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"Come to me, all you who labour and are overburdened, and I will give you rest.

Shoulder my yoke and learn from me, for I am gentle and humble in heart,

and you will �nd rest for your souls.

Yes, my yoke is easy and my burden light."

Matthew 11:28.30
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Abstract

Organic semiconductors (OSCs) are sparking great interest for their potential

to substitute inorganic-based technologies (e.g., silicon) in optoelectronic device ap-

plications. In recent years, both organic photovoltaics (OPVs) and organic photode-

tectors (OPDs) have reported dramatic and steady progress in performances, with

additional attractive characteristics of lightweight, colour-tunability/transparency,

mechanical �exibility, and low-cost fabrication. However, for organic optoelectronics

to be ready for the market as a reliable alternative to silicon counterparts, further

performance and lifetime increase is required. This involves, for example, improv-

ing photodetection speed and reducing dark currents in OPDs, and suppressing

OPV photodegradation mechanisms. In this thesis, both design of OSC molecular

structure and engineering of device active layer are utilised as powerful tools to im-

prove e�ciency of photon-to-electron conversion processes in OPVs and OPDs and

to extend operational lifetimes, in both solution-processed and vacuum-evaporated

devices. Firstly, the e�ect of di�erent modi�cations in OSC chemical structures

is analysed, including heteroatom substitution and end-group engineering in non-

fullerene acceptors, and geometry control in small-molecule donors. By detailed

investigation of molecular physics combining energetic (by air photoemission spec-

troscopy) and structural (by Raman spectroscopy) characterisation, the role of these

modi�cations on device performance is pinpointed. In particular, backbone rigid-

ity and �ne-tuning of charge delocalisation along the molecule are found essential

to suppress chemical and morphological degradation during OPV operations, while
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the adoption of di�erent donor conformations (twisted vs. planar) determines trap-

state distribution and photodetection speed in OPDs. Secondly, OPD active layer

characteristics are engineered by fabrication parameter tuning, taking into account

factors like donor:acceptor ratio and thickness. Here, it is found that high content

of donor polymer is crucial to suppress dark current and ensure fast photodetection

by morphology and energetic optimisation, while thickness increase in evaporated

blends can control molecular orientation and packing order, which is particularly

promising in fullerene-free OPDs.
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1 | Introduction

1.1 Motivation and Aims

As we approach the �rst quarter of the 21st century, it is by now clear how

this historical period is full of challenges and opportunities. A nearly-eight-billion-

sized fast-growing population and its expanding urbanisation generate a dramatic

increase in energy consumption,1,2 with a predicted 44% rise in demand by 2030.3

This is widely covered by use of carbon-intensive power sources, such as coal and

natural gas, which result in catastrophic increase in atmospheric levels of CO2 and

other pollutants,2 with disruption of climate patterns, ecosystems, and biodiversity

throughout the planet.4 In particular, there is general consensus in the scienti�c

community that a threshold of 1.5°C global temperature increase should not be

overcome, lest we bring the consequences of anthropogenic climate change beyond

the point of no return. For this, drastic curtailing of fossil fuels consumption should

take place, with at least 80% reduction of the current levels necessary to keep up

with international targets.2,5

At the same time, population and economic growth is also accompanied by

unprecedented technological development, with the rise of globalisation and inter-

connection via IT advances. In particular, the emergence of the Internet of things,

with over 40 billion devices connected by 2023, shows great potential not only for

higher production e�ciency in Industry 4.0, but also for sustainability (e.g., smart

cities, smart homes) and welfare (e.g., e-health).6

To enjoy "the best of both worlds", with smart technologies powered by e�-

cient and clean energy, photovoltaic (PV) power generation stands out as a great

alternative to traditional non-renewable sources, and it could in principle fuel all

humanity activities,7 provided suitable infrastructures for energy storage and distri-

bution. However, although recent progress in economy of scale made PV price-wise

competitive, with a cost of 56 USD/MWh for utility-level compared to over 70

USD/MWh for gas and coal, traditional silicon-based solar modules require expen-
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sive, energy-intensive fabrication8 relying on a complex supply chain, subject to

geopolitical instability and price �uctuations.9

In this context, organic electronics, using carbon-based semiconductors, repre-

sent a great promise to achieve e�cient photoconversion, not only for cost-e�ective,

easily processable organic photovoltaics (OPVs), but also for low-power-consumption,

colour-tunable sensors (organic photodetectors, OPDs), with extensive opportuni-

ties for integration on �exible and biological substrates. In recent years, OPVs

have raised from proof-of-concept devices with negligible performances to impres-

sive power conversion e�ciencies >18%10�12 and even >20% for tandem solar cells,13

while �gures of merit of OPDs are now rivalling inorganic-based counterparts, espe-

cially in infrared detection.14 Applications of organic electronics have already demon-

strated the market potential of the �eld, spanning from colourful solar windows in

public buildings15,16 to energy sources for portable devices powered by indoor light

(OPVs),17 from sensors for automatic driving cars to noninvasive point-of-care di-

agnostics (OPDs).18

However, several challenges still remain to make OPVs and OPDs a viable

alternative to silicon-based technologies. In particular, issues like OPV operational

stability and large-area fabrication, and OPD limits for high-frequency detection,

need to be tackled for taking full advantage of organic electronics potential.

In this thesis, some of these challenges will be investigated in the perspective of

optimising materials design towards high-e�ciency and long-lived organic photocon-

version devices. Exploring di�erent routes of molecular engineering and strategies

for device architecture, guidelines for optimal materials selection and fabrication pa-

rameters will be proposed, demonstrating performance and lifetime improvements

in OPV and OPD applications.

1.2 Outline

This thesis is divided into chapters, each focusing on a di�erent aspect of the

work presented. Below, a brief overview of the content of each chapter is given.

Chapter 2 lays out the fundamentals of organic semiconductor physics, with

speci�c emphasis on working principles and candidate materials in OPV and OPD

applications.

Chapter 3 introduces the experimental techniques and computational meth-

ods used for materials and device characterisation, and what information can be

extracted by each of them.
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The work presented in the main chapters (Chapter 4-Chapter 7) takes into

consideration the role of di�erent parameters of molecular design and device active

layer engineering, and how they can be tailored to optimise the photon-to-electron

conversion physics.

Chapter 4 investigates the e�ect of core selenium substitution and end-group

modi�cation on the photostability of nonfullerene acceptor-based OPVs. By system-

atic characterisation of light-induced degradation mechanisms, the role of molecular

rigidi�cation, charge delocalisation along the acceptor backbone, and intermolecu-

lar interactions is discussed. This allows formulation of molecular design guidelines

towards highly-stable OPVs.

Chapter 5 studies the role of molecular conformation of small-molecule donors

for evaporated bulk-heterojunction OPDs, comparing a twisted (NP-SA) and a fully

planar (MPTA) structure. By analysis of light-intensity-dependent device photo-

physics, the origin of di�erent trap state distributions and their impact on photode-

tector performance are traced back to donor molecular conformation. This work

highlights how selection of OPD candidate materials should be carried out depend-

ing on the targeted device operating conditions.

In terms of device active layer engineering, Chapter 6 presents a blend-ratio

dependent study of state-of-the-art blends, focusing on highly diluted Y6 bulk het-

erojunctions with high PM6 content. Here, it is shown that polymer-rich devices

are greatly promising for OPD applications, with excellent �gures of merit under

moderate reverse bias. In particular, the in�uence of blend ratio on charge gen-

eration, charge transfer, and transport is analysed, and guidelines for synergistic

optimisation of di�erent OPD �gures of merit are outlined.

Chapter 7 analyses the role of active layer thickness and acceptor choice in

evaporated OPDs, where the planar MPTA donor is paired to either C60 or to the

sublimable NFA Cl6-SubPc. It is found that the thickness-dependent intermolecular

interactions in MPTA and the mixing with the relatively big and 3D-structured NFA

molecule can be successfully harnessed to tune solid-state packing. Upon thickness

increase, this results in a �nely intermixed BHJ architecture, with systematic MPTA

orientation, leading to excellent OPD performance. In particular, the substitution

of C60 with a NFA alternative proves to be highly successful to suppress deep-trap

formation pathways in MPTA, �xing the poor e�ciency under low light observed in

Chapter 5.

Finally, Chapter 8 summarises the main conclusions of the work presented,

and outlines the future research needed to expand the �ndings of this thesis and to
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tackle the remaining challenges towards high-e�ciency and stable photoconversion

devices.

1.3 Declaration of Work

The work introduced in Chapter 4 was published in ACS Nano in 2021, with

myself as �rst author.19 The initial results were employed to ful�ll the requirements

for my MRes in Plastic Electronics, completed in 2019. The materials utilised in the

study were synthesised in the group of Prof Yun-Hi Kim at Gyeongsang National

University (Jinju, Korea). All device fabrication and most of materials character-

isation was carried out directly by me. Collaborations with Dr Sooncheol Kwon

(Gwangju Institute of Science and Technology, Korea) and Rhea Kumar (Imperial

College London, Department of Chemistry) provided the GIWAXS and transient

absorption data, respectively. The content of this chapter is adapted with permis-

sion from ACS Nano 2021, 15, 4, 7700�7712. Copyright 2021 American Chemical

Society.

The results presented in Chapter 5 were published in Nature Communications

in 2022, with me as lead co-author.20 All devices and thin �lms were fabricated by

collaborators at Samsung Advanced Institute of Technology (Suwon, Korea). Tran-

sient optoelectronic measurements (transient photovoltage and charge extraction)

were carried out by Dr Jiaying Wu at Imperial College London (Department of

Chemistry), while I was directly in charge of all other thin-�lm and device mea-

surements and molecule simulations. Raman spectra were collected and analysed

together with Dr Saurav Limbu.

The data in Chapter 6 are relative to device and thin �lms fully fabricated by

myself. All materials characterisation was carried out by me directly, while collab-

oration with Dr Yifan Dong (Imperial College London, Department of Chemistry)

provided the transient absorption data.

For Chapter 7, devices and thin �lms were provided by collaborators at Sam-

sung Advanced Institute of Technology (Suwon, Korea). Most of sample analysis

was carried out by me, in close collaboration with Dr Song Yi Park for photoe-

mission spectroscopy and device electrical characterisation. Transient absorption

was provided by Dr Yifan Dong and charge extraction and capacitance analysis by

Dr Aniket Rana (Imperial College London, Department of Chemistry). Grazing

incidence X-ray di�raction characterisation was carried out at the Department of

Materials, Imperial College London, by Dr Andrey Berenov.



2 | Background

The molecules and di�erent electronic devices covered in this thesis are based

on the class of materials known as organic semiconductors (OSCs). Structured on

carbon and other typically light atoms (mostly H, N, O, F, and S), OSCs show

speci�c characteristics of electronic conduction and interaction with light, whose

description requires physical models distinguished from those used for traditional

inorganic semiconductors. In particular, the investigation of OSCs is not only inter-

esting for scienti�c research beyond the well-established science of inorganic coun-

terparts, but also highly relevant for potential technological development. In fact,

the "special" properties of OSCs include attractive characteristics to incorporate in

optoelectronic devices, such as lightweight, colour-tunability, mechanical �exibility,

and biocompatibility, which represent a great promise for next-generation photo-

voltaics (OPVs), photodetectors (OPDs), and transistors, while organic LEDs are

already a solid reality in the market. Numerous textbooks and review articles cover

di�erent aspects of OSC science,21�25 while current frontier research is active in tack-

ling some unsolved questions on the fundamental light-induced processes in OSCs

and continuous performance improvement in OSC-based devices.26�31

In this chapter, an overview of chemical design options, optoelectronic, trans-

port, and morphological properties of this class of materials will be given, especially

focusing on mechanisms of photocurrent generation and charge mobility in OSCs.

Further on, the physics of OSC-based optoelectronic devices - namely, OPVs and

OPDs - will be introduced, and the current available strategies to enhance perfor-

mance and stability will be summarised. All the full chemical names of the materials

mentioned hereby are available in Appendix A.

2.1 Introduction to Organic Semiconductors

The fundamental di�erence between organic and inorganic semiconductors21

lays on the nature of the charges responsible for electric conduction. In typical inor-

23
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ganic SCs such as Si, Ge, and GaAs, low bandgap Eg (0.5-1.5 eV) and high dielectric

constant (e.g., εr ∼ 12 for Si and GaAs, εr ∼ 16 for Ge) allow for the creation of

a small density of free charges by thermal excitation at room temperature, where

coulombic interaction between electron-hole (e-h) pairs can be neglected. This is also

true for additional density of charge extrinsically introduced for device applications:

in particular, the photogenerated e-h pairs created in inorganic solar cells and pho-

todetectors upon illumination can be described as free charge carriers. Moreover, the

crystalline nature of most inorganic SCs results in a continuum of energy levels sepa-

rated by the Eg, described as a band structure, with excitation process promoting an

electron from the valence to the conduction band, and mobility pathways are easily

established in the highly ordered molecular lattice. Even for amorphous inorganic

SCs, where localised electronic states are present within the bandgap, conductivity

is high as carriers in tail states can be readily excited into high-mobility bands (i.e.,

complementing band-to-band with hopping conductivity).32 On the other side, OSCs

Fig. 2.1: Illustration of atomic orbital hybridisation, in the case of sp2 hybridisation typi-
cally found in OSCs. For a carbon atom with four electrons in the 2s and 2p outer
orbitals, the 2s and two of the p orbitals assume an intermediate (i.e., hybrid)
character, therefore being called sp2 orbitals. These can establish directional σ
bonds, with the lobes aligned in a trigonal planar structure, while the remaining
orbital retains its p character and forms a delocalised bond perpendicular to the
plane, as illustrated here for an ethylene molecule. This π orbital is the funda-
mental chemical entity in OSCs, governing transport and packing properties of
small-molecule and polymer materials.

are relatively large molecules based on light atoms bonded via hybridised orbitals

(π-conjugation, see more details in Figure 2.1 schematics), where Eg is normally

large (1.5-3 eV) and dielectric constant low (εr ∼ 3.5). Therefore, charge density is
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negligible at room temperature, and carriers can only be created by extrinsic pro-

cesses such as separation of photogenerated e-h pairs, introduction of dopant species,

or injection from the electrodes. Here, e-h coulombic interactions are strong, so that

carriers are not free, but bound pairs known as excitons. Moreover, the solid-state

packing of OSCs, held together by weak van der Waals interactions, is typically

disordered, and discrete levels are maintained rather than bands, so that electron

excitation and transport are determined by transitions between these energy levels.

Fig. 2.2: Molecular singlet states in an orbital (a) and a state (b) representation. The
former shows the energies of single-electron orbitals and their gradual �lling with
antiparallel spin electrons, while the latter presents the overall energy levels of
the molecule in a speci�c electronic con�guration. Note that the HOMO-LUMO
di�erence only approximates the energy di�erence between S0 and higher excited
states, since it neglects any electron-electron interaction upon �lling of di�erent
orbitals. In a rough approximation, the energy di�erence between S0 and S1 is
lower than the HOMO-LUMO di�erence by the exciton binding energy, due to
the stabilisation by coulombic attraction once the e-h pair is formed.

In particular, to understand the processes of light-induced charge generation

in OSCs, on which both OPV and OPD operations are based, it is important to

introduce a basic description of the molecular orbitals between which the transitions

take place. As OSCs are molecular materials with atoms predominantly bound

by hybridised C-C bonds, σ-orbitals and largely delocalised π-orbitals are formed

by atomic orbital hybridisation. Based on this, overall molecular orbitals can be

calculated by di�erent models such as linear combination of atomic orbitals (LCAO),

to describe the energetic states that charge carriers can occupy. In general, we refer

to the highest occupied and the lowest unoccupied molecular orbitals (HOMO and

LUMO, respectively), as the relevant energy levels between which photoexcitation

occurs. In a simple picture (Figure 2.2a), this implies the promotion of an electron
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from the HOMO of the molecule in the singlet ground state (S0, with the HOMO

occupied by two electrons with antiparallel spin), to the LUMO or higher levels

depending on the energy of the incident photon. Therefore, the molecule passes

to an excited singlet state (S1, S2, ...), since the electronic spin is preserved upon

optical excitation. Note that in the case of charge injection this does not apply, and

triplet states of the manifold Tn should also be considered.

