the
measured photocurrent can be correlated with either donor- or accep-
tor-rich domains. Thus, pc-AFM combines spatially resolved photocur-
rent mapping with local electrical characterization, offering insight into
the origin of variations observed in macroscopic device performance.

Once again, we use TQ::PC7,0BM as a model system. Figure 18 depicts
the topography image and the photocurrent map taken simultaneously.
Due to the higher work function of the Ptlr tip compared to ITO, the
polarity of the measured current differs from that in an organic solar
cell with conventional ITO/HTL/active layer/ETL device architec-
tures. In this configuration, the PtIr tip preferentially collects photo-
generated holes (from the TQ:-rich domains), because the high work
function of the PtIr makes hole extraction from the donor more ener-
getically favorable. Photogenerated electrons are preferentially trans-
ported through the PC,0BM-rich globular domains toward the ITO sub-
strate. Consequently, the photocurrent collected at the tip flows from
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the sample toward the tip, opposite to the current direction in standard
device architectures.

Figure 18. Pc-AFM measurements on TQ1:PC70BM (1:3) blend prepared from solution in CB. a)
contact mode height image. b) current map in dark (top) and under illumination (bottom). c) I-V
curves in dark and under AM 1.5 illumination at a TQi-rich region. The sample was illuminated
through the ITO/glass substrate using a xenon arc lamp-based solar simulator (Newport, model
67005) operated at 80 W, with light delivered via a liquid light guide (Oriel p/n 78254). Measure-
ments were performed under short-circuit conditions using a Ptlr-coated probe. Experiments carried
out by I. Benamar as part of his Master’s thesis [98],; samples were prepared by the author.

No measurable current is detected in the dark, as can be seen at the top
of Figure 18.b. Upon illumination, a clear photocurrent signal appears,
revealing pronounced contrast. The globular domains appear predom-
inantly dark, indicating negligible photocurrent, while the surrounding
matrix exhibits significant photocurrent collection. This contrast is
consistent with preferential hole collection by the tip from donor-rich
regions. In addition, since TQ1 is the main light-absorbing component
in this blend, photogeneration is expected to occur predominantly in
the TQ1-rich regions, which can further increase their contribution to
the measured photocurrent. As an example, the local I-V curve rec-
orded within the TQ:-rich matrix is shown in Figure 18.c. Under illu-
mination, the nanoscale junction operates in the second quadrant,
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characterized by a negative nanoscale open circuit voltage (nVoc) and a
positive nanoscale short-circuit current (nlsc), confirming photovoltaic
behavior at the local scale.

Although pc-AFM provides insight into local photocurrent generation,
it does not directly provide information on local composition, as is also
the case for PF-QNM and KPFM. To obtain chemical information,
atomic force microscopy — infrared spectroscopy is briefly introduced
in the next section.

4.1.4 Atomic force microscopy — infrared spectroscopy

Atomic Force Microscopy — Infrared spectroscopy (AFM-IR) combines
AFM operated in either contact or tapping mode, with a tunable pulsed
infrared laser, typically a quantum cascade laser (QCL) as a light
source. This combination enables simultaneous acquisition of topo-
graphical and chemical information, allowing spatially resolved com-
positional mapping. AFM-IR measurements can be used either to rec-
ord local infrared spectra, by measuring the AFM-IR signal as a func-
tion of wavenumber, or to generate chemical maps by recording the
signal as a function of position at a selected wavenumber [104].

The measurement principle described here refers specifically to the
AFM-IR mode used in this work. The IR laser irradiates the sample at
the same location as the AFM tip. When the sample absorbs the inci-
dent IR radiation, the local temperature increases, which induces a
rapid thermal expansion of the material in the absorbing region. This
thermal expansion acts as a force impulse on the cantilever and drives
it into oscillation. The process relies on the fact that the molecular vi-
brations excited by absorbed IR photons relax to their ground vibra-
tional state through the transfer of energy to the lattice in the form of
heat [105]. The cantilever oscillations are detected by the beam-deflec-
tion method in the same manner as in conventional AFM topography
measurements, as described in section 4.1. In this work, AFM-IR in
tapping mode was used. In this mode, the cantilever is driven at its free
resonance frequency (first harmonic), and the laser pulse repetition
rate is adjusted to match the difference between this frequency and the
first overtone of the cantilever. The topographical signal is derived
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from the first harmonic response, while the local chemical IR signal is
obtained by deconvolution of the second harmonic response.