This can be illustrated either in an orbital diagram description (Figure 2.2a),

where single electrons are visualised in their respective energy levels, or in a state

diagram description (Figure 2.2b), where the energies of the overall molecular states

are indicated. Here, a caveat should be given about the exact energy position of

the frontier molecular orbitals (FMOs), since the HOMO-LUMO and the ground-to-

excited-state energy di�erences do not exactly match. Namely, the former ignores

the interactions (electrostatic, exchange...) arising once the e-h pair is formed, es-

pecially the exciton binding energy of the coulombic e-h attraction. However, these

expressions are normally used interchangeably in most OSC literature. For molecules

with a net charge (e.g., doping, charge injection...), the interactions with the sur-

rounding environment and the coupling with local lattice distortion determines the

creation of a polaron, which also stabilises the system energy so that polaron energy

levels lie within the HOMO-LUMO gap.

Another distinction is between the HOMO/LUMO, whose di�erence determines

the optical bandgap of the material, and the ionisation potential IP/electron a�nity

EA (respectively, the energy required/gained to remove/add an electron from/into

a neutral molecule), whose di�erence determines the electronic bandgap.21 In fact,

the latter takes into account multi-electron correlation, and can be experimentally

accessed by photoemission techniques.

Following photo-excitation, the di�erent processes involved in photon-to-electron

conversion in organic photoactive materials can be summarised as in Figure 2.3.33

Incoming photons with energy higher than materials optical Eg (generally the lowest

between the donor and the acceptor in a photoactive blend) excite the semiconduc-

tor from the ground state to the lowest-energy singlet state S1, with excess energy

typically released by thermalisation in the femtosecond timescale.33 Excitons expe-

rience strong Coulomb attraction due to the low dielectric constant in disordered

organic materials and tend to recombine, so that a donor-acceptor interface is re-

quired for e�ective exciton dissociation. This is generally provided by a bicontinuous

interpenetrated network of an electron donor (D) and an electron acceptor (A) with

respective domain size comparable with the typical exciton di�usion lengths of 5-15

nm.34,35 This is the so-called bulk heterojunction (BHJ) approach, used in the most
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Fig. 2.3: Schematic of the steps involved in photon-to-electron conversion in a D/A system
(a), with the Jablonsky diagram (b) illustrating the process from light absorption
to charge extraction through the intermediate species and the timescale of each
phase. Adapted from [33], with permission.

e�cient OPV systems. However, bilayer architectures (i.e., planar heterojunction,

PHJ), or harnessing the intrinsic D-A structure of molecules (e.g., for double-cable

polymers or calamitic nonfullerene acceptors) are arising as valid alternatives.36�38

In the presence of a D/A structure, the exciton can di�use to the interface

and form a so-called CT state, a more loosely bound electron-hole pair over the

D/A species with energy lower than S1. If the CT state does not undergo geminate

recombination (either radiative or non-radiative), it can split into fully separated

electron and hole (charge separated state, CS), also known as electron and hole po-

larons referring to the electric charge coupled with the lattice distortion in analogy

to crystalline inorganic semiconductors.33 The process of CT and CS generation usu-

ally occurs in the pico to nanosecond timescale following excitation. However, more

complex processes can make this picture more articulated, including the presence

of triplet states as T1 in the Tn manifold, where singlets can decay by intersystem
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crossing (ISC) followed by triplet recombination or ISC of singlet CT into triplet

CT with backtransfer to T1.35

After the formation of a CS state, the charge carriers are driven by the materials

energetics towards respective electrodes (i.e., anode and cathode), but charges can

also recombine by bimolecular recombination (i.e., a type of non-geminate recom-

bination where an electron and a hole originating from di�erent excitons encounter

and reform a bound CT state which then decays to S0) or meet at a trap site (trap-

assisted recombination), typically in the nano to microsecond timescale. Conversely,

e�cient transport ensures that electrons and holes can reach respective electrodes

and be successfully extracted as electric current.

At this regard, it is worth mentioning the main concepts used to describe charge

carrier transport in OSCs.21 In particular, electronic transitions in π-conjugated ma-

terials are strongly coupled to molecular vibrational modes, so that mobile charges

are accompanied by a continuous lattice distortion (i.e., phonons) in their motion

to form a so-called polaron. Therefore, electron-phonon coupling determines trans-

port physics in these media, termed hopping transport, a series of non-coherent steps

between localised sites.

A fundamental description of charge transport in organic semiconductors is laid

out in the theoretical framework proposed by R.A. Marcus since the 1950s (Mar-

cus theory),39,40 with the approximation of weak coupling between neighbouring

molecules A and B. In this case, localised polarons are transferred between adjacent

molecules by thermally activated "jumps", which need to overcome the reorgani-

sation energy λ. As schematised in Figure 2.4, this is the energy required for the

geometry change in the two molecules (λinner) and in the surrounding environment

(λouter) to accommodate the passage of an electron between A and B. λouter is im-

portant in solution, where solvation e�ects and inter-molecular displacement can

signi�cantly contribute, while λinner is predominant in typical solid-state �lms. In

particular, λinner = λA + λB, including the energy associated with the geometrical

distortion of A from its charged to neutral state, and of B from its neutral to charged

state. The polaron binding energy Epol is therefore de�ned as the energy di�erence

between a molecule without and with the distortion associated with adding an elec-

tron. In the approximation of parabolic potential energies of neutral molecules and

small distortions, the required energy for changing the geometry of A up to the ac-

tivation of the electron transfer to B, Eact, corresponds to half the polaron binding

energy and a quarter of the reorganisation energy Eact =
Epol

2
= λ

4
. In a classical

description of nuclear mode statistics, it follows that the probability of the electron

transfer from A and B, and therefore the hopping rate kET , are proportional to
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Fig. 2.4: Potential energy diagram describing the transfer to an electron from molecule A
to B, as a function of the normal-mode coordinate Q. The reorganisation energies
λA and λB, respectively, are required to distort A molecular geometry from the
charged to the neutral state, and B geometry from neutral to charged. Overall,
the process can be described in terms of system potential energy and generalised
con�guration coordinates (ESystem, QSystem), being the charge on A in the initial
state and on B in the �nal. For thermally-activated charge hopping, an energy
Eact = λ/4 is required, with λ = λinner + λouter = λA + λB + λouter. This
corresponds to the crossing point between the potential energy curves of initial
and �nal states. Note that λ is the potential energy di�erence for the �nal state in
initial and �nal QSystem con�guration. The result can be derived from geometric
considerations in the approximation of both parabolic potential energy surfaces
with the same curvature.

e
− λ

4kBT . Moreover, for weak coupling regimes, electronic coupling can be considered

as a perturbation, so that, for phonon energies �kBT ,

kET =
J2

ℏ

√︃
π

λkBT
e
− λ

4kBT , (2.1)

where J is the electronic transfer integral (electronic coupling), ℏ the reduced

Planck constant, kB the Boltzmann constant, and T the temperature of the sys-

tems. Through Einstein relation (D = kBT
q
µ, connecting di�usivity D and drift

mobility µ) and the de�nition of di�usivity (D = a2kET

2
, in one dimension), the

charge mobility µ is therefore related to kET as

µ =
ea2J2

6ℏ(kBT )3/2

√︃
π

λ
e
− λ

4kBT , (2.2)

with a being the distance between hopping sites and e the elementary charge.

This relation shows how kET and µ are a�ected by the physics parameters that ulti-

mately depend on molecular structures and packing arrangement in OSC materials.

In particular, high µ can be achieved in systems with strong electronic coupling J

(critically related to precise orbital distribution, which can be controlled by molecu-
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lar design) and low reorganisation energy λ. This can be e�ectively manipulated by

both materials engineering (e.g., planar, rigid molecules) and morphology control

(e.g., dielectric environment, packing structure), so that a rich toolbox is available

from chemistry and physics to maximise the mobility in OSC systems.

2.2 Organic Photoconversion Devices

2.2.1 Organic Photovoltaics: Principle of Operations

A solar cell is an optoelectronic device converting the photon energy from the

Sun or an arti�cial light source into electric current. As dictated by the nature of

charge carriers and transport properties of organic semiconductors explained above,

the typical OPV active layer is comprised of a BHJ with blended D and A materials,

with charge separation occurring at their interface. To assess the performance of

organic solar cells, the most accessible and direct characterisation is by J-V scan,

where the extracted photocurrent density (J) is measured as a function of applied

voltage (V ). From here, typical �gures of merit can be calculated. As shown in

Figure 2.5, the short-circuit current density JSC of a solar cell is the extracted

photogenerated J when no voltage is applied to the device, and the open-circuit

voltage VOC is the applied voltage to stop current passing through the device. The

most direct �gure of the "usefulness" of a solar cell is provided by the output power

density (also shown in Figure 2.5), simply the product J ·V along the J-V curve. It

can be noted that only for voltages 0 < V < VOC a positive power is delivered by the

device, while at open-circuit and short-circuit conditions no power is generated. The

maximum power point can be determined from the highest absolute value of power

density Pmax, with associated Vmax and Jmax, which is a typical condition chosen for

OPV operations. The ratio between Pmax and JSC·VOC provides a third important

PV parameter known as �ll factor (FF ), quantifying the practically achievable power

output of the cell with respect to the upper limit in the case of a perfectly square

J-V characteristic:

FF =
JmaxVmax

JSCVOC

. (2.3)

These three parameters allow to express the power conversion e�ciency (PCE) of

a solar cell as

PCE =
JSCVOCFF

Pin

, (2.4)

where Pin is the incident power density of the light source, typically set as 100

mW/cm2 for a standard solar simulator test (AM1.5 G spectrum). Each PV param-

eter is related to di�erent characteristics of the solar cell and can provide important



2.2. ORGANIC PHOTOCONVERSION DEVICES 31

Fig. 2.5: J-V curve of a typical BHJ solar cell using PM6 and Y6 as donor and acceptor
materials, respectively. The power density plot is also shown, allowing to locate
the maximum power point at (Vmax,Jmax) for FF calculation. Other photovoltaic
parameters JSC and VOC are also indicated.

insights into device photophysics and loss mechanisms. For example, VOC in BHJ

OPVs is related to the energy o�set between the HOMO of the donor material and

the LUMO of the acceptor,41,42 but it is also a�ected by the several pathways of volt-

age loss. In fact, an ideal solar cell described in the Shockley-Queisser (SQ) model43

has a step-like absorption with 100% EQE above the bandgap and 0 below, and all

the photogenerated carriers are collected with only above-bandgap radiative losses

∆V SQ
OC .

28,44 In addition to the losses due to non-ideal absorption pro�le to match the

light-source spectrum, additional voltage losses can be grouped into radiative due to

below bandgap absorption ∆V rad,belowgap
OC and non-radiative ∆V non−rad

OC , so that the

overall losses are expressed as

∆V =
Eg

e
− VOC =

Eg

e
− V SQ

OC +∆V rad,belowgap
OC +∆V non−rad

OC , (2.5)

where Eg is the bandgap of the photoactive blend (i.e., the smallest between D

and A), e the elementary charge, and Eg

e
− V SQ

OC = ∆V SQ
OC , as summarised in the

schematics in Figure 2.6. In BHJ systems with small HOMO o�sets - as the most

recent based on low bandgap NFAs, where S1 and CT states are close - ∆V rad,belowgap
OC
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can be <100 meV, while ∆V non−rad
OC dominate (typically 300-350 meV).28,45

Fig. 2.6: Illustration of recombination loss fractions in OSCs, leading to an e�ective open-
circuit voltage VOC from a bandgap Eg of the photoactive system. Amount of
losses due to di�erent mechanisms are in scale of relative magnitude.

As for JSC, this is largely limited by the absorption of the materials and the

extraction e�ciency, so that complementary D/A absorption pro�les, thick active

layers and optimised energy cascade with extraction layers and electrodes are essen-

tial to maximise this parameter.46

Fig. 2.7: Equivalent electric circuit representing an ideal solar cell (a), and with inclusion
of lossy elements (b). From [34], with permission.

Lastly, the �ll factor FF expresses how easily charge carriers can be extracted

from the device in the presence of built-in potential and applied bias. In the ideal

case, all the photogenerated current density JSC is extracted for 0 < V < VOC,

but in practice the solar cell behaviour is diodic and extraction depends on the

applied voltage. This can be expressed in terms of equivalent circuit as illustrated

in Figure 2.7, with the introduction of ideality factor n, series resistance Rs and

shunt resistance Rsh. While an ideal solar cell can be schematised as an ideal diode
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(n = 1) with saturation current density Js connected to a current generator (e.g.,

by solar light) corresponding to a photocurrent density Jph, a real solar cell is more

precisely described as a non-ideal diode (n as a free parameter) connected to a

resistance Rs in series and to another resistance Rsh in parallel. This allows to give

an expression for the total current density J as

J = Js[exp(
e(V − JRs)

nkBT
)− 1] +

V − JRs

Rsh

− Jph. (2.6)

Rs and Rsh are thus the main factors a�ecting the FF in organic solar cells. In

particular, Rs is contrasting charge extraction by internal resistance such as bulk

resistance in the BHJ and contact resistance in the passage to transport layers and

electrodes, while Rsh represents the leakage losses by pinholes, traps and cell edges.

Therefore, to maximise FF both a low Rs and a high Rsh are needed, which can

be achieved by careful device optimisation. Examples include selection of best in-

terlayers for band alignment, tailoring of domain size and purity, control of packing

orientation and distance, and engineering of vertical concentration gradients,34 al-

though universal strategies for high FF are still subject of current research in the

OPV �eld.

2.2.2 Organic Photodetectors: Principle of Operations

Since their �rst appearance in the early 80s,47 organic semiconductors for pho-

todetecting applications have gained increasing momentum, and they have been suc-

cessfully utilised in a wide range of applications. Thanks to several advantages over

inorganic counterparts, OPDs are currently employed in a variety of �elds spanning

from imagers (such as full-colour,48 NIR,49 X-ray,50,51 or bioimagers52) to biomedical

applications (arti�cial eyes,53 chemiluminescence,54 pulse-oximetry55,56), from secu-

rity devices to optical communications.57,58 In particular, some of the characteristics

making organic materials attractive candidates for photodetector fabrication are,

similarly to solar cells, low production costs, facile device engineering, and useful

mechanical properties such as stretchability and bendability.14 The strong light ab-

sorption in OSCs (optical absorption coe�cient ∼105 cm−1 vs. ∼103 cm−1 for Si)

opens up possibilities for thin active layers.59 Moreover, the tailorable optical and

electronic properties of organics make them particularly suitable for OPDs, where

the spectral detection range can be tuned without the need for colour �lters.14 How-

ever, due to the intrinsically di�erent photophysics based on strongly bound e-h

pairs and hopping transport, OPDs are still lagging behind inorganic counterparts

in all performance metrics, especially when it comes to performance reproducibility
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and consistency for device commercialisation.

In this paragraph, the operation mechanisms and �gure of merits of OPDs will

be introduced, and a brief review of the state of the art in OPD �eld will illustrate the

current guidelines for materials design and device architecture for high performance

devices.

Fig. 2.8: (a) Schematics of a typical OPD device architecture, with the BHJ active layer
sandwiched between hole/electron extraction layers (HEL/EEL) and respective
electrodes. Large area of D/A interfaces is crucial for separation of electron-
hole pairs, as shown in the inset. (b) OPD energetics diagram, with example of
photogenerated carriers excited in the donor and separated by the D/A LUMO
o�set. (c) Typical J-V curves for an OPD device in dark and under illumination,
with indication of the region of interest for the evaluation of performance metrics
(Jd is evaluated in the reverse bias region). From [60], with permission.