Figure 19 shows the AFM height image (a) and the corresponding AFM-
IR mappings recorded at 1430 cm™ and 1598 cm™ (b,c), and representa-
tive AFM-IR spectra recorded at two distinct regions of the
TQ1:PC,0BM (1:3). Based on previous works from our group, the peak
at 1430 cm corresponds to the vibration of C;o cage of PC,0BM,
whereas 1598 cm™ correspond to aromatic C=C stretching mode of the
phenyl ring [106, 107]. Consistent with these assignments, the AFM-IR
map recorded at 1430 cm™ shows enhanced signal in the globular do-
mains, indicating that these regions are rich in PC;,0BM, while the map
recorded at 1598 cm™ highlights the surrounding matrix, which is
therefore assigned as TQ:-rich. The spectra acquired in the two regions
further support this interpretation through the relative differences in
the intensities of these characteristic peaks.

Figure 19. AFM-IR images (0.48 um x 0.48 um) of TQ:1:PC70BM (1:3) blends prepared from solution
in CB. a) Tapping mode height image. b) tapping mode AFM-IR mapping at 1430 cm™, showing
PCrBM-rich regions and c) at 1598 cm™ showing the TQ: rich regions. Measurements and sample
processing performed by the author.
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Overall, AFM-IR complements the other SPM techniques described in
this chapter by adding chemically specific information with nanoscale
spatial resolution. While techniques such as PF-QNM, KPFM, and pc-
AFM measure local and electrical properties, AFM-IR makes it possible
to assign these features to the local chemical composition of the sam-
ple. Together, these methods provide a more complete picture of the
morphology-property relations in organic semiconductor thin films.

4.2 Near-edge X-ray absorption fine structure spectroscopy

Near-edge X-ray absorption fine structure (NEXAFS) is a spectroscopy
technique that examines the absorption of X-rays near the absorption
edge of a specific element. It provides detailed information about the
electronic structure, chemical bonding, and molecular orientation of
materials by analysing transitions of core-electron to unoccupied en-
ergy states. By varying the photon energy for the X-ray excitation, dif-
ferent absorption edges can be probed, providing element-specific in-
formation. The fine structure in the NEXAFS spectra, specifically the
position (i.e. photon energy) of the absorption resonances, reveals the
chemical composition of the material.

Absorption resonances occur when a photon has an energy equal to the
energy difference between two states involved in an allowed electronic
transition. As depicted in Figure 20, the absorption of X-ray photons
leads to the excitation of core-level electrons to an unoccupied (molec-
ular) state, creating core holes. To detect this absorption resonance, we
probe the relaxation process, when an outer shell electron relaxes to
the core level to fill the core hole. The excess of energy from this de-
excitation can result in two different events: the emission of a photon
(radiative de-excitation, Figure 20.b) or the emission of an Auger elec-
tron (non-radiative de-excitation, Figure 20.c)

Due to the directional character of the molecular orbitals, linearly po-
larized X-rays can be used to determine the molecular orientation of
molecules in the sample. This is possible because the resonant absorp-
tion intensity for a transition from an atomic ground state to a specific
molecular orbital final state depends on the orientation of the electric

field vector (E) of the electromagnetic radiation with respect to the
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transition dipole moment (TDM) of the corresponding electronic tran-
sition. The absorption is largest when E is aligned with the TDM and
vanishes when E is perpendicular to it.

Figure 20. Schematic representation of the photon-absorption and decay channels in
NEXAFS. a) A core electron is excited to an unoccupied molecular orbital upon the absorp-
tion of an X-ray photon. b) Radiative decay occurs via fluorescence, emission of an X-pho-
ton. ¢) Example of one of the non-radiative decay channels, via emission of an electron,
also called spectator decay.