The operational mechanisms of OPDs can be understood in analogy to OPVs.

As schematised in Figure 2.8a for the case of a BHJ active layer, incoming photons

are absorbed by semiconducting materials, with exciton generation followed by CT

formation and dissociation at the D/A interface. However, the purpose of OPD

devices is to generate an electrical signal in response to light stimulation, which is

maximised under reverse electric �eld by increased band bending towards respec-

tive electrodes (Figure 2.8b). This corresponds to operating in the negative voltage

portion of the J-V curve (Figure 2.8c), known as photoconductive mode,60 where

the signals detected with or without photoexcitation are respectively known as pho-

tocurrent and dark current densities (typically reported at a speci�ed voltage).

In particular, OPDs aim at delivering photocurrent in response to a light input

of desired wavelength, so that engineering of active materials is crucial in OPD

design to maximise absorbance and charge generation within the target spectral

range. Since OPDs operate under an applied reverse �eld and do not generate a

net power output, speci�c �gures of merit are required to assess their performances,

which di�er from the usual parameters used for photovoltaics.60

First and foremost, an e�cient photon-to-electron conversion is desired, which
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can be quanti�ed in terms of responsivity R (expressed in A W−1), de�ned as the

ratio between the output photocurrent density Jph and the incoming light intensity

Pin:

R =
Jph
Pin

. (2.7)

Alternatively, external quantum e�ciency (EQE) can be used - i.e., the number

of generated electrons per incident photon discriminated by wavelength:

EQE = R
hν

e
, (2.8)

where h is the Plank constant, ν the incoming radiation frequency, and e the ele-

mentary charge. In microscopic terms, the process of photon-to-electron conversion

can be expressed as EQE e�ciency59

ηEQE = ηAηEDηCTηCC , (2.9)

where the �nal EQE is dictated by the e�ciency of light absorption (ηA), exciton

di�usion (ηED), CT state dissociation (ηCT ), and charge collection (ηCC). Depending

on the OPD application, it may be preferred to achieve high EQE over the whole

spectrum (broadband OPDs), or to narrow it down to a speci�c range for colour-

selective photodetection, typically de�ned for a Gaussian-like EQE with FWHM

lower than 100 nm. This can be realised by materials engineering or manipulation of

device architecture, such as exploiting the microcavity e�ect in narrowband OPDs.61

Since OPDs are generally operated in reverse bias, it is also crucial to assess the R

trend with increasing electric �eld, and to identify the optimum balance between R

and dark current depending on the applied voltage.

For practical applications in optoelectronics, another crucial �gure of merit is

the photoresponse speed, de�ned as the time required from light excitation to

charge extraction to the electrodes. In particular, rise and fall response times

(τrise, τfall) are measured between 10% and 90% of the normalised photogenerated

signal, and frequency response is determined for an output reduction by -3 dB

(also indicated as cuto� frequency, f−3dB). Accurate analysis is usually performed

by photocurrent transient characterisation with time-of-�ight or small perturbation

methods like impedance spectroscopy. Photoresponse times are generally in the µs

timescale for organic-based systems, while rare examples in the sub-µs range are

also found.61�63 This is not reaching record performance of inorganic counterparts

(e.g., response times can be <1 ns in commercial Si and InGaAs PDs), but it is fast

enough for imaging devices with standard interframe time of ms order. Due to the



2.2. ORGANIC PHOTOCONVERSION DEVICES 36

low mobility of organic semiconductors, the carrier transient time τtr is typically

considered the main contribution to the photoresponse time, whereas this should

always be compared to the RC-time τRC due to the resistance R and the capacitance

C of the circuit (a�ected by factors such as pixel area, thickness of all the layers

in the device, and circuit con�guration in measurement equipment). Where τtr is

the dominant time constant, photoresponse speed is generally limited by the slowest

between electron and hole mobility, which can be signi�cantly a�ected by active layer

design such as polymer:NFA solution-processed BHJ as opposed to co-evaporated

small molecule systems. Other factors to take into account are the electric �eld64,65

and the active layer thickness,66 while temperature67 and light intensity68 indirectly

a�ect mobilities via carrier density. Moreover, longer exciton di�usion lengths are

crucial for fast photoresponse, and can be achieved by BHJ design and reduction of

trap density.69,70

To quantify the sensitivity of photodetectors, a fundamental parameter is the

noise equivalent power NEP , de�ned as the minimum signal power detectable

above noise (i.e., for which signal-to-noise ratio SNR is 1). This can be expressed

in terms of R as

NEP =
Inoise

R
√
B
, (2.10)

with Inoise the noise current and B the bandwidth of detection. The NEP reciprocal

normalised by the device area A is the speci�c detectivity D∗, directly proportional

to EQE through the noise spectral density Sn:71

D∗ =
R
√
AB

Inoise
=

eλ
√
A

hc

EQE

Sn

, (2.11)

with λ the wavelength of incident light and c the speed of light. Its unit of measure-

ment, cm Hz1/2 W−1, is often quoted as Jones in the photodetector community. For

a detailed expression of D∗, all factors contributing to noise in the device should be

taken into account. Typically, the main component of dark current �uctuations (i.e.,

the noise due to processes other than photogeneration by the excitation source) is

considered to be the shot noise Ishot, originated from the discrete nature of charges

and depending on the dark current Id �owing through the detector without any light

stimulation (Ishot = 2eIdB).72 In this approximation

D∗ ≈ R
√
AB

Ishot
=

R
√
A√

2eId
=

R√
2eJd

, (2.12)

with Jd the dark current density. However, to avoid overestimation of D∗, other

sources of noise should be also accounted for. These include thermal noise Ith, di-
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rectly proportional to the device temperature T square root and inversely to the

shunt resistance Rsh square root (Ith = 2

√︃
kBTB

Rsh

, with kB the Boltzmann con-

stant); the �icker noise I1/f , with Sn inversely related to the frequency f of the

signal; the generation-recombination noise Ig−r, expressed in terms of carrier life-

time τ with a Lorentzian spectrum Sn = A
τ

1 + (2πfτ)2
(A is a constant depending

on the variation of carriers in the device).72,73 Since a precise estimation of the

di�erent Inoise components is practically challenging, reported D∗ often take into

account only Ishot and consider Jd constant at a speci�ed reverse bias, with the

caveat of its dependency on applied electric �eld.60 Since the dark current is one of

the most important parameters to determine OPD performances, negatively a�ect-

ing SNR and D∗, the investigation of its origin is an intriguing topic of ongoing

research in the OPD community. In particular, the mechanisms of dark injection

from the contacts into the Gaussian DOS of the active layer HOMO/LUMO and the

thermally-activated generation within the active layer are considered the dominant

processes to tackle for Jd reduction.60 However, recent studies report trap-assisted

charge generation, dominated by mid-gap traps, as one of the determinant origins

of Jd.71,74 At present, strategies such as materials engineering for DOS narrowing

and trap density reduction, and careful device architecture (e.g., blocking layers,75

bilayer structure in active layer76,77) allow to limit Jd to 10−9-10−11 A cm−2,78�81

with constant work to push these records further. This will be the speci�c subject

of Chapter 5, where the control of shallow-trap DOS is achieved by conformational

planarity in small-molecule donors for evaporated OPDs. In particular, this en-

hances device performance by both Jd reduction and increase in photodetection

speed at relatively high light intensities.

Finally, the linear dynamic range (LDR) is also an important �gure of

merit to evaluate, de�ned as the light intensity range over which the photogenerated

current is linearly proportional to the input light intensity. This is expressed in

decibel as82

LDR = 20log
Pmax

Pmin

, (2.13)

where Pmax and Pmin are respectively the maximum and minimum optical power

generating linear electrical response. The lower limit of LDR is generally attributed

to the NEP , while the maximum detectable signal is typically determined by re-

sistive behaviour in the device, including series resistance from the electrodes and

charge collection resistance for high carrier density under strong light intensity,83�85

so that device architecture and balanced BHJ mobilities are important factors for

extending LDR.
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2.3 Materials Choice for Photoconversion Devices

At its initial stage, the OPV and OPD �eld was strongly dominated by fullerene

acceptors (FAs), where the good electron transport properties, low-lying LUMO and

well-established synthetic routes brought forward C60- and C70-based materials as

the preferential candidates as electron acceptors. Although optical, electrical and

morphological properties can be tuned in fullerene derivatives such as PCBM, ICMA

and ICBA,86 the available chemistry is quite limited, and FAs are all limited by a

low light absorption in the visible and infrared, relatively strong VOC losses, and

morphological instability leading to poor device lifetime.45,87

These issues have been widely overcome by the advent of NFAs, which showcase

an abundant list of advantages over FA counterparts.31,87 Whereas the �rst NFAs

were based on fused diimides with poor morphology and very low e�ciencies, the

skyrocketing advances in NFAs has started in the mid 2010s with the synthesis of

fused-ring electron acceptors (FREA) based on A-D-A conjugated structure. In

particular for OPVs, great chemical tunability gives broad opportunities to match

FMO levels of donor materials, good visible and NIR absorption extends the coverage

of solar spectrum for high current generation, and facile morphology control limits

device degradation and improves lifetime.

Although for evaporated OPDs C60-based materials are still largely utilised,88,89

NFAs are emerging also in this �eld for their multiple bene�ts, including higher

visible-NIR absorption, tunable energetics, and superior light and thermal stability.90�92

Matching with suitable donor materials, either polymer or small-molecule-

based, is also key to desired performance of photoconversion devices, and their

evolution has been parallel to the one of NFAs. The choice of D:A pairs is partic-

ularly relevant for spectrally selective OPDs, where the absorption range of BHJ

components plays the crucial role.59 For example, UV-light can be probed by large

Eg materials reaching up to 280 nm,93�95 which are relevant for biological, industrial,

and aerospace applications. On the other side, conjugated polymers96�102 or small

molecule families such as phthalocyanines, porphyrins,103 and squaraine dyes104�106

are suitable for infrared OPDs, in high demand for optical communications, night

vision, and environmental monitoring. Examples include the polymers LBPP-1,107

with response up to 1200 nm, and TQ-T, extending over 1800 nm.108 NIR applica-

tions can also bene�t from the direct harvesting of interfacial CT states, as demon-

strated in P3HT:PCBM OPDs detecting up to 950 nm.109 However, low Eg materials

tend to su�er from high leakage currents, and the use of injection barriers to by-

pass the problem can be detrimental to photocurrent.110 Finally, the combination of
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multiple organic materials can result in successful demonstrations of panchromatic

OPDs for full-spectrum photodetection. Blends of low-Eg polymers and PCBM111

achieve a D∗ > 1012 Jones between 300 and 1450 nm, while a conjugated polymer

with DTBTT donor and thienoisoindigo acceptor units101 shows a detection range

extended from 300 to 1600 nm.

In this paragraph, a brief review on the advances in chemical design of NFAs

and matching donor materials will be given, with a special emphasis on the critical

molecular sites to act upon for NFA functionalisation and control of optoelectronic

properties.31,112

2.3.1 Families of Nonfullerene Acceptors

Detailed discussion of historical development in NFA design, initially targeted

for OPV applications, is given in Appendix B. Overall, the main NFA families can

be summarised as follows, depending on the structural features of the π-conjugated

backbone, with examples of chemical structures of common fullerenes, NFAs, and

donor polymers illustrated in Figure 2.9. These NFA materials have been originally

developed for OPV applications, but they are recently demonstrating great potential

in OPD devices as well.

• Rylene diimide NFAs: At the beginning of NFA research, the fused aro-

matic structure of rylene diimides appeared promising thanks to the high elec-

tron mobility, facile chemical modi�cation at di�erent positions, high absorp-

tion coe�cient, shallow LUMO, and good stability.113�115 From initial fully-

fused examples such as perylene diimide,116�118 several derivatives have been

synthesised to prevent excessive aggregation and enhance photocurrent gen-

eration, including via molecular functionalisation119�122 or dimerisation,123,124

approaching a 10% PCE with matching donor polymer.125 However, further

performance improvement is unlikely, primarily due to the challenging mor-

phology control, as well as to the large bandgaps having limited compatibility

with the state-of-the-art donor materials.

• A-D-A calamitic NFAs: Harnessing the intramolecular push-pull interac-

tions between donor and acceptor building blocks alternating along the con-

jugated backbone is an e�ective route to reduce Eg and increase absorption

coe�cient, in the so-called calamitic NFAs. The �rst examples have been de-

signed with an A-D-A structure,126 where HOMO and LUMO levels can be

easily tuned by functionalisation of respective units. Prototypical molecules in

this family include ITIC,127 comprised of an IDTT core and DCI end groups,
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Fig. 2.9: Molecular structures of some of the most commonly OPV materials, including
fullerene derivatives, donor polymers, and NFAs. Adapted from [35], with per-
mission.

and O-IDTBR,128 with an IDT core, BT spacers, and rhodanine end units. A-

D-A acceptors are highly versatile in their molecular design, as all the elements

of their chemical structure can be engineered to tune optoelectronic properties

and self-assembly in solid state. For example, core extension can increase con-

jugation length and tune ICT,129 end-group functionalisation shifts FMOs and

regulates π-π stacking,130�132 while nonconjugated side chain design (length,

branching, alkyl vs. aromatic...) a�ects packing and charge mobility,127,133�135

with demonstrations of PCEs approaching 15%.132 The role of di�erent core

and end-group design rules in ITIC-derivatives for optimising e�ciency and

stability of OPVs will be investigated in Chapter 4, combining selenium sub-

stitution in the core and methylation of end groups.

• A-DA′D-A calamitic NFAs: Further ICT enhancement, increased absorp-

tion and photocurrent generation, and Eg towards the infrared region have

been realised by replacing the central D unit with a DA′D moiety, where A′

indicates a further acceptor unit within the donor core.136,137 In particular,

this has been applied in the now dominating Y-family of NFAs,138,139 breaking

performance records with PCEs approaching the 20% threshold.10�12 Also in
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this case a plethora of molecular engineering routes is available, such as by �ne-

tuning of DA′D structure,140�142 end-group halogenation,143�146 and side-chain

optimisation. This is particularly crucial in Y-series NFAs, where two pairs

of nonconjugated side chains can be selected at di�erent core positions (i.e.,

β-position of outer thiophenes and central pyrrole). By combination of dif-

ferent side-chain characteristics, intermolecular spacing, crystalline formation,

interactions with donor polymer, and molecular orientation can be controlled

towards maximised charge generation and e�ective transport,11,147�150 which

is the current frontier towards record device performance.11

• Other NFAs: Other notable non-FREA NFA groups to mention are the sub-

limable small molecules of the phthalocyanine,151 subphthalocyanine (SubPc),152

and coronene153 families. In particular, SubPc derivatives have shown wide

energetic tunability to match a large choice of donors in OPD and OPV

applications,152,154 and the e�ective morphology control in SubPc-based BHJs

will be the subject of Chapter 7.