The absorbed X-ray intensity in NEXAFS can be recorded by different
detection modes depending on the decay channel. When monitoring
the emitted photoelectrons, there are three electron yield detection
modes: Auger electron yield (AEY), partial electron yield (PEY), and
total electron yield (TEY). In AEY only the electrons with kinetic energy
within a narrow range, centred around the Auger peak energy of the
investigated edge are considered [108]. The photoelectrons are col-
lected by an electron detector; therefore, this detection mode provides
a direct measure of the X-ray absorption cross-section [109]. The frac-
tion of Auger electrons that suffer energy loss due to inelastic scattering
have lower kinetic energy than the Auger electrons elastically scattered
and are not detected in this mode. PEY is measured by an electron mul-
tiplier in combination with retarding grid, which applies a voltage to
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selectively block low-energy electrons. In PEY, the kinetic energy range
of the detector is larger than for AEY, allowing for the detection of both
elastic and inelastic Auger electrons. In TEY, electrons of all energies
from the sample are collected, resulting in a signal that is dominated
by low kinetic energy electrons. Additionally, for TEY there is an indi-
rect way to record the NEXAFS signal by measuring the sample drain
current, using an electrometer. Emitted fluorescent photons are moni-
tored in fluorescence yield (FY), typically using detectors with energy-
discriminating ability, such as high-purity Ge or Si solid-state detectors
(SSD) and silicon drift diode detectors (SDD).

From the quantum mechanical description of the excitation process
within the dipole approximation, the transition probability is propor-
tional to the square of the matrix element between the initial core state
and the final unoccupied state. For a 1s initial state and a directional
final state orbital, the absorption intensity can be written as:

1 < |E -0 (12)

where E is the electric field vector of the incident X-ray and O is the
TDM vector associated with the final-state orbital O. For vector-like or-
bitals such as * this reduces to:

| < cos?6, (13)

where 6 is the angle between the electric field vector and the direction
of the transition dipole moment. This angular dependence is illustrated
schematically in Figure 21 for a diatomic molecule with a directional 7-
type orbital adsorbed on a surface. Depending on the incidence angle,
the projection of the electric field vector onto the n* or ¢* TDM
changes, resulting in different absorption intensities.
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Figure 21. Schematic illustration of the angular dependence of NEXAFS resonances for a m-bound
diatomic molecule oriented with its molecular axis perpendicular to the surface. Figure adapted from
reference [110]. The absorption intensity is proportional to |E - O |?, where O denotes the transition
dipole moment of the final-state orbital. Depending on the incidence angle, the overlap between E
and Tt * or o * transition dipole moment changes. In this configuration, T* resonance is maximized at
normal incidence (left), while the o * resonance is maximized at grazing incidence (left).

The measured intensity, therefore, depends on both the X-ray inci-
dence angle 8 with respect to the surface and the average tilt angle a of
the molecular  system with respect to the substrate. Following Stohr
and Outka [111], the intensity of X-ray absorption is given by:

I=C[P-I"+(1-P)-I'], (14)
with
1 1
=24 (E sin? 6 + cos® a |cos? 6 — EsinZHD, (15)
and
It =14sin?aq, (16)

2

where A is a cross-sectional constant and P is the degree of linear po-
larization of the incident radiation. By fitting the angular dependence
of the 7* resonance intensity using this formula, the average orienta-
tion angle a can be determined.

The first term in Equation 15, is independent of molecular tilt angle. All
dependence of the absorption intensity molecular orientation is con-
tained in the coefficient of cos? a. The absorption intensity becomes in-
dependent of the molecular tilt angle @ when this coefficient, which de-
pends on the X-ray incidence angle, vanishes. This condition is ob-
tained by solving:
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1 1
cos? 6 —Esinze =0 (17)

yields cos?8 = %, corresponding to an incidence angle of 6=54.7° with

respect to the surface. This angle is called the magic angle. At the magic
angle, the angular dependence of the absorption intensity vanishes, re-
sulting in an orientation-independent signal.

Instead of explicitly determining the molecular tilt angle a,the angular
dependence of the intensities of the absorption resonances can be
quantified by the dichroic ratio, given by:

p =1l (18)

- IJ_+I||,

where I, and /; represent the normalized absorption intensity at normal
and grazing incidence, respectively. Even if the intensity at grazing in-
cidence can be hard to access experimentally, it can be obtained from
the angular dependence of the peak intensity. This is typically done by
extrapolating the measured intensities at a series of accessible angles
as a function of sin? 6 or cos? 6. For perfectly linearly polarized radia-
tion (P=1), the dichroic ratio ranges from -1 to 1, where 1 indicates
perfect edge-on orientation, and -1 indicates perfect face-on
orientation. A dichroic ratio D = 0 indicates either a random molecular
orientation or an average tilt angle of 54.7°.

The carbon K-edge NEXAFS spectra of ethene (C.H,4) are used here as
an example to show how this technique provides information on elec-
tronic structure, chemical environment, and molecular orientation.
Figure 22.a and 22.b show the unoccupied molecular orbitals 7* and
o* of ethene in the gas phase, respectively. The 7* orbital is oriented
perpendicular and the o* orbital is parallel to the molecular plane. Ad-
ditionally, Figure 22 displays the NEXAFS spectra of ethene in the gas
phase alongside the measured spectra of ethene on Pt (111) recorded in
normal and grazing X-ray incidence. In the carbon K-edge spectrum of
ethene in the gas phase (recorded by A. P. Hitchcock), one can see the
m*(~285 eV) resonance, a C-H (~288 €eV) resonance, and a broad ¢*
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(~300 eV) resonance. The 7* and ¢* resonances are associated with the
C-C core of the molecule [109].

Figure 22. a) t* and b) a* molecular orbitals of ethene (C-H,), calculated with B3LYP/6-
31G(d,p) theory level in gas phase. (right) NEXAFS spectra of ethylene in gas phase and,
ethylene on Pt (111) for grazing and normal X-ray incidence; the spectra were reproduced
from reference [109, 112].

When comparing the ethene gas phase spectra to the variable angle
spectra of ethylene/Pt(111) [113] one can obtain interesting insights
about the chemical environment and molecular orientation of the mol-
ecule. The linearly polarized X-ray beam, incident normal to the sam-
ple surface (incidence angle 90°) has its oscillating electric field vector
aligned parallel to the substrate plane (Figure 21). The vanishing of the
m* resonance and strong o* resonance, observed for the NEXAFS spec-
trum recorded in normal incidence w.r.t to the surface, indicates that
ethene has the C-C axis parallel to the substrate. Additionally, for the
NEXAFS spectrum recorded in grazing incidence w.r.t the surface, the
opposite is observed, the 7* resonance appears much stronger than ¢*
resonance, confirming the face-on orientation. One can also observe
changes in the resonance features due to the interaction between the
ethene molecules and the Pt (111). For instance, the broadening of the
n* resonance peak and C-H resonance peak.
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4.3 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Secondary ion mass spectrometry (SIMS) is a powerful surface analysis
technique that provides information about the sample’s chemical com-
position. Since the first developments in the 1960s by Benninghoven
[114], SIMS has found diverse interesting applications in various re-
search fields. For instance, it has been used for cosmochemistry, spe-
cifically in the analysis of extraterrestrial samples [115, 116].

In SIMS, the sample surface is bombarded by a primary beam of high-
energy ions (between 1 keV and 25 keV) that lead to the sputtering of
neutral and charged atoms or clusters of atoms from the sample sur-
face, the so-called secondary ion beam. The primary ions are usually
Bi*, Ar*, Ga*, or Cs*. The interaction of the primary ions with the sam-
ple surface results in the emission of secondary particles, of which only
1% is ionized and become the secondary ions that are analyzed in SIMS
[117]. There are two operational modes of SIMS: static and dynamic
SIMS. Static SIMS uses a low flux of primary ions (<2.7 nA cm-2). It is
used for surface analysis composition, keeping the damage of the sur-
face area as low as possible. In dynamic SIMS, a high flux of primary
ion (>1 pA cm) is used. This high flux promotes the erosion of the sur-
face, removing layer by layer. The secondary ions are continuously an-
alyzed to provide an elemental distribution in a depth profile.

The secondary ions need to be collected and analyzed by a mass analy-
sis system, which separates secondary ions according to their ratios of

mass to electric charge (%) [118]. There are different types of mass an-

alyzers, such as magnetic sector analyzer, quadrupole analyzer, and
time-of-flight (ToF) analyzer. In this work, the mass analysis system
used was ToF. ToF is based on the fact that ions of different masses and
same kinetic energy have different times of flight to the detector. In the
ToF spectrometer, ions of charge q, typically +1, are subjected to an ex-
traction field, V., setting each ion with a fixed kinetic energy, Ex. Con-

2
sidering E;, = %, as Ex is constant for all ions, the velocity of each ion

is inversely proportional to its mass (m) [119]. Therefore, the heavier
the ion, the slower its travel towards the detector. Considering a flight
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tube of path length 1, the flight time of an ion through the flight tube
can be determined by:

t = 1(2V,) /2 (?)1/2 (19)