2.3.2 Optoelectronic Properties of High-Performance

Nonfullerene Acceptors

Overall, calamitic A-DA′D-A NFAs of the Y-family136,137 are greatly promising

for overcoming the 20% PCE threshold not only due to the extended absorbance

and enhanced NIR harvesting, but also for the special characteristics of exciton dif-

fusion and charge dissociation dynamics. This also holds a great potential for OPD

applications, as illustrated in Chapter 6. Across multiple studies, several bene�cial

factors have been pinpointed in Y6 systems, such as a long exciton lifetime,155 high

electroluminescence quantum e�ciency,156 small reorganisation energy for electron-

hole pair formation (λe,λh ∼ 80 meV),157 and barrierless CT-to-CS conversion158 by

interfacial band bending, caused by the sizeable quadrupole moment of A-DA′D-A

NFAs.159 All these characteristics are key to minimise radiative and non-radiative

recombination and to maintain small voltage losses in devices. Moreover, charge

generation and transport dynamics in Y-series also bene�t from a peculiar pack-

ing motif, where intermolecular interactions are not only possible via end-group

π-π stacking, but also through the core D′ unit, creating a 3D network for charge

hopping.157 In fact, the curved banana shape with high dipole moment and the A-

DA′D-A structure enhance intermolecular interactions for strong electronic coupling

(J ∼ 38 meV in multiple lattice directions).160 A complex and adaptable crystalline

packing is formed even by spin-coating fabrication, including monoclinic and tri-

clinic polymorphs,157,160�162 where ambipolar transport with high mobility (µe and
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µh ∼ 2-5×10−4 cm2V−1s−1) is possible.139,157,160,162

2.3.3 Choice of Donor Materials

Concurrently, the fast advance of NFAs has only been possible thanks to the

parallel evolution of matching donor polymers. For solution-processed devices, ini-

tial homopolymers such as P3HT81,163 have been gradually replaced by D-A copoly-

mers, and their optoelectronic and transport properties have been tuned through

heteroatom substitution (e.g., �uorination as in PM6), building block matching

with NFAs (e.g., D18), and side-chain engineering for packing control.35,164�166 For

both OPV and OPD applications, excellent photodetection has been achieved with

DPP,167,168 BDT,127,169,170 and TQ units.171,172 Overall, desirable characteristics for

polymer design include: 1) suitable HOMO energetics173 to maximise VOC, reduce

dark hole injection and enhance ECT, all bene�cial for low Jd;174 2) speci�c back-

bone units and side chains to tune packing order and orientation, such as short alkyl

chains;175,176 3) additional functional groups to control vertical segregation towards

relevant electrodes, such as EDOT side chains giving bene�cial interaction with PE-

DOT:PSS interlayer for ultralow Jd;173 4) depending on the targeted applications

(especially for OPDs), polymer Eg should be tuned to control spectral response, and

suitable low Eg materials can be designed for IR OPDs (currently up to 1600-1800

nm101,108).

In the new frontier of ternary devices, the synergistic use of two donor polymers

is successfully employed to balance packing order with e�ective D/A intermixing.

For example, the combination of semi-crystalline PM6 with highly crystalline D18

perfectly optimises this trade-o�, with PM7:D18:L8-BO OPVs showing a delicate

double-�bril network where recombination and transport losses are minimised for a

record PCE of 19.6%.177

For evaporated BHJs, especially utilised as OPDs, small-molecule donors need

to be selected, typically based on dipolar D-A structures.178�180 The importance of

molecular design in these materials will be treated in Chapter 5, comparing twisted

and planar donors for evaporated OPDs and how the geometric conformation a�ects

shallow and deep trap formation and overall photodetection speed.

2.4 E�ciency Challenges

Although e�ciency records for organic photoconversion devices are following

rapidly with development of new NFAs, we are still far from unveiling their full
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potential. As for OPVs, PCEs have not yet overcome the 20% barrier in single-

junction devices, which is well within reach in the context of the Shockley-Queisser

theory,181,182 even taking into account the additional losses unavoidable for OSCs

(e.g., disorder at the absorption band edge). For this ambitious goal, the main chal-

lenges to face can be ascribed to morphology control, increase in absorption and

charge generation and reduction of voltage losses, which are ultimately all intercon-

nected and need to be synergistically addressed.35

Fig. 2.10: Comparison of state-of-the-art OPD �gures of merit with inorganic counterparts,
depending on spectral range of photodetection. From [14], with permission.

As for OPDs, a comparison with their state-of-the-art performance with Si-

based commercial devices shows the great promise of organic materials for next

generation electronics, but also the challenges which still need to be tackled for full

competitiveness.14 As shown in Figure 2.10, only very few OPD examples exist with

lower Jd than Si references (∼10−10 A cm−2),81 with common values several orders

of magnitude higher than Si-PDs. Although for OPDs a speci�c detectivity of ∼1012

Jones is considered high, record D∗ above inorganic counterparts (i.e., ∼1014 Jones)
are occasionally reported,183,184 while LDR is already rivalling Si and InGaAs PDs,

exceeding 200 dB.111,185 In terms of response speed, the challenge to achieve fast-

response OPDs still remains, with state-of-the-art devices below Si performances,

and most OPDs showing a τrise/τfall of several µs.81 To further improve OPD �g-

ure of merits, similar challenges to those found in OPV �eld need to be tackled,

including the optimisation of light absorption and charge generation, enhancement
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in transport properties, and morphology control.

For both OPVs and OPDs, these key challenges can be addressed both by

materials design and device engineering, although the requirements for optimum

device performance di�er for photovoltaics vs. photodetector operations.

2.4.1 Morphology Optimisation

Firstly, in terms of morphology optimisation in OPVs, it is well-known that

BHJ formation requires a delicate trade-o� between D/A interpenetration for high

exciton yield, favourable crystalline packing and domain purity with continuous per-

colation pathways, and presence of amorphous phases at the D/A interface.46,163,186

These were extremely hard to simultaneously achieve in FA OPVs due to the ten-

dency to segregate,187,188 dimerise,189 or too �nely intercalate179 of small fullerene

buckyballs. However, the e�ective intermolecular interactions in FREAs,190 strong

quadrupole moments,158,159 and large dimensions191 allow for a more favourable self-

assembly in BHJ, reaching an optimised 3D structure without strict need of solvent

additives or annealing treatments.139,192 As identi�ed in several works, morphological

features to optimise include π-π stacking distance, crystalline order, domain size and

purity, intermolecular orientation, 3D packing network, and interaction strength be-

tween D and A moieties.35,46 For example, a predominant portion of high molecular

weight (MW ) polymer has been shown desirable due to the closer D/A packing and

stronger electronic coupling between donor and acceptor molecules, with increased

rate of charge transfer.193 Moreover, thermal annealing has been widely employed

to tune phase separation and enhance packing order, leading to higher carrier mo-

bility and increased photocurrent generation.186,194 Molecular engineering on both

NFAs and matched donors also strongly a�ects the BHJ structure, as demonstrated

with �uorination as a way to improve π-π stacking order, charge transport, and

photocurrent extraction.195�197 More recently, record performances in OPVs have

been demonstrated by accurate morphology control in ternary BHJ with two donor

polymers, where a double-�bril network is formed to synergistically optimise exciton

di�usion, CT separation, as well as transport (see Figure 2.11b).177

Morphology optimisation is also crucial for OPD performance, but the ideal

domain size to achieve in BHJ is di�erent from the OPV case. Optimum mor-

phology can be analysed in terms of miscibility of the blend components using

Flory-Huggins interaction parameters χ.198�200 In OPDs for low-bias applications

(i.e., no gain mechanisms), medium χ values are preferential for suitable domain

separation, although operation in reverse bias allows smaller domain size compared



2.4. EFFICIENCY CHALLENGES 45

to OPVs.179 In fact, electric-�eld assistance ensures e�ective CT dissociation and

charge extraction even at D/A large interfacial area, so that �ne BHJ intermixing

increases the photocurrent yield (see Figure 2.11c). Optimum BHJ morphology can

be achieved by processing methods such as thermal and solvent vapour annealing

or solvent additives.201 For example, DIO processed OPDs show greatly suppressed

Jd due to better D/A interfaces and improved transport,202,203 while bene�cial ver-

tical segregation and smoother BHJ for higher mobility can be achieved by heating

above the glass transition temperature.204�206 Examples of di�erent approaches for

morphology optimisation are illustrates in Figure 2.11.

Morphology control in OPDs will be explored in the following of this thesis.

In particular, Chapter 6 presents the advantages of a donor-rich BHJ to enhance

transport and suppress Jd thanks to the interconnectivity and large bandgap of the

polymer matrix. Furthermore, Chapter 7 shows how substituting a fullerene with

an NFA in small-molecule evaporated OPDs can optimise BHJ formation towards

elimination of morphological traps.

Fig. 2.11: Examples of morphology optimisation in OPV and OPD systems. (a) Poly-
mer:NFA BHJ transmission electron microscopy images, showing domains of
pure EH-IDTBR of ∼5 nm dimension, suitable for e�ective exciton dissociation
in OPVs (adapted from [207], with permission). (b) Schematic depiction of a
double-�bril network morphology formed in ternary D:D:A OPV blends (from
[177], with permission). (c) Finely intermixed blend morphology in optimised
small-molecule based OPDs, where domain segregation is only preserved at the
nanoscale (see detailed discussion in Chapter 5).

2.4.2 Enhancing Charge Generation

Secondly, in terms of charge generation, the appearance of NFAs has completely

changed the interpretation of the involved photophysical mechanisms. For large Eg

FAs, it was held that the di�erence between singlet exciton energy (ES1 , for the

relevant photoexcited species) and the energy of the CT state (ECT) drives charge

dissociation, so that a minimum D/A HOMO di�erence is necessary for e�cient

photocurrent generation. Following CT state formation, a su�cient delocalisation
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(i.e., over 4 nm) should be reached to overcome coulombic capture and a CT bind-

ing energy of ≈500 meV.208 Therefore, a driving force ES1-ECT over 300 meV was

considered a strong requirement for FAs, with severely compromised OPV e�ciency

for lower o�sets.209�211

This paradigm has been completely transformed with the advent of NFAs, show-

ing impressive charge generation e�ciency even at ultra-low HOMO o�sets (i.e.,

<100 meV).158,212 This is highly bene�cial to reduce energy losses associated with

charge generation, so that high VOC and JSC can be achieved at the same time. How-

ever, requirements for minimum HOMO o�sets still hold, and an optimum ∆HOMO

of 140 - 240 meV has been proposed from di�erent studies.155,195 An important caveat

is about the experimental technique used for energy level characterisation, since

∆HOMO in NFA systems can appear less "ultra-low" if measured by photoemis-

sion techniques compared to cyclic voltammetry.213 For example, Karuthedath et

al.159 suggest an ideal o�set of 500 eV for maximized photovoltaic internal quantum

e�ciency (IQEPV ), using ultraviolet photoemission spectroscopy for HOMO mea-

surements. Moreover, they argue that the strong NFA quadrupole moments induce

interfacial band bending, creating a favourable cascade for CT-to-CS conversion,

but a barrier for exciton-to-CT, so that the proposed minimum HOMO o�set is re-

quired. This strong quadrupole moment of NFAs can tune the energy levels for the

same material with varying molecular orientations. In a recent work, Fu et al.214 ex-

plore these molecular-orientation dependent energetics in Y6 layers deposited from

di�erent solvents, showing a 200 meV o�set between �lms with preferential face-on

or edge-on orientation, which matches with energy level simulations for correspond-

ing packing structures. This can open up new frontiers beyond the BHJ concept,

such as bilayer or even single-component OPV and OPD devices,190,215,216 where

the ∆HOMO at di�erently-oriented grain boundaries in polycrystalline NFAs can

provide the driving force for charge separation.

Although a low ∆HOMO is bene�cial to minimise voltage losses,217 this is at

the expense of charge generation dynamics, slowing down hole transfer up to ∼10
ps,195 which is also a�ected by the slow di�usion to D/A interface. Therefore, e�-

cient charge generation requires an interplay of di�erent characteristics in addition

to minimum driving energy, and the �ne optimisation of these is key to paving the

way towards >20% PCE in OPVs and high D∗ in OPDs. In particular, require-

ments include tuning of interfacial D/A electrostatics, close D/A packing for strong

electronic coupling, large D/A contact area, low CT reorganisation energy, and the

harnessing of further intermolecular excited states with low binding energy, all of

which can be controlled by molecular design as well as morphology engineering.35 In
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addition, reducing energetic disorder and shallow trap presence is crucial for e�cient

and fast charge generation.212,218 NFAs appear to be promising at this regard, with

Urbach energies lower than 30 meV, so that geminate trap-induced CT recombi-

nation can be minimised.142,219 Trap density reduction is also key to suppressed Jd

and fast photoresponse in OPDs,71,74 as discussed in Chapter 5. Finally, although

Förster resonance energy transfer (FRET, i.e., the transfer of a photon between two

molecules by dipole-dipole coupling) has been recently studied as a common pathway

for photon harvesting in low-Eg NFAs, it should be noted that this is not a desirable

characteristic in record-breaking OPVs, since it is indication of sub-optimal BHJ

structure.193,195 In fact, FRET can be active over several nanometres, longer than

the range of CT, so that it is typically involved when a too segregated morphology

makes charge generation arduous.

2.4.3 Control of Voltage Loss

Finally, another crucial factor towards high-performance photoconversion de-

vices is the minimisation of the voltage losses involved in charge generation, intro-

duced in Subsection 2.2.1. This is not only essential to maintain high VOC in OPVs,

but also to suppress Jd in OPDs (detailed discussion in Chapter 6). Whereas ra-

diative losses from geminate recombination can be limited to as low as 200 meV

for high PCE OPVs, ample room is available for reduction of non-radiative losses

∆Vnon−rad
OC .44,220 These are currently in the 200-550 meV range, and need to be

pushed below 150 meV for approaching the benchmark of 20% PCE.221,222

In addition to small ES1-ECT o�sets, other requirements for low ∆Vnon−rad
OC in-

volve strong photoluminescence of S1 state, long exciton lifetime,155 and favourable

D/A interfacial orientation.223,224 Moreover, for ultra-low ∆HOMO systems, the

hybridisation of S1 and singlet 1CT states by intensity borrowing can also be in-

volved to further reduce ∆Vnon−rad
OC , which needs strong D/A electronic coupling.225

Although overlooked in NFA OSCs, non-radiative recombination via triplet states

should also be controlled, avoiding back transfer from triplet 3CT and 1T states.226

For example, maximising exciton separation by optimum phase segregation (i.e.,

with domain size close to exciton di�usion length) is a promising strategy, favouring

CT dissociation over back transfer.227

A further challenge is about the reduction of non-geminate recombination losses

after charge separation, so that e�cient carrier extraction can be achieved. These

can occur via bimolecular recombination of e-h pairs during transport to electrodes

or by trap-assisted mechanisms (bulk or surface).35 Disorder-related non-radiative
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losses can be successfully controlled by NFA molecular engineering, with character-

istics such as a planar, rigid backbone212 or halogenation228 reducing trap density in

BHJs. However, bimolecular recombination remains high in state-of-the-art OPVs,

and di�erent routes have been explored to reduce it. Examples include �ne-tuning

of interfacial area and molecular packing by thermal annealing186 or molecular de-

sign (e.g., �uorination to improve π-π stacking),229 towards an extraction time τex

two orders of magnitude faster than recombination time τrec.195 Some e�ective core

and end-group engineering routes will be given in Chapter 4, where selenium sub-

stitution in the central unit enhances molecular rigidity, and peripheral methylation

tunes charge distribution along the backbone, for suppressed trap density and im-

proved OPV performance. E�cient and balanced carrier transport is also crucial

for suppressing recombination losses, and recent research has been devoted to push-

ing NFA and polymer mobilities towards the 10−3 cm2V−1s−1 range. Here, similar

strategies to trap reduction can be utilised, such as packing enhancement, molecular

rigidity/planarity, and �uorination, with �nely interpenetrated BHJ also bene�cial

for optimum transport.35 Finally, reduction of voltage loss can be also achieved by

careful tuning of D:A blending ratio, as explored in the donor-rich OPDs presented

in Chapter 6.

As discussed in this section, the areas to work on for approaching theoretical

records in OPV and OPD performances have been clearly identi�ed. However,

details of loss mechanisms and practical strategies to tackle them are the subject of

ongoing research, and the literature in the �eld is rapidly growing from fundamental

insights to device engineering towards a more and more promising photoconversion

technology based on organic materials.