ToF-SIMS can be applied to obtain information on the sample chemis-
try as function of depth, i.e. dynamic SIMS. In this case, separate ion
beams are used for etching and analysis purposes [117]. The primary
beam continuously analyzes the bottom of the crater generated by the
sputter ion beam (O-, Cs ions or clusters of Arn or O2n). The data is ac-
quired as a function of sputtering time, and one can convert this into
depth by using the relation:
dD (20)
T

Here, Y is the sputtering yield, indicating the number of target atoms
removed per incident sputtering ion [118]. D represents the crater
depth and F the sputtering ion dose. Additionally, the secondary ion
intensity of elements is plotted against the depth or sputtering time.

One of the main advantages of SIMS over electron spectroscopies is its
ability to detect all chemical elements in the periodic table, including
hydrogen, as well as isotopes and molecular species. This, combined
with the detection of elements in concentrations as low as 10, makes
SIMS a unique characterization technique [117]. For multicomponent
donor-acceptor systems, nanometer-scale depth profiling is especially
useful for characterizing vertical stratification. However, SIMS depth
profiles should not be interpreted as a direct measure of the true com-
position profile, since they can be affected by several artifacts. Ion-
beam-induced mixing and recoil implantation (“knock-in” effects) can
broaden interfaces, while different sputter rates of the individual com-
ponents may distort apparent layer thicknesses and interface positions
[120]. Moreover, matrix effects cause the secondary-ion intensities to
depend on the local chemical environment, meaning that the choice of
positive or negative secondary ions can influence sensitivity and that
the detected signal is not always directly proportional to concentration
[121]. Additional artifacts may arise near organic/ inorganic interfaces
or silicon substrates [120].
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5 Summary of the Publications

5.1 Paper 1

The role of the solvent on the orientation of Y-type acceptor molecules
in spin-coated films

Leticia P. Christopholi, Cleber F. N. Marchiori, Ishita Jalan, Andreas Opitz,
Stela Andrea Muntean, Ellen Moons

The Journal of Physical Chemistry C 128.42 (2024): 17825-17835.

In this paper, the influence of the processing solvent on the molecular
orientation of the acceptor molecules Y5 and Y6 in unannealed accep-
tor-only spin-coated films was investigated. We applied the Hansen
solubility parameters (HSP) model as a tool to make a rational solvent
selection for Y5 and Y6. Based on the calculated HSP values, three sol-
vents were selected for the study: chlorobenzene (CB), chloroform
(CF), and ortho-xylene (0-XYL). The orientation of the conjugated 7-
system of the molecules in the spin-coated films was investigated by
NEXAFS spectroscopy. The total electron yield mode (TEY) was used
to probe the molecular orientation at the surface, and the fluorescence
yield mode (FY) was used to obtain information from deeper into the
bulk of the film. It was found that not all the solvents commonly used
to process those materials led to preferential face-on orientation, which
is the desired orientation for both improved light absorption and verti-
cal charge transport in organic solar cells. TD-DFT calculations at the
carbon and nitrogen K-edges were used to assign the electronic transi-
tions observed in the NEXAFS spectra. The angular dependence of the
NEXAFS resonances showed that Y5 and Y6 exhibit a preferential face-
on orientation when processed from the CF solution, whereas films
prepared from CB and o0-XYL solutions do not show this preference.
This effect results from the competition between solute-solvent and so-
lute-solute interactions, which influence the film formation and ulti-
mately determine the final morphology. CF, as the better solvent, pro-
motes stronger solvent-solute interactions and favors face-on orienta-
tion, while CB and o-XYL promote stronger solute-solute interactions
and pre-aggregation in solution, which hinders molecular ordering in
the final film.
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5.2 Paper 2

Probing molecular orientation of donors and acceptors in all polymer
blends.