2.5 Stability Challenges

Despite the great steps forward in organic photoconversion research in the last

decades, performance is not the only factor to take into account for assessment of

OPV and OPD technology. In fact, long-term stability is also an essential require-

ment towards commercialisation, and a lifetime over a T80 (i.e., the time over which

PCE drops 20% of its initial value in OPVs) of 10 years should be ideally provided.230

In this respect, the most e�cient OPV materials are still far from this target, and

several aspects need to be taken into account for a systematic understanding of what

determines PCE degradation over time.

In particular, performance loss is strictly related to the environmental condi-

tions of OPV operation, and stability investigations generally distinguish intrinsic
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photostability (in inert atmosphere with purely light stress), thermal stability at

high temperature, and photochemical stability (with exposure to ambient gases such

as oxygen and aqueous vapour).231 Intrinsic shelf life in dark and nitrogen is also

often assessed, although the relevance to device application is limited. In general,

systematic testing conditions are prescribed by international standards such as the

International Summit of Organic solar cell Stability (ISOS, 2011),232 although ex-

perimental protocols are in practice di�erent among research groups and a uni�ed

lifetime testing method and result reporting are urgently needed.

In this section, an illustration of the main degradation mechanisms and exam-

ples of promising strategies to control them are given. Here, we focus on the light-

induced processes directly involving the active layer, although full device engineering

including charge extraction/transport layers and electrodes should be considered for

industrially-relevant applications.

2.5.1 Chemical Stability

Regarding direct degradation of photoactive materials, photoageing mecha-

nisms are severely accelerated by exposure to ambient gases. In fact, it is well

known that oxygen in the presence of light triggers harmful chemical reactions in

NFA-based systems. In analogy with C60, C=C bonds can be disrupted by oxygen

with breaking of conjugation,233,234 and several weak points have been identi�ed in

the molecular structure of ITIC, such as double bonds in core thiophenes or between

donor and acceptor units.235 IDTBR family also su�ers from air-induced instabil-

ity, with the BT unit susceptible of conformational twist leading to photo-oxidation

and chromophore bleaching.236 Although these loss pathways can be eliminated by

device encapsulation, intrinsic degradation occurs under light, with an initial phase

of sharp PCE drop - the so called burn-in - typically observed in the initial 10-100

hours of operations.237,238 For fullerene-based systems this has been traced back to

phenomena such as PCBM dimerisation189 and spinodal demixing,187 but alternative

explanations are needed for NFA devices.

For example, light-induced conjugation breaking with increased energetic dis-

order is found in ITIC-based OPVs,230 and the choice of end-group functionalisation

is essential to reduce photochemical degradation and increase device lifetime. In

fact, as illustrated in Figure 2.12, double-methylated ITIC shows the most severe

degradation of all photovoltaic parameters, while �uorination leads to almost un-

changed JSC and FF over about 1800 hours. In general, it has been reported that

halogenation is favourable to photostability,230 with chlorination preferential com-
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pared to �uorination,235 while methyl end-capped groups are typically degrading

faster.230 However, there is currently no univocal conclusion whether methylated

NFAs are more stable than halogenated ones, which seems to depend on device ar-

chitecture and degradation conditions239 (see excellent stability of methylated NFAs

presented in Chapter 4). These processes a�ecting chemical structure typically lead

to creation of energetic and structural traps, with adverse e�ects like electric �eld

building-in, lowered mobility, and increased charge recombination.218 This has been

demonstrated in several D:A systems, where the increased recombination order upon

photoageing has been ascribed to trap formation under light.237,238

Removal of weak bonds is also crucial, and can be achieved by a wide range

of chemical modi�cations (e.g., molecular core, end groups, conjugated linkages,

nonconjugated side chains). Several examples show the importance of NFA rigid-

ity for good photostability, realised by conformational lockers such as noncovalent

bonds between donor and acceptor units,240�242 or by high structural planarity.235,236

For instance, outer core alkyl chains in Y6 restrict conformational rotation around

the alkene bond,212 while initially large dihedral angles in NFA structures (e.g., in

IDFBR) accelerate light-induced twisting and photo-oxidation.236 Side-chain engi-

neering can also make a di�erence, as shown for meta-alkyl vs. ortho-alkyl onto

phenyl side groups in ITIC, which avoid excessive aggregation and large domain

segregation for better tolerance to high temperatures.243

The role of end groups and conformational lockers in ITIC derivatives for OPVs

is explored in Chapter 4, where combination of heteroatom core substitution and

end-group methylation results in a PCE loss of only 5% over >450 hours of opera-

tion.

2.5.2 Morphological Stability

Morphology instability is another crucial aspect of OPV and OPD degradation,

since D/A domains in BHJ are typically in a meta-stable con�guration formed dur-

ing the quick �lm drying.186 Under light exposure, BHJ morphology can be severely

a�ected, such as with vertical D/A separation244 and phase segregation induced by

poor D/A compatibility.245 At this regard, the Flory-Huggins interaction parame-

ters can inform on D/A miscibility to guide optimum choice of photoactive materials

(as shown for EH-IDT vs. ITIC and IDIC in blend with PTB7-Th245), and ther-

modynamic stability also needs to be analysed for each D/A pair (depending on

di�usion coe�cients, mixing ratio...).199 Moreover, initial active layer formation by

materials crystallinity, substrate temperature and thermal annealing is determinant
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Fig. 2.12: Evolution of PV parameters during light exposure (1 Sun by white LED) for
BHJ devices using di�erent ITIC derivatives or PCBM, in combination with
PBDB-T donor polymer. From [230], with permission.

for packing order and π-π stacking in NFAs, resulting in optimum morphology and

domain size.246,247 For example, as illustrated in Chapter 4, the use of a more crys-

talline ITIC-derivative results in larger domains, less prone to undergo further phase

segregation during device operation, for excellent OPV stability.

Control of initial morphology by thermal treatments or solvent additives has

also been explored as an e�ective tool for increased photostability. In fact, large-sized

NFA molecules have a low molecular di�usivity in the polymer matrix compared to

small C60 derivatives. Under light or thermal stresses, NFA migration to the amor-

phous D/A interfacial regions is extremely slow and leads to formation of isolated

clusters disconnected from percolation pathways, with creation of morphological

traps (schematised in Figure 2.13).191 However, this can be signi�cantly reduced

by initial optimisation of D/A interfaces, with a neater contact area achieved by

annealing or solvent additives.191,248,249

Moreover, signi�cant lifetime improvements have been demonstrated by the

introduction of a third BHJ component, such as for IDFBR in P3HT:IDTBR163 or

IDTBR in PM6:Y6.250 In fact, a minor fraction of a second small molecule acceptor

increases exciton lifetime, fosters energy cascading in the active layer,163 and helps

extraction of trapped carriers from D and A domains.250 Here, careful selection of
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well-matched materials is crucial, so that the third component is not excessively

miscible, creating small purer aggregates at the D/A interfacial regions.163,251 A

polymeric third component can also be bene�cial, with optimisation of morphology

and percolation pathways as for the N2200 polymer acceptor.252 Since light exposure

is often correlated with device heating and thermal degradation, a third polymeric

component can be helpful not only for charge transport, but also for faster heat

di�usion. As shown for PBDB-T:ITIC-4F solar cells,253 a small portion of N2200

can mitigate performance loss due to both energetic traps and local heating during

illumination, with signi�cant suppression of FF decay.

Fig. 2.13: Schematic of photoinduced morphology reorganisation in fullerene vs. NFA-
based BHJ systems. In particular, the larger dimension and lower di�usivity of
NFAs preserve part of the intermixed region at the interface with donor, crucial
for e�cient exciton separation. From [191], with permission.

In contrast with the plethora of stability studies for OPVs, little is known on

the speci�c degradation mechanisms in OPD working conditions and their impact

on OPD performance metrics. Although environmental factors (e.g., air, humidity)

can be controlled by encapsulation, thermal and electric stress may negatively a�ect

noise current and D∗,14 especially under the constant reverse bias required during

operation. Also in this case, morphological stability appears crucial to ensure long

device lifetime, with recent studies showing the potential of NFA-based systems.

For example, EH-IDTBR devices deliver excellently constant photocurrent under

reverse bias and illumination when compared to fullerene counterparts.90 Also here,

the low energetic disorder and favourable miscibility are found to be crucial to control
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morphology segregation and extend device lifetime.



3 | Methods

The unique characteristics of OSCs, such as molecular structures based on π-

conjugated backbones, structural disorder, and morphological complexity in solid

state �lms, call for a speci�c choice of experimental assays for materials character-

isation. In this chapter, after an overview of the sample fabrication protocol, the

di�erent techniques utilised in the work presented in this thesis will be illustrated,

with a particular focus on the probes for structural and energetic investigation. De-

tails of fabrication and characterisation protocols used for speci�c experiments will

be given in the relevant chapters in the following.

3.1 Sample and Device Fabrication

All solution-processed �lms and devices are fabricated at Imperial College Lon-

don, in a cleanroom environment (Experimental Solid State cleanroom facility) to

minimise contamination from atmospheric particulate matter. All samples are de-

posited by spin-coating, which consists of dripping a small amount (20-50 µL) of

material dissolved in a suitable solvent onto a conductive (ITO) or non-conductive

(glass, quartz) substrate with 1 cm x 1 cm dimension, followed by high-speed ro-

tation of the substrate to allow for solvent drying and �lm formation. Material

concentration, choice of solvent and high-boiling-point solvent additives, solution

temperature, spin speed and duration are all important parameters in�uencing �lm

crystallisation and they are optimised depending on speci�c samples. Preliminary

to spin-coating, the substrates are cleaned by a sequence of ultra-sonication baths in

2% Hellmanex detergent in water, deionised water, acetone, and isopropyl alcohol

(10-15 min each), followed by drying on a hot plate (120°C for 10 min) or in an

oven (80°C overnight). Ashing by ozone plasma (Emitech K1050X oxygen plasma

asher, 80 W for 4 min) just before deposition is crucial to ensure no environmental

particles are left on the surface. Materials are dissolved in organic solvents such as

chlorobenzene and chloroform, with typical concentration ranging between 10 and

20 mg mL−1, and mixed overnight on a hot plate (40-65°C) by a magnetic stir bar

54
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for complete dissolution. Solutions are constantly kept in sealed vials with dark

encapsulation to avoid any photo-oxidation. Prior to spin coating, the substrates

are blown by a nitrogen gun and a suitable amount of solution is dropped by a

micropipette before or during substrate spinning (typically at a rate of 2000-3000

rpm for 40-60 s). Depending on the chosen fabrication conditions, samples can be

thermally annealed to assist �lm crystallisation, which is done on a hot plate after

transfer to a nitrogen-�lled glovebox. For full device fabrication in typical inverted

structure, an additional zinc oxide (ZnO) electron transport layer is deposited on

ITO before the active layer. This is prepared by sol-gel method, dissolving 0.11 g

mL−1 of zinc acetate dihydrate in 2-methoxyethanol with 3 vol% of ethanolamine,

and sonicating for over 3 h. After spin coating (typically at 4500 rpm for 45 s), the

�lms are annealed on a hot plate at 190°C for 20 minutes in air. Top contacts are

deposited following active layer coating by thermal evaporation in vacuum (10−6-

10−7 mbar), with 10 nm of MoO3 as hole transport layer and 100 nm of Ag as anode,

constantly controlling evaporation rate for optimised deposition. A patterned mask

is used to determine device area, with a typical pixel size of 4.5 or 6 mm2. To ensure

e�ective electrical contact, bottom ZnO is scratched from the common ITO cathode

after deposition by a cotton bud, and the evaporated electrode is also removed soon

after deposition to form the common contact to the bottom ITO.

3.2 Raman Spectroscopy

3.2.1 Fundamentals of Raman Spectroscopy

Raman spectroscopy is a type of vibrational spectroscopy based on the inelastic

scattering of incident light, typically provided by a laser source with excitation in

the optical range. In the case of an incident photon with energy lower than the

optical bandgap of the material (i.e., non-resonant Raman), electrons are excited

from the �rst singlet state S0 into a virtual excited state, followed by ultrafast decay

to S0. In case of a decay exactly to the same initial vibrational level Vi within S0,

the system undergoes elastic scattering, often referred to as Rayleigh scattering.

However, if the system relaxes to a di�erent �nal vibronic level Vf within S0, the

energy corresponding to the di�erence between Vf and Vi is gained or released by

the scatterer. This is therefore an inelastic process, going under the name of Raman

scattering, more speci�cally Stokes scattering if Vf is at higher energy compared

to Vi, and anti-Stokes in the opposite case, as illustrated in the energy diagram in

Figure 3.1.254 Due to occupation probability in a quantum mechanic model, initial

population is signi�cantly lower for higher vibrational states, so that only Stokes
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scattering is normally analysed. The so-called Raman shift is therefore the energy

Fig. 3.1: Schematics of the energy transitions involved in elastic (Rayleigh) and inelastic
(Stokes and anti-Stokes) scattering of light. From [254], with permission.

di�erence between the incident and scattered photons, often expressed in cm−1,

and a typical Raman spectrum is comprised of multiple peaks - depending on the

scattering intensity for di�erent modes - plotted against the Raman shift. Owing

to the complexity of vibrational modes available in π-conjugated systems, Raman

spectroscopy is one of the techniques of choice for the characterisation of OSCs, with

the advantage of straightforward implementation only requiring the sample to be

exposed to the excitation source. This allows for the investigation of active materials

within complex device architectures and studies in controlled environments (e.g.,

depending on temperature, electrical bias, or atmospheric composition). Moreover,

since Eg of most organic materials lies within the optical range, selection of a suitable

laser source can excite the sample to a "real" electronic state S1 before decay to S0,

which greatly enhances the Raman cross-section and the intensity of associated

peaks (i.e., resonant Raman).

In a classical interpretation of Raman scattering, the scatterer is a polarisable

medium under the e�ect of a time dependent electric �eld E(t) (i.e., the incident

light). This incoming �eld causes a distortion of the electron distribution over the

system, creating an induced dipole moment µ, linearly depending on the scatterer

polarisability α:

µ(t) = αE(t). (3.1)

Here α varies with the vibrational coordinate Q following the vibrational modes of
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the system, so that α = α0+( ∂α
∂Q

)0Q+..., with α0 being the equilibrium polarisability

and ( ∂α
∂Q

)0 the partial derivative of the polarisability with respect to the vibrational

coordinate at the equilibrium position. Considering a sinusoidal time dependence

for the incoming �eld with amplitude E0 and frequency ω0, and describing the

vibrational modes as harmonic oscillations with amplitude Q0 and frequency ωv, so

that
E(t) = E0cos(ω0t),

Q(t) = Q0cos(ωvt),
(3.2)

Equation 3.1 can be expressed as

µ(t) = E0α0cos(ω0t) +
E0Q0

2
(
∂α

∂Q
)0[cos[(ω0 − ωv)t] + cos[(ω0 + ωv)t]]. (3.3)

The three terms in Equation 3.3 respectively represent the Rayleigh, Stokes, and

anti-Stokes contributions to the induced oscillating dipole moment, in a simple model

that can be extended to n-dimensions (i.e., for n possible vibrational modes). There-

fore, every vibrational mode present in the system will give rise to a peak in the

Raman spectrum, provided that it is Raman active - i.e., it determines a change in

polarisability at the equilibrium position so that ( ∂α
∂Q

)0 ̸= 0.