Leticia P. Christopholi, Zewdneh Genene, Cleber F. N. Marchiori, Stela An-
drea Muntean, Ergang Wang, Ellen Moons

Journal of Physics: Materials. 9 (2026) 025001

Understanding the microstructure of electron-donor and electron-ac-
ceptor materials is crucial for optimizing the performance of all-poly-
mer solar cells. In this study, near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy was employed to investigate the molecular
orientation of spin-coated thin films of the polymers PF5-Y5 and PYT,
as well as their blends with PBDB-T in donor: acceptor ratios of 1:0.75
and 1:10. The comparison of NEXAFS spectra acquired in partial elec-
tron yield (PEY), total electron yield (TEY), and fluorescence yield (FY)
modes provides depth-dependent information about the films. The car-
bon K-edge spectra in PEY mode of all the blend films resembled the
spectral signatures of the donor PBDB-T, indicating that the blend film
surface is PBDB-T-rich, even at a tenfold higher acceptor concentra-
tion. To identify the acceptor component in the carbon spectra, deeper
subsurface probing was required using the TEY and FY modes, along
with analysis of the angular dependence of these spectra. Nitrogen K-
edge NEXAFS spectra were employed to selectively probe the acceptor
orientation in the blend films, revealing that PBDB-T: PF5-Y5 (1:0.75),
PBDB-T: PF5-Y5 (1:10), and PBDB-T: PYT (1:10) blends retain the
face-on orientation observed in neat acceptor films. However, for the
PBDB-T: PYT (1:0.75) blend, a reduced dichroic ratio for the first ni-
trogen 1s — m* resonance at 398.56 eV in PEY spectra indicates that
the donor PBDB-T influences the molecular orientation of PYT in the
film's surface layer. Notably, this work demonstrates a novel approach,
using the dichroism at selective absorption edges, to access the molec-
ular orientation of one of the components in a polymer blend film.
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5.3 Paper 3

Sequential Deposition Enables Suppression of Spontaneous Donor
Enrichment of the Surface in Spin-coated Films

Leticia P. Christopholi, Pawel Dabczynski, Saurabh Pareek, Ewa Partyka —
Jankowska, Marcin Zajac, Stela Andrea Muntean, Ellen Moons

Journal of Physics: Materials. 9 (2026) 015018

In this work, time-of-flight secondary ion mass spectrometry (ToF-
SIMS) was employed to investigate the vertical distribution of sequen-
tially deposited PM6/Y5 films and of blend PM6:Y5 films coated in a
one-step process. The influence of thermal annealing (TA) on the ver-
tical distribution of the components was also evaluated. The depth-pro-
files revealed that blend-casting samples present a donor-rich surface
layer, approximately 2.4 nm wide, and that TA does not affect this ver-
tical composition. On the other hand, the depth profiles of the sequen-
tially deposited films show that sequential deposition (SD) promotes
an acceptor-rich surface layer. It was found that thermal annealing of
the PM6 bottom layer before further processing helps to suppress Y5
diffusion into this layer, and TA after the acceptor layer was deposited
further promotes vertical phase separation, resulting in a composition
gradient with Y5 enrichment near the surface and PM6 content closer
to the bottom. Additionally, near edge X-ray absorption fine structure
(NEXAFS) spectroscopy was used to investigate the composition and
the molecular orientation of the donor PM6 and the acceptor Y5 in
blend and SD films. Depth-dependent molecular orientation was as-
sessed by comparing NEXAFS spectra acquired in total electron yield
(TEY) and fluorescence yield (FY). For PM6:Y5 blends measured in
TEY mode the carbon K-edge spectrum was dominated by spectral fea-
tures of the donor PM6, while for SD-films, they are dominated by Y5
spectral features, clearly reflecting the donor-rich and acceptor-rich
surfaces, in agreement with ToF-SIMS results. Furthermore, nitrogen
K-edge NEXAFS spectra were employed to selectively probe the accep-
tor orientation. In SD-processed samples, NEXAFS nitrogen K-edge
spectra recorded in TEY and FY modes showed that Y5 retains its face-
on orientation when deposited on top of PM6, despite the combined
effects of film formation dynamics and interfacial intermixing inherent
to the process. A similar behavior was observed for PM6:Y6 blends, alt-
hough the dichroic response at the surface was reduced.
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5.4 Paper 4

Unravelling Sulphur L:-Edge NEXAFS Spectra of Thiophene-based
Organic Semiconductors

Leticia P. Christopholi, Robert Temperton, Alexei Preobrajenski, Stela An-
drea Muntean, Ellen Moons, Cleber F. N. Marchiori

Manuscript

In this work, the sulfur L: absorption edge was investigated as an alter-
native soft X-ray probe for studying molecular orientation in sulfur-
containing conjugated polymers. The motivation was to evaluate
whether the Li-edge can be used as a more accessible and simpler spec-
troscopic probe compared to the sulfur K-edge at hard X-ray photon
energies and the more complex Lo,3-edges.