Despite the elegant explanation of vibrational spectroscopy provided by the

classical model, several points such as the relative probability of Stokes and anti-

Stokes scattering and the existence of selection rules are not addressed, so that a

quantum mechanical framework is required for a rigorous treatment. In quantum

physics, molecular polarisability is expressed in terms of transitions between discrete

states, respectively the initial i, a virtual excited v, and the �nal f , in the Kramer-

Heisenberg-Dirac relation:

(αρσ)fi =
1

ℏ
∑︂
v ̸=i,f

(
⟨f |p̂ρ|v⟩⟨v|p̂σ|i⟩
ωvf − ω0 − iΓv

+
⟨f |p̂σ|v⟩⟨v|p̂ρ|i⟩
ωvi − ω0 + iΓv

), (3.4)

where (αρσ)fi are the components of the polarisability for the transition between i

and f with polarisation directions ρ and σ for incident and scattered light respec-

tively, p̂ρ and p̂σ are the components of the dipole moment operator along ρ and σ,

ωvf and ωvi are respectively the v-f and v-i frequency di�erences, ω0 the frequency

of the incident light, i the imaginary unit, and Γv the natural half-width of state

v. Here, considering the second term negligible and using the Born-Oppenheimer
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approximation, Equation 3.4 can be simpli�ed as

(αρσ)fi ∼
1

ℏ
M2

vi(R0)
∑︂
v ̸=i,f

ΦRf
|ΦRvΦRv |ΦRi

ωvi − ω0 − iΓv

+

+
1

ℏ
Mvi(R0)(

∂Mvi

∂RE

)R0(R0)
∑︂
v ̸=i,f

ΦRf
|RE|ΦRvΦRv |ΦRi

+ ΦRf
|ΦRvΦRv |RE|ΦRi

ωvi − ω0 − iΓv

,

(3.5)

where Φ is the vibrational part of the wavefunction depending on nuclear coordinates

only, Mvi=Mfv is the i-v or v-f transition moment, and the dependence of Mvi on

the nuclear coordinate is approximated as Mvi(RN) = Mvi(R0) + (∂Mvi

∂RE
)R0RE + ...,

since in the Raman transition timescale no signi�cant nuclear coordinate change oc-

curs (R0 is its equilibrium position and RE its displacement). In Equation 3.5 only

the �rst two signi�cant terms are considered, respectively known as Franck-Condon

and Herzberg-Teller terms. In particular, the �rst one predominates in resonant

conditions, while the second one for the non-resonant case and is subject to quan-

tum selection rules only allowing transitions if i and f are separated by one energy

quantum.

A useful parameter that can be experimentally accessible is the Raman cross-

section σ for a speci�c vibrational mode, which is proportional to the square of

the polarisability.254 In fact, the scattering intensity IR can be related to the inci-

dent light intensity I0 and the frequency of the scattered light ωs by

IR =
8πω4

sI0
9c4

∑︂
ρσ

|(αρσ)fi|2, (3.6)

being c the speed of light. Equation 3.6 can be translated into experimentally

measurable parameters as

IR = I0σDdz, (3.7)

with D the number density of scatterers and dz the depth of �eld. For a more

immediate relation with the integrated area of the peak associated with a speci�c

mode, di�erential Raman cross-section

β =
dσ

dΩ
(3.8)

is commonly used, expressed in m2molecule−1sr−1, where only the light scattered in

the solid angle Ω accessed by the detector is considered.
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3.2.2 Raman Spectroscopy in Organic Semiconductors

Organic semiconductors are especially suitable systems to investigate by Ra-

man spectroscopy. This is because the delocalised π-electrons create a highly po-

larisable charge density, where electronic transitions are associated with confor-

mational changes in the conjugated backbone.255�257 In particular, resonant Raman

spectroscopy maximises this e�ect by electron excitations above the bandgap, which

are strongly coupled to the local vibrational modes of the molecule. Therefore, using

di�erent excitation wavelengths matching various electronic transitions, it is possi-

ble to selectively investigate speci�c molecular sites.258 This allows to answer several

interesting questions, such as which bonds are involved in π-electron localisation

for di�erent electronic transitions, where the charge density sits on the molecular

backbone, and how this is a�ected by molecular conformation. Moreover, in-situ

monitoring of Raman spectra during prolonged exposure to thermal gradients, light

illumination, or electric �elds is an invaluable tool to understand evolution of molec-

ular structure and �lm morphology during degradation processes and to identify the

"weak points" in the materials chemical design.

A relevant illustration of the capabilities of Raman spectroscopy is given by the

case study of DPP-based polymers.258

Fig. 3.2: (a) Assignment of DPPB-3Se Raman peaks of speci�ed wavenumber to di�erent
vibrational modes. (b) Absorption spectrum of DPPB-3Se, with indicated the
di�erent wavelengths used as Raman probes. (c) Evolution of DPPB-3Se Raman
spectrum using di�erent resonant and non-resonant probe wavelengths. Adapted
from [258], with permission.

As schematised in Figure 3.2a, the main Raman active modes in DPPB-3Se can



3.2. RAMAN SPECTROSCOPY 60

be grouped into delocalised modes involving the conjugated backbone (i.e., modes B

and D) and modes localised on speci�c units (i.e., mode A on DPP and mode C par-

tially on selenophene). By selective excitation with di�erent wavelengths resonant

with the dominant absorption features (Figure 3.2b), it is possible to investigate the

nature of the electronic transitions involved. For example, a low energy excitation

(785 nm, resonant with the dominant absorption) enhances mode A (Figure 3.2c),

so that the main absorption peak can be assigned to a localised transition on DPP

unit. On the contrary, a high energy probe (457 nm, resonant with a weak absorp-

tion band) emphasises modes B and C, related to the delocalised nature of this π-π∗

transition. Therefore, the main electronic transition is identi�ed as charge redistri-

bution within the same molecular unit, with both HOMO and LUMO localised on

the ambipolar DPP moiety.

Wavelength-dependent Raman is also useful for studying the degree of packing

order in thin �lms.259 A model system in this sense is P3HT, where the crystalline

order can be easily manipulated in the regioregular (RR) and regiorandom (RRa)

forms. By tracking the evolution of the main Raman modes in P3HT �lms upon

blending and annealing, it is possible to determine the portion of ordered polymer

and how this is a�ected by fabrication conditions. For example, the changes in

peak ratio and peak position under resonant conditions (488 nm excitation) show

that 42% of pristine RR-P3HT in crystalline phase is in ordered form, increasing

to 94% upon thermal annealing. On the contrary, annealing has negligible e�ect on

RRa-P3HT due to the disordered side chains impairing systematic packing. Here,

di�erent excitation wavelengths induce strong shift of Raman peaks for RRa-P3HT.

This phenomenon, known as Raman dispersion, is due to selective resonance with

molecular segments of di�erent conjugation lengths, which is highly relevant to quan-

tify packing order.

Degradation processes and BHJ morphology evolution can also be fruitfully un-

derstood by Raman studies, as demonstrated in several D:A systems.236,260,261 For ex-

ample, irreversible peak ratio changes in DPPTTT:PC70BM blends can be assigned

to crystallisation transitions at mild temperatures (∼150°C), followed by phase seg-

regation and further ordering beyond 240°C.260 Moreover, in-situ degradation stud-

ies even enable to follow chemical processes, such as photo-oxidation and molec-

ular breaking, typically identi�ed as multi-step evolution of Raman spectra.236,261

Advanced Raman applications also include in-operando characterisation of devices

such as chemiresistors or electrochemical transistors.262�264 For example, polaron for-

mation, trapping, and transport have been investigated in organic gas sensors using

electric-�eld-dependent Raman.262 In P3HT-based systems, the response to di�erent
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gases can be rationalised in terms of structural changes and π-electron redistribution

in the polymer upon interactions with polar or non-polar analytes.

3.2.3 Raman Experimental Details

Raman spectra are measured by a Renishaw inVia Raman microscope in backscat-

tering con�guration, keeping the samples under a nitrogen �ow in a Linkam chamber

to reduce photoinduced degradation. A 514 nm argon-ion laser (12 mW power at

sample) with a ∼10µm diameter, 25% defocused on the sample is used, unless other-

wise speci�ed. The di�racted light is separated by a 2400 lines/mm di�raction grid,

and the spectrometer is calibrated by a Si reference. Laser power, exposure time,

and measurement accumulation number are optimised for each sample and kept

consistent for the same experiment. Multiple spectra are taken at di�erent spots

on the sample surface to con�rm consistency and reproducibility. PL background is

removed by polynomial �tting to Raman spectra.

3.3 Energetics

The investigation of organic semiconductor energetics is of great importance

to relate to materials molecular structure and to understand the origin of device

performance. In this work, the characterisation of work function Φ and HOMO level

is carried out by Kelvin probe (KP) and air photoemission spectroscopy (APS),

respectively, integrating both measurements in ambient-pressure conditions. The

same conductive tip (gold alloy, 2 mm diameter) is used either as a vibrating probe

with applied bias to counter the potential di�erence with the sample (i.e., as a Φ

probe) or to collect the photoemitted electrons from the materials DOS (i.e., as a

HOMO probe), as detailed in the following.

3.3.1 Air Photoemission Spectroscopy

As described by I. Baikie et al.,265 APS is a photoemission technique based

on the detection of ionised atmospheric gases following electron emission from the

sample. The system utilises a deuterium source for the production of deep UV

photons, illuminating a 3 x 4 mm2 portion of the sample surface. Deuterium is

a low energy source compared to He typically used in ultraviolet photoemission

spectroscopy experiments, reaching a maximum of around 7.3 eV, which is enough

for the HOMO range of most OSCs and signi�cantly reduces unwanted sample

degradation. Once the photons with energy higher than semiconductor ionisation
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potential Eph>IPsc are absorbed, electrons are emitted from the sample surface

(i.e., within the electron inelastic mean free path), as schematised in Figure 3.3

in the case of a metal (in this case Φ is considered instead of IP ). This leaves

behind a positively charged surface creating an image force up to ∼30 nm from the

sample, after which scattering by air molecules and interactions with the external

electric �elds dominate. In these conditions, the electron mean free path is in the

range of 1-3 µm, during which scattering with atmospheric gases produces ions such

as N−
2 , O

−
2 , and OH−. These are attracted by the KP tip, positively biased at

10 V, corresponding to a 10 V/mm �eld. This potential gradient is not high enough

for charge tunnelling or barrier-height lowering, so that absolute measurements of

materials energetics are possible. Therefore, APS detects the ionic current generated

by photoemitted electrons as a function of incoming photon energy, with a sensitivity

of 0.1 fA - 100 nA. In a typical output graph, the square root or cube root of

photoemission intensity is plotted against Eph, corresponding to Fowler's theory for

metals266 and its adaptation to semiconductors,267 respectively. The intersection

between the �t to the linear part of the photoemission spectrum square or cube

root and the zero baseline corresponding to the noise level is extracted as materials

HOMO level.

Interestingly, APS also provides information on the tail states (i.e., shallow

traps), corresponding to the photoemission spectrum part at energy lower than the

extracted HOMO level. Tail states are present in most OSCs due to their disordered

nature, with a Gaussian distribution of energy states around the HOMO.218 Since

they often act as shallow traps, they have a great impact on materials photophysics,218,268

so that ready investigation by APS is of great bene�t in OSC characterisation.

3.3.2 Kelvin Probe and Surface Photovoltage

The KP technique is based on the electric contact established between a conduc-

tive tip and the surface of a metallic or semiconducting sample, and the equilibration

of their contact potential di�erence (CPD). As shown in Figure 3.4, a CPD of energy

eVCPD, with e being the elementary charge, exists before contact, corresponding to

the tip-sample Φ di�erence (eΦsample-eΦtip, see Figure 3.4a). Upon contact (Figure

3.4b), the charge �ow from the low to the high Φ material brings the system towards

Fermi level alignment. This creates a net electric �eld between the materials, which

can be modi�ed by applying a bias VB to the tip. In the KP technique, the tip is

vibrated in proximity to the sample surface so that a variable capacity with peak-

to-peak voltage Vptp is generated, with Vptp ∝ VB − VCPD. In this conditions, the

tip-sample CPD is cancelled for VB = VCPD. Since at zero potential the detection is
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Fig. 3.3: Schematic illustration of photoemission process from a metallic sample. The deep
ultraviolet (DUV) photon injection in the local density of states (LDOS) of the
sample (1) produces an electron cloud in the proximity of the surface, ionising
ambient gases (2). Here, charges are subject to the image force (IF) from the
holes accumulated on the metal surface. Finally, ions are collected from the APS
tip with positive applied bias (3). From [265], with permission.

signi�cantly a�ected by noise and stray capacity, a high signal-to-noise ratio can be

achieved by applying two tip bias values VB1 and VB2, with corresponding outputs

Vptp1 and Vptp2. As shown in Figure 3.4c, accurate determination of VCPD can be

realised from the Vptp(VB) relation, providing a 1-3 meV resolution.269

Applying a white light or monochromatic background illumination during the

measurement allows to study the SPV, de�ned as the change in VCPD between

dark and illuminated conditions. This is a powerful tool for investigation of charge

generation, redistribution, and trapping in the material, with SPV magnitude and

on/o� dynamics providing information on the presence of electron or hole traps and

transport properties.270�272

3.3.3 Energetics Experimental Details

A gold alloy tip of 2 mm diameter is used, vibrating at 70 Hz in the KP mode.

The system is enclosed in a Faraday cage for isolation and the sample position can

be controlled horizontally and vertically by a motorised xyz stage. Samples can be

illuminated via a quartz tungsten�halogen lamp with intensity up to 0.2 Sun, where

speci�c wavelengths can be selected by a monochromator between 400 and 1000
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(a) (b)

(c)

Fig. 3.4: Schematic of the energetic alignment between a Kelvin probe and a metallic
sample before (a) and after (b) contact, and calibration curve relating Vptp with
VB for extraction of VCPD (c). Adapted from [265], with permission.

nm. For Φ and HOMO measurements, repeated acquisitions over di�erent points of

the sample surface allow for a statistical treatment and calculation of experimental

error.

3.4 Absorption Spectroscopy

Thin-�lm UV-Vis transmittance T is measured by a Shimadzu UV-2550 UV-

visible spectrophotometer. Ignoring re�ection, scattering, and interference e�ects

(which should be however accounted for in case of spectra with strong low-energy

tails or distorted shapes), the absorbance A can be calculated from T as

A = log(
Tsub

Ts

), (3.9)

with Tsub and Ts pertaining to the substrate and sample, respectively. Assuming

the low-energy absorption onset comes from charge excitation above the optical

bandgap, Eg can be quanti�ed by linear �t to the absorption edge. Combined with

the HOMO level measured by APS, this allows for LUMO extraction to reconstruct

the whole materials energy diagram.
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3.5 Photoluminescence and Transient

Photoluminescence

Photoluminescence (PL) spectroscopy measures photon emission following sam-

ple excitation by a laser source. This technique gives access to the bright emissive

states, informative on materials energetic structure, presence of singlet vs. triplet

states, radiative recombination losses, and energy transfer processes between BHJ

components.212,273 Moreover, PL can help understand sample morphology, especially

by quanti�cation of PL quenching in blended materials compared to neat �lms, a

typically used method to verify e�ective domain separation in BHJs.179 This can also

be employed for in-situ or ex-situ tracking of materials degradation upon light or

thermal stress. Since PL spectroscopy is a non-disruptive experimental method, it is

suitable for direct device screening, with interesting applications in bias-dependent

measurements. Applying a voltage to the device electrodes, PL quenching/increase

can be analysed, either under bias or during heating/cooling cycles (with no need

for electrodes in this case). This is a very important tool for quantifying the binding

energies and separation probability of di�erent electronic species, which is crucial to

distinguish excitonic and CT states in organic blends and bilayers.274 An example

of this will be given in Chapter 6, where exciton binding energies are extracted from

PL quenching data for D:A systems at di�erent blend ratios.

Unless otherwise stated, PL spectra are hereby measured by a Renishaw inVia

Raman microscope in backscattering con�guration, with a continuous nitrogen �ow

in a Linkam chamber or sample encapsulation to reduce photo-oxidative degrada-

tion. A 514 nm argon-ion laser (12 mW power at sample) with a spot diameter

∼10µm, 25% defocused on the sample is used, with a 300 lines/mm di�raction grid

to separate di�racted light. The system is calibrated by a Si reference, and acquisi-

tion parameters such as laser power, accumulation number, and exposure time are

optimised for each sample to improve data quality. Measurements are repeated at

di�erent positions over the sample to ensure reproducibility. To account for the

absorbance of di�erent samples, the spectra are corrected by the factor
1

1− 10−A
,

where A is the sample absorbance at the laser wavelength. Temperature-dependent

PL data are collected by controlling the sample holder temperature in a Linkam

chamber and setting a heating/cooling ramp (10�/min, allowing over 2 min for

temperature stabilisation before PL acquisition). For bias-dependent PL, the volt-

age is controlled via an Agilent power source, which can also monitor photocurrent

response under laser exposure.