Angle-dependent NEXAFS measurements were performed on neat
films of two acceptor-type polymers, PYT and PF5-Y5, and the inter-
pretation of the spectra was supported by time-dependent density
functional theory (TD-DFT) calculations. Although sulfur atoms in dif-
ferent chemical environments exhibit nearly identical spectral features
in Li-edge spectra, distinct differences in angular response were ob-
served. PYT exhibited clear dichroism, consistent with previously re-
ported face-on orientation trends from carbon K-edge and nitrogen K-
edge measurements, whereas PF5-Y5 showed reduced dichroism due
to its more complex electronic structure.

The theoretical analysis revealed that the interpretation of sulfur L:-
edge spectra is not straightforward. The intense low-energy resonance
consists of multiple transitions with mixed character, including signif-
icant ¢*(S-C) contributions as well as m*-type states associated with the
conjugated backbone. This mixed nature closely parallels previous in-
terpretations reported for the sulfur K-edge of organic materials and
demonstrates that the dominant peak cannot be assigned to a purely
7i* or o* transition.

Overall, this study establishes practical guidelines for interpreting sul-
fur L;-edge spectra and shows that its reliability for probing molecular
orientation depends on the electronic structure of the specific polymer.
The results highlight both the potential and the limitations of using the
sulfur Li;-edge for molecular orientation analysis in conjugated materi-
als.
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5.5 Paper 5

Nanoscale Study of Surface Photovoltage, Photocurrent, and Nano-
mechanical Properties on Finely Mixed Blend Films.

Leticia P. Christopholi, Ismail Benamar, Stela Andrea Muntean, Philippe
Leclere and Ellen Moons

Manuscript

In this work, AFM-based techniques were applied to the benchmark
non-fullerene PBDB-T:Y6 system to investigate nanoscale electrical
and mechanical properties under different processing conditions. Kel-
vin probe force microscopy (KPFM), photoconductive AFM (pc-AFM)
were used to probe surface potential and local photocurrent genera-
tion, while PeakForce quantitative nanomechanical mapping (PF-
QNM) provided nanomechanical contrast. The results show that the
intermixed morphology characteristic of modern donor:NFA blend
systems makes it difficult to directly assign the observed electrical or
mechanical contrast to composition, and hence to distinct donor- or
acceptor-rich domains. This work discusses the challenges faced when
employing AFM-based techniques for investigating nanoscale struc-
ture-property relationships in high-performance organic photovoltaic
blends.
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6 Conclusions

Morphology in organic photovoltaic active layers has long been recog-
nized as a key factor governing device performance. With the develop-
ment of new and planar electron-donor and electron-acceptor materi-
als, additional research questions arise regarding not only nanoscale
morphology, but also molecular orientation. At the same time, the cur-
rent availability of a range of advanced characterization techniques has
opened new possibilities for understanding how processing conditions
influence molecular orientation and nanoscale structure.

One of the main findings of this thesis is that solvent choice can influ-
ence molecular orientation, but that its effect cannot be generalized
across different materials systems. For the small molecule acceptors Y5
and Y6, chloroform (CF) yields smooth films with pronounced face-on
orientation, whereas chlorobenzene (CB) and ortho-xylene resulted in
non-oriented films. This behavior contrasts with reports for organic
semiconductor systems, in which higher boiling point solvents are of-
ten associated with enhanced molecular orientation due to a slower
drying rate. Our findings show that when solute-solute interactions
dominate over solvent-solute interactions, pre-aggregation occurs al-
ready in solution, which can hinder the molecular orientation during
film formation. In contrast, polymer derivatives based on Y5, such as
PYT and PF5-Y5, exhibited face-on orientation when processed from
CB. Overall, these results show that processing guidelines for small
molecules cannot be directly transferred to their polymer derivatives.
Instead, the effect of solvent must be evaluated for each material indi-
vidually, since it depends on its intermolecular interactions and the ag-
gregation behavior of the system.