3.6. ATOMIC FORCE MICROSCOPY 66

To investigate the PL lifetime of di�erent electronic species, time-correlated

single photon counting (TCSPC) is used. Thin �lms are measured in air by a

PL spectrometer (FLS1000, Edinburgh Instruments), following sample excitation

by lasers of di�erent wavelengths, with samples deposited on quartz to avoid any

parasitic PL quenching by conductive substrates. Lifetimes are extracted by multi-

exponential �tting using FAST software.

3.6 Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful technique for mapping the sample

surface morphology and resolve its sub-micrometric features. A nanometric sharp

tip connected to a cantilever is vibrated across the surface by control of a X-Y piezo-

electric stage. In non-contact mode, as used to collect the data presented in this

thesis, the tip oscillates at its resonance frequency close to the sample, and the van

der Waals interactions with the surface modify the oscillation frequency depending

on the tip-sample distance. This activates a feedback loop to maintain either vi-

bration frequency or amplitude constant, adjusting the position of the piezoelectric

Z-stage, and therefore recording the height map of sample surface. Additional in-

formation such as oscillation phase can be extracted at the same time. Hereby, a

Park NX10 AFM system is used, with integrated SmartScan� acquisition software.

Park silicon PPP-NCHR tips are employed in non-contact mode. Post-processing

is carried out by Gwyddion open-source software for noise correction with image

analysis algorithms, such as line averaging and polynomial background removal.

3.7 Computational Methods (Density Functional

Theory)

For screening of materials optoelectronic properties and interpretation of ex-

perimental results, simulations of molecular structures by computational methods

are an essential tool, extensively used throughout this thesis. For solving the elec-

tronic structure in a multi-electron ground-state energy for a given nuclear con�g-

uration with a nonrelativistic Born-Oppenheimer approximation, approaches based

on density functional theory (DFT) yield reasonably accurate result without ex-

cessive computational load. Here, the minimisation of the ground-state energy is

calculated using electronic density n(r) instead of electron wavefunction Ψ, where

n(r)d3 is the probability of �nding an electron in the d3 volume centred in r.275 In

particular, the DFT method can give information on various fundamental molecular
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properties, such as molecular conformation, bond lengths, energy levels, and charge

distribution to investigate single-molecule systems in gas phase approximation as

well as multiple molecules and solvent e�ect.

DFT calculations are run on the Gaussian09 software (Imperial College High

Performance Computing service),276 and GaussView 6.0.16 graphical interface is

used for result visualisation. Single molecules in gas phase are simulated at the

B3LYP expansion with a 6-31G(d,p) or 6-311G(d,p) basis set, approximating long

alkyl side chains to methyl groups and polymers to oligomers of various lengths

with methyl capping units, as speci�ed in relevant sections later on. Structures

are optimised to the global minimum energy from di�erent initial conformations to

rule out any local minima. Data on energetics (e.g., HOMO and LUMO levels)

and molecular conformation (e.g., bond lengths, dihedral angles) are extracted, and

charge distribution analysed in terms of electrostatic potential using Merz-Singh-

Kollman model.277 DFT also allows for simulation of molecular vibrational modes,

particularly useful for the assignment of Raman peaks. This is done by compari-

son of experimental spectra with graphical visualisation of Raman active modes by

GaussView software and results from available literature. DFT Raman spectra are

scaled by a 0.97 empirical factor in the wavenumber scale.278 Molecular potential en-

ergy is scanned over di�erent con�gurations by ground-state relaxation with frozen

dihedral angles, to analyse the e�ect of twisting and distortion and the probability

of isomer formation.

3.8 Electrical Characterisation

Characterisation of device photovoltaic parameters is conducted by J-V mea-

surements with a Keithley 2400 source meter under dark and 1 Sun illuminated

conditions (AM1.5 G, 100 mW/cm2), using a Newport 6258 Xe arc lamp solar sim-

ulator calibrated by a Si photodiode. The system is complemented by in-house

acquisition software to extract device PV parameters. Devices are kept in inert

atmosphere by encapsulation or using a N2-�lled chamber.

Device lifetime is tested under continuous illumination using a white light LED

source with or without the inclusion of IR component, with spectra shown in Fig-

ure 3.5 and power density equivalent to 1 Sun. Although UV spectral region is

signi�cantly involved in di�erent degradation pathways such as inducing ZnO pho-

tocatalytic activity,279 this can be e�ectively �ltered out in commercial devices. It

is therefore a common practice to study light stability patterns under LED sources,

which has the additional bene�t of reducing sample heating for decoupling of photo-
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induced and thermal degradation.253 For lifetime monitoring, the devices are encap-

sulated in a nitrogen-�lled chamber and held at open-circuit conditions, with J-V

characteristics measured at regular intervals by a Keithley 2400 source meter. The

same LED source is utilised for simultaneous ex-situ degradation of thin �lms.

Fig. 3.5: Spectrum of the LED light source used for device lifetime testing and �lm degra-
dation, with and without inclusion of IR component.

Another important �gure of merit for OPVs and OPDs is EQE, quantifying the

ratio between the number of photogenerated charge carriers and incident photons

resolved by wavelengths of incoming light.60. This is measured via a tungsten halo-

gen lamp coupled with a grating spectrometer (CS260-RG-4-MT-D). Photocurrent

response is collected by a Stanford Research System SR380 lock-in ampli�er and

EQE is calibrated by a Si photodiode. Although integrated EQE over the whole

spectrum should be comparable with JSC from J-V characterisation, discrepancies

can be found due to mismatch in light intensity, as a low power density is used for

EQE measurement. Bias-dependent EQE analysis is also conducted by holding the

devices under reverse voltage controlled by a BK Precision 9110 power source.

Transient photocurrent is measured with a DAQ card connected to a Tektronix

TDS3032B oscilloscope, using a red or green LED light source.

For measurements of charge carrier mobility µ, single carrier devices with

ITO/PEDOT:PSS/BHJ/MoO3/Ag (hole only) and ITO/ZnO/BHJ/ZnO nanopar-

ticles/Ag (electron only) structures are used. Mobility is calculated from the dark

J-V characteristics using the Mott-Gurney relationship in the regime of space charge
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limited current (SCLC):

J =
9

8
ε0εrµ

V 2
eff

d3
, (3.10)

being ε0 and εr=3 the vacuum and active layer permittivities respectively, Veff the

di�erence between applied V and built-in potential in the device, and d the active

layer thickness measured by a Dektak surface pro�lometer.

3.9 Supporting Methods

For further insights into materials properties and investigation of photophysi-

cal processes, additional characterisation techniques are accessed through collabora-

tions with di�erent research groups. In particular, transient absorption spectroscopy

(TAS) is used for detailed assignment of photogenerated species and identi�cation

of their formation/recombination dynamics,280 transient photovoltage (TPV) and

charge extraction (CE) for analysis of photodetection speed and trap distribution

in operational devices,281 and grazing incidence wide-angle X-ray spectroscopy (GI-

WAXS) as well as grazing incidence X-ray di�raction (GI-XRD) to study crystalline

structure and molecular orientation in thin �lms.282

3.9.1 Transient Absorption Spectroscopy

Helios spectrometer (Spectra Physics, Newport Corp.) is used to measure the

broadband pump-probe femtosecond TAS and kinetics for thin �lm samples. A 1

kHz Ti:sapphire regenerative ampli�ed (Spectra Physics Solstice, Newport Corp.)

pumped seed pulses (800 nm, <200 fs, 1 kHz) to an optical parametric ampli�er

(TOPAS, Light Conversion) is coupled to a frequency mixer (NIRUVIS, Light Con-

version) to generate tunable wavelength visible pump pulses (Chemistry department,

Imperial College London). The pump pulses are modulated at a frequency of 500

Hz by a mechanical chopper, and attenuated at the desired �uence. Seed pulses

are also directed to a mechanical delay stage before being focused into a sapphire

crystal (sapphire for the visible region and YAG for the NIR region) to generate

a white light supercontinuum broadband probe (400-1600 nm). The probe pulse is

split into two by a neutral density �lter. One portion of the probe pulse serves as the

reference and is directly sent to the �ber-optic coupled multichannel spectrometers

(CCD and InGaAs sensors). The rest of the probe pulse together with the pump

pulse are focused onto the same spot on the samples with a beam size of around 0.5

mm2 before sending it to the spectrometer. Samples are contained in a nitrogen-

purged cuvette for measurements. To compensate the �uctuations, the measured
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spectrum is normalised to the reference spectrum and averaged for several scans

to achieve a good signal-to-noise ratio. Data analysis including chirp correction is

performed with the commercialised Surface Xplorer software.

3.9.2 Transient Photovoltage and Charge Extraction

The basic set-up of the transient optoelectronic measurements (Chemistry de-

partment, Imperial College London) for fully encapsulated devices employed in this

thesis uses an oscilloscope (Tektronix TDS 3032B) to record the transient signal,

connected to a computer via a NI-PCI-6251 DAQ card. A ring of 12 Luxeon Star/O

(LXHL-NWE8) white LEDs is applied for illumination (turn-on time of 100 ms to

achieve steady state). A Keithley 2400 source meter provides di�erent voltage con-

ditions to the device. For low-light measurements, additional neutral density �lters

are utilised. Charge extraction transients in open-circuit conditions after reaching

saturation are measured over a 50 Ω resistance, and low current values are ampli�ed

via a low noise ampli�er (DLPCA-200 - FEMTO Current Ampli�er) and detected

by the oscilloscope. All measurements are controlled by computer with in-house

written Wavemetrics IGOR Pro software.

3.9.3 Grazing Incidence X-ray Spectroscopy

GIWAXS measurements for structural analysis (Chapter 4) are performed at

the 3C-SAXSl beamline in the Pohang Accelerator Laboratory (PAL) using a monochro-

matised X-ray radiation source at an energy of 10.55 eV (λ = 0.117 nm) and a 2D

charge-coupled device (CCD) detector (Mar165 CCD). The samples are mounted

onto a z-axis goniometer equipped with a vacuum chamber (∼10−3 Torr) and placed

at a distance of 0.201 m away from the CCD detector. The incident angle of each

X-ray beam is set to 0.1°, and the scattering angles are determined from the po-

sitions of the X-ray beam re�ected from the Si substrate using precalibrated silver

behenate.

For the GI-XRD measurements presented in Chapter 7, an Empyrean di�rac-

tometer at generator settings of 40 kV, 40 mA is used (Materials department, Impe-

rial College London). Primary optics consists of a hybrid monochromator containing

a Ge(220) crystal and producing monochromatic Cu Kα radiation. Secondary optics

consists of a 0.27° parallel plate collimator and a PIXcel 3D Medipix3 detector. The

grazing angle ω is 0.5°, the scanned 2θ range goes from 5 to 40° with 0.04° step size,

and a counting time of 8 s is used.



4 | Improving Stability in Bulk

Heterojunction Organic

Photovoltaics via

Selenium-Substituted Nonfullerene

Acceptors

While OPV performance is steadily increasing thanks to new-generation NFAs,

ensuring long device lifetime and reliable operational stability under illumination

still remains as an unsolved challenge. In this chapter, routes for molecular engi-

neering of both core and end units in ITIC-derived NFAs are explored in their e�ects

on OPV photostability. In particular, heteroatom substitution (sulfur to selenium)

is applied at di�erent core positions, combined with methylation of end groups. It is

found that the conformational locking by Se-O noncovalent bond for outer-core Se

substitution rigidi�es the molecular backbone for enhanced chemical stability, while

also leading to higher �lm crystallinity. At the same time, end-group methylation

�ne-tunes charge delocalisation along the backbone and promotes strong intermolec-

ular interactions in both NFA domains and at D/A interfaces. Therefore, combin-

ing outer Se position and end-group methylation improves both chemical stability of

molecular structures and morphological stability of the well-ordered packing, and ex-

cellent operational robustness is demonstrated in OPV devices. Overall, this chapter

provides relevant guidelines for molecular design of novel NFAs towards enhanced

device lifetime suitable for commercialisation.
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4.1 Introduction

In recent years OPVs have seen incredible progress and drawn considerable

attention within the scienti�c community as a source of clean energy, with the pos-

sibility of fabricating cheap, transparent, and lightweight solar cells based on bio-

compatible and solution-processable materials.283�285 Nevertheless, in order to spark

concrete interest in the market OPVs need to ful�ll various requirements for their

viable commercialisation, such as synthetic ease, batch-to-batch reproducibility, de-

vice e�ciency, and operational lifetime.286 In the landscape of current research on

BHJ-based OPVs, shifting from the traditional utilisation of fullerene acceptors28

to fullerene-free alternatives provides a successful way towards these goals. In fact,

better light harvesting in the visible and infrared wavelengths287�289 and wider pos-

sibilities of molecular tailoring of NFAs28,130,132,135,290�293 allow substantial control

over optoelectronic and morphological properties, besides facile processing and de-

vice fabrication294 (more details are given in Chapter 2).

While OPV e�ciency is rapidly increasing beyond 18% PCE,10,11,139,143,144,146,148,295�297

device operational lifetime still remains as a key challenge to make OPV technol-

ogy fully exploitable in the market. Despite eliminating fullerene-speci�c processes

such as light-induced dimerisation,189,298 photo-oxidation and light-induced trap

formation,233,237,299,300 or spinodal demixing,187 and outperforming their counter-

parts in terms of device lifetime,163,237,238,286,301 NFA-based OPVs still su�er from sig-

ni�cant degradation, whose precise origin requires in-depth understanding.239,286,302

A number of studies describe the degradation processes as a complex interplay

of multiple factors, including chemical instability of materials,286 BHJ morpholog-

ical changes,188,191,236,239 device structure and interactions with charge extraction

layers,239,303 and poor heat di�usivity of the materials.253 An interesting model de-

veloped by Du and co-workers191 identi�es the low NFA molecular di�usion coe�-

cient as a source of small-scale morphology rearrangement under light especially in

the amorphous D/A mixed domains. Here, stabilising the initial blend morphology

(e.g., by thermal annealing) is crucial for device stability. On the other hand, the

intrinsic NFA photostability depending on their chemical structures also plays a key

role. Planar NFAs - e.g., IDTBR vs. IDFBR - are found to be less susceptible to

photodegradation,236 and more rigid NFAs, such as Y6, lead to low conformational

disorder and high chemical stability.212 End groups are also crucial, with ITIC �u-

orination improving stability towards photoactivated chemical reactions and phase

separation compared to methylation.286 However, other results show longer lifetime

for methylated ITIC.239 It is therefore evident that NFA structures and their inter-
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play with BHJ morphology are crucial to determining OPV lifetimes.304

In this context, the molecular origin of photodegradation processes in terms of

NFA structures is still not fully clear, and it is highly needed to provide unambiguous

guidance for further materials development towards stable OPVs. In this chapter,

we systematically study the e�ects of speci�c molecular structure modi�cations of

NFAs on operational stability.

We synthesised a group of four NFAs, with chemical structures shown in Figure

4.1a, derived from widely used ITIC.127 Here, three important structural modi�ca-

tions are carried out. First, two out of the four sulfur (S) atoms on the core backbone

unit are replaced by selenium (Se) in either the inner or outer positions. The pres-

ence of heavier chalcogens in NFAs is e�ective at increasing quinoid resonance and

decreasing Eg for enhanced absorption and light harvesting.305,306 Moreover, highly

polarisable Se atoms are expected to increase intermolecular interaction strength

and tune solid-state packing.307�309 However, the e�ect of selenium substitution and

its regio-selectivity on OPV stability has not been investigated to date.310 Second,

electron-donating methyl groups are attached to the conjugated end units, to tune

energy levels and a�ect VOC in OPV devices.311 Third, m-alkoxyphenyl groups, which

are reported to be bene�cial for molecular packing and charge mobility,312 are at-

tached as nonconjugated side chains, di�erently from the p-alkylphenyl typical of

ITIC.