By combining the nitrogen K-edge with depth-dependent detection
modes, it was possible to selectively probe the orientation of the accep-
tors PYT and PF5-Y5 in blend films. The results showed that the accep-
tors retained their face-on molecular orientation even after blending
with the donor PBDB-T, which did not exhibit preferential orientation.
This information is not accessible from the carbon K-edge, where both
components contribute to the spectra. This approach was also applied
to PM6/Y5 films processed by sequential deposition rather than
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conventional one-step blend-casting, confirming that the acceptor re-
tained its face-on orientation despite the interfacial intermixing during
film formation. Together, these results show that element-specific ab-
sorption edges are essential for resolving the orientation of individual
components in multicomponent donor-acceptor systems.

In addition, this work evaluates the sulphur Li-edge as a more accessi-
ble alternative soft X-ray to the sulphur K-edge and as a simpler spec-
troscopic probe than the sulfur L2,3 edges for studying organic semi-
conductors. For PYT, the spectra showed a dichroic response con-
sistent with carbon K-edge measurements, whereas PF5-Y5 exhibited
low dichroic response due to its more complex structure. Supported by
TD-DFT calculations, the analysis revealed both the potential and the
limitations of this edge. In particular, the intense low-energy resonance
comprises multiple transitions of mixed character, including signifi-
cant 0*(S—C) contributions and m*-type states associated with the con-
jugated backbone, which makes peak assignment nontrivial. A broader
conclusion is therefore that the sulphur Li-edge is a promising probe
for molecular orientation, especially for sulfur-containing systems with
simpler electronic structure, such as small molecules, where the spec-
tral features may be easier to interpret.

Another important outcome of this thesis is that vertical stratification
can be intentionally modified through deposition methods and post-
processing treatments. Sequential deposition was investigated as a
strategy to control vertical phase separation in PM6-Y5 systems, which,
when processed via blend casting, exhibit a donor-rich surface. Se-
quential deposition inverts vertical distribution within the active layer,
while thermal annealing helps to suppress Y5 diffusion into the PM6
layer, resulting in acceptor-rich surfaces. Such control over vertical
stratification is particularly relevant for conventional device architec-
tures, where acceptor-rich surfaces facilitate electron extraction.

Macroscopic device measurements and structural characterization
provide valuable information on structure-performance relations in or-
ganic solar cells, but they do not directly reveal photovoltaic behavior
at the nanoscale. To address this, complementary AFM-based tech-
niques were applied to PBDB-T:Y6 blends. PF-QNM, KPFM, and pc-
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AFM, to probe nanomechanical, surface potential, and photocurrent
generation, respectively. The finely intermixed structure of these mod-
ern non-fullerene systems implies that domain sizes are often ap-
proaching or falling below the spatial resolution of the techniques. This
limits the direct assignment of nanomechanical and electrical signals
to composition, and hence correlation with distinct donor-or acceptor-
rich domains. The findings highlight the importance of combining
complementary characterization techniques and careful data interpre-
tation.

Overall, this work demonstrates that a comprehensive understanding
of morphology in organic solar cells requires the combination of ele-
ment-selective spectroscopy and nanoscale probe techniques, while
critically assessing their strengths and limitations. The findings con-
tribute to a more robust experimental framework for the investigation
of molecular orientation and nanoscale structures in organic photovol-
taic materials.
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Molecular Orientation and Nanoscale
Morphology-Property Relations in Organic
Semiconductors for Photovoltaics

Organic solar cells (OSCs) are lightweight, flexible, scalable alternatives to
traditional silicon solar panels. In OSCs, molecular semiconductors convert solar
energy into electricity. With efficiencies exceeding 20%, OSCs have become a
promising renewable energy technology.

The photoactive layer in a photovoltaic device is typically coated from a blend
solution of electron-donor and electron-acceptor molecules. Recent development
of new materials introduces new challenges in controlling and characterizing the
morphology of the photoactive layer.

In this work, we use X-ray absorption spectroscopy to demonstrate that the
choice of solvent used to process the photoactive layer plays an important
role in determining the molecular orientation of the molecules. In addition,
we introduced a novel approach that allows selective probing of the molecular
orientation of the electron-acceptor in blended films. We also demonstrate that
the deposition method can be used to control the vertical stratification in donor-
acceptor systems. Complementary SPM techniques were applied to investigate the
morphology-property relations at the nanoscale, highlighting both opportunities
and challenges in the study of modern photoactive layers.
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