By analysing the synergistic roles of core Se substitution and end-group en-

gineering to determine light-ageing patterns, we hereby identify a key relationship

between NFA molecular structure and operational stability in OPVs. In particular,

we �nd an exceptional device lifetime improvement for NFAs with outer Se substi-

tution combined with end-group methylation (SeOutMe). Such a superior stability

is attributed to important molecular and morphological characteristics induced by

SeOutMe in blends. The heavier and larger Se atoms at outer-core positions rigid-

ify the molecular conformation and enhance charge delocalisation over the molecule,

while the methylation �ne-tunes the ICT character. This combined e�ect is found to

enhance chemical stability as well as strengthen acceptor domains in blends against

light-induced morphological changes, leading to exceptional lifetime improvement in

OPVs.
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Fig. 4.1: (a) Molecular structure of selenated NFA molecules (with highlighted Se position
in the core and methyl units in the end groups), ITIC and PBDB-T. (b) J-V
characteristics and (c) PCE distribution (∼15 samples for each NFA) of PBDB-
T:NFA devices, with photovoltaic parameters summarised in Table 4.1.

4.2 Results and Discussion

4.2.1 Device Performances and Operational Stability

The four NFA molecules SeIn, SeInMe, SeOut, and SeOutMe, derived from

ITIC, are synthesized via decarboxylation, Stille coupling reaction, formylation,

and Knoevenagel condensation. More details on their full chemical names, syn-

thetic routes, and characterisation by NMR and mass spectroscopy are provided

in the Experimental Section, Appendix A, and reference [19]. Figure 4.1a shows

the chemical structure of the four acceptors highlighting the speci�c sites where

the structural modi�cation is applied. As in ITIC,313 their conjugated backbone is

based on the push-pull interaction between the electron-rich indacenodithieno[3,2-

b]thiophene (IDTT) core and electron- withdrawing DCI end groups. In this group

of NFAs, branched alkoxy instead of linear alkyl chains are used, attached to the

meta- instead of para-position on nonconjugated phenyl rings as in ITIC. However,

the most important modi�cation is the substitution of two of the four thiophenes

(S) in the IDTT unit with selenophenes (Se), either in the inner (SeIn) or outer

core positions (SeOut). The remaining NFAs, respectively named SeInMe and Se-

OutMe, present the further addition of methyl groups onto the DCI end units. Here,
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we study these synthesised NFAs in order to identify the e�ects of core heteroatom

positions (Se and S) and end-group methylation on OPV performances and stability.

For device fabrication, the photoactive layer (PAL) is prepared by blending each

NFA with the donor polymer PBDB-T, including PBDB-T:ITIC reference (ITIC and

PBDB-T chemical structures are shown in Figure 4.1a). Details of OPV fabrica-

tion are given in the Experimental Section below. The solar cell characteristics of

di�erent blends are tested in inverted device structure ITO/ZnO/PAL/MoO3/Ag,

providing the J-V curves and the photovoltaic parameters for the champion devices,

respectively, reported in Figure 4.1b and Table 4.1.

VOC (V) JSC (mA/cm2) FF PCE (%) T50 (h)
SeIn 0.88 (0.86) 17.40 (16.29) 0.56 (0.54) 8.61 (7.50) 140

SeInMe 0.91 (0.90) 15.90 (15.02) 0.61 (0.57) 8.80 (7.68) 860
SeOut 0.88 (0.87) 16.90 (15.68) 0.62 (0.58) 9.25 (7.92) 910

SeOutMe 0.90 (0.89) 16.70 (15.58) 0.64 (0.62) 9.68 (8.58) 5630
ITIC 0.90 17.70 0.62 9.91 410

Tab. 4.1: Champion and average photovoltaic parameters for ∼15 devices and T50 lifetime
for PBDB-T:NFA solar cells. T50, the time required for PCE to drop to 50% of
the original value, is calculated from the starting measurement, without consid-
ering the initial fast decay in the burn-in phase. The data are directly measured
for SeIn and ITIC, while extrapolated by linear �t for the other NFAs.

Table 4.1 also reports the average performances for the di�erent NFAs (∼15
devices tested for each case), with e�ciency distribution shown in 4.1c. A 20-30

mV higher VOC is found in the methylated acceptors (SeInMe and SeOutMe), in

line with their shallower LUMO levels (presented later), while their superior FF

suggests better domain and/or interface morphology. It was previously reported

that end-group methylation in ITIC mainly increases VOC, with minor JSC improve-

ments and FF decrease due to less balanced mobilities.311,314 However, methylation

of these selenated acceptors induces a slightly di�erent e�ect - i.e., lowering JSC

and improving FF . Such di�erences can be associated with a less intermixed blend

morphology observed for SeInMe and SeOutMe blends, where the formation of rel-

atively large, purer domains with higher crystallinity (see PL and GIWAXS data

below) can improve charge transport and FF . Among these four NFAs, SeOutMe

shows the best e�ciency with 9.68% PCE, 0.90 V VOC, 16.7 mA/cm2 JSC, and 0.64

FF , with perspectives for a >10% PCE upon further device optimisation.

Although PCE for selenated NFAs is comparable to ITIC devices, their op-

erational stability is substantially di�erent (Table 4.1 also reports T50 lifetimes ex-
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Fig. 4.2: Evolution of photovoltaic parameters under continuous light exposure (white
LED) of PBDB-T:NFA devices.

tracted for all devices). After nearly 450 h of continuous operation under white LED

(1 Sun equivalent, with devices sealed in a nitrogen-�lled environmental chamber),

the PCE of reference ITIC cells drops by more than 50%, while three out of the

four selenated NFAs maintain higher e�ciencies (Figure 4.2). The best results are

achieved for SeOutMe, with only a ∼5% drop in initial PCE after the whole expo-

sure time and an extrapolated T50 lifetime close to 6000 h. SeInMe and SeOut also

show improved stability with respect to ITIC (35-40% e�ciency drop), while only

SeIn underperforms (70% PCE loss). For all devices, JSC and FF are the main

parameters dictating device stability. In particular, JSC stability shows the greatest

di�erences across materials, reduced by 55% for SeIn, by 20% in SeInMe and SeOut,

but by only 7% in SeOutMe. As for FF , 75% of the initial value is maintained for

SeIn, 80% for SeInMe, but up to 88% for SeOut. Strikingly, a FF enhancement

during the �rst 50 h of operation is observed for SeOutMe, leading to an overall 5%

increase after 450 h.
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4.2.2 Optoelectronic and Morphological Characterisation

From the evidence that speci�c chemical modi�cations of NFA structures have

such a signi�cant impact on OPV stability, we perform detailed materials character-

isation in terms of optoelectronic properties and thin-�lm morphology to investigate

the origin of this impact. The UV-Vis absorption spectra of thin �lms of neat as-cast

NFAs and PBDB-T (Figure 4.3a) show complementary absorption covering a wide

portion of the visible and NIR in the 500-650 and 600-800 nm ranges, respectively.

Di�erences emerge among the four NFAs, with a 10-15 nm bathochromic shift ap-

pearing for outer compared to inner Se acceptors, shifting the absorption maximum

to 720 nm for SeOut vs. 710 nm for SeIn. Conversely, methylation leads to around 5

nm of blue shift. A slightly higher 0-0 vs. 0-1 absorption peak is observed for outer

Se, which might indicate better head-to-tail interactions between molecules for im-

proved in-plane ordering (detailed structural analysis by GIWAXS will be discussed

later).308,315,316

Fig. 4.3: UV-Vis absorption spectra of (a) pristine NFAs and PBDB-T and (b) of PBDB-
T:NFA blends treated by thermal annealing.

Upon blending and subsequent thermal annealing (as in the optimised device

fabrication protocol; see Experimental Section), the SeOutMe peak shows a signif-

icant red shift (Figure 4.3b). This is evident by further comparison with as-cast

blends and annealed neat �lms shown in Figure 4.4. This suggests strong changes

in packing and/or orientation of SeOutMe molecules in the blend, in a fashion im-

proving their molecular order. In addition, this red shift is accompanied by a strong

absorbance increase, with SeOutMe almost twice the absorbance of inner Se blends.

This may indicate preferred in-plane packing of SeOutMe molecules in the blend,

induced by less intermixing with the polymer after thermal annealing. As mirrored

by the higher EQE in long-wavelength spectral regions (Figure 4.5), this can be

largely bene�cial for harvesting low energy photons in OPV devices. For the other
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Fig. 4.4: UV-Vis absorption spectra of the di�erent NFA blends, comparing the neat ac-
ceptor and donor with the as-cast and annealed thin �lms of respective blends.

three NFAs in blends, a slight blue shift (8-10 nm) and increased FWHM of both

the acceptor- and donor-related peaks are observed, indicating packing disruption

by blending with only minor ordering upon annealing.

In order to assess the degree of intermixing between donor and acceptor molecules

and its impact on photophysical processes, PL and charge carrier dynamics are anal-

ysed. SeIn and SeInMe blends exhibit strong PL quenching with respect to the neat

NFAs, whereas the e�ect is much weaker for SeOut and SeOutMe (Figure 4.6a).

The quenching of D and A emission in SeIn blends amounts to 99% and 93%, re-

spectively, indicating highly intermixed blends, while it decreases with methylation

and especially outer Se substitution (see Table 4.2).

PL quenching (%) NFA PBDB-T
SeIn 93 99

SeInMe 88 99
SeOut 74 97

SeOutMe 44 94

Tab. 4.2: Summary of PL quenching for the di�erent NFA blends with respect to the neat
donor and acceptor components.

In particular, SeOutMe PL in the blend is quenched only by 44% compared
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Fig. 4.5: EQE spectra of PBDB-T:NFA devices.

to the neat acceptor (where self-quenching e�ects may be present). Together with

∼6% of donor emission still preserved in the SeOutMe blend, this con�rms a much

less intermixed D/A morphology in this system. Here, SeOutMe can form purer

domains with better in-plane packing (Figure 4.3b), lowering geminate recombina-

tion and enhancing charge transport.46,317,318 As mirrored in the performances of

corresponding devices, this is bene�cial for FF and VOC, but can have detrimental

e�ects for JSC, highlighting the importance of a trade-o� between D/A mixing and

phase separation for maximising di�erent device parameters. Note that the amount

of PL quenching discussed here cannot be directly compared with the EQE gener-

ated from di�erent blends (Figure 4.5), as PL is probed at a single wavelength (i.e.,

514 nm, in a region of low absorbance) and for thin �lms on quartz, where photo-

generated carriers cannot be extracted and can only recombine either radiatively or

non-radiatively.

The degree of D/A mixing being in�uenced by an inner or outer Se position

is reinforced by charge separation kinetics obtained by TAS. Figure 4.6c shows the

exciton and charge dynamics resulting from visible excitation of SeIn and SeOut

blends (with pump wavelengths of 725 and 720 nm, respectively, corresponding to

NFA absorption maxima), extracted by global analysis of the transient spectra.19
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Fig. 4.6: (a) PL spectra for neat PBDB-T and NFAs and their respective blends. (b) TAS
kinetics of excitonic and charge species for SeIn and SeOut blends. Solid lines
represent exponential �ts. (c) Diagram of the charge dynamic processes with
characteristic time scales probed by TAS for SeIn (in blue) and SeOut (in red)
blends. Note that the relative energies between di�erent states are only indicative
and do not necessarily mirror the energy cascade in BHJ systems (e.g., CT states
can be considered at higher energy than excitons depending on the description
model).

Monoexponential �ts of the excitonic components reveal exciton lifetimes of 2.9 ±
0.3 ps for SeIn and 9.7 ± 0.6 ps for SeOut. These decay times agree with the ones

of simultaneous growth of charged components (3.1 ± 0.2 ps for SeIn and 10.1 ±
0.8 ps for SeOut), therefore representing the time scale of charge photogeneration

from exciton dissociation. A longer process in the SeOut blend suggests larger D/A

domains, since pump-generated excitons are likely to be formed further from D/A

interfaces than in the comparatively highly intermixed SeIn blend. This is consistent

with the observed weaker PL quenching and stronger intermolecular aggregation for

SeOut, supporting the claim that both molecular packing and blend intermixing are

strongly a�ected by Se position. In particular, both donor and acceptor components

are expected to show more ordered packing and larger domains for SeOut vs. SeIn.

Further data supporting this model will be presented later from GIWAXS results.
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Fig. 4.7: (a) Evolution of UV-Vis absorption spectra upon 200 h of light exposure for
SeOutMe blends. (b) Evolution of Raman spectra of the SeIn and SeOutMe
blends, normalised to the main peak, with contributions from thiophene unit in
PBDB-T and thiophene-selenophene in NFAs. Enlarged view of peaks 1 and 4
is presented in the inset. (c) Schematics and labelling of spectral modes relative
to NFA and PBDB-T molecules, with R = 2-ethylhexyl. (d) Evolution of PL
spectra for SeOutMe blends.

4.2.3 Investigation of Photostability and Degradation

Mechanisms

In order to understand photostability and associated degradation mechanisms

in neat materials and blends, we study the e�ects of prolonged light exposure on

their optical and morphological properties. Comparison of absorption spectra of

fresh and aged blends (Figure 4.7a for SeOutMe and Figure C.1 in Appendix C for

all blends) shows that chemical instability and chromophore quenching in PBDB-T

and NFAs are involved in the photodegradation process. SeIn(Me) show stronger

bleaching for donor peaks, evidence of unbalanced degradation in D/A domains.

However, superior robustness is found in SeOut and SeOutMe blends, with a slightly

weaker PBDB-T absorption decrease and a more balanced quenching of donor and

acceptor peaks after 450 h of light exposure. Note that the stronger reduction of

absolute intensity for acceptor peaks can be related to the signi�cantly stronger

absorption coe�cient of SeOut and SeOutMe compared with inner Se counterparts.

Interestingly, for SeOutMe blends the polymer absorption peak red shifts by ∼10 nm
during the �rst 200 h of light exposure, coinciding with the initial FF enhancement

for SeOutMe device. This suggests an important morphological factor to consider

in D/A blends towards stable OPVs. Upon blending, highly crystalline NFAs such

as SeOutMe produce a much less intermixed morphology with purer D/A domains,
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enabling further morphological changes within these domains under continuous light

exposure. In the SeOutMe blend, polymer reorganisation leads to optimised blend

morphology, for highly stable OPV devices. This �ne-tuning of blend morphology

and domain separation by D/A miscibility has been indicated in numerous studies

on ternary OSCs as a crucial factor to improve device performance, and it is also

regarded as a promising strategy towards high light and thermal stability.319,320

Further insights into the photo-induced structural changes of D and A molecules

in blends are gained by Raman spectroscopy.188,236 Figure 4.7b shows Raman spec-

tra collected from fresh and aged SeIn and SeOutMe blends (see Figure C.2 for all

blends), with the most relevant vibrational modes of NFAs and PBDB-T illustrated

in Figure 4.7c. Complete Raman assignment is detailed Appendix C (Figure C.3-

Figure C.4 and Table C.1-Table C.2). In agreement with the chromophore bleaching

observed in the absorption spectra, Raman data further reveal the changes of molec-

ular structures from speci�c vibrational peaks. The main modes originate from the

core phenyl groups and end phenyl H-wagging of the acceptor (peaks 1 and 4) and

the BDD and BDT units along the conjugated backbone of the donor polymer (peaks

2 and 3), with an overall dominance of polymer-related peaks. The strongest peak

around 1425 cm−1 has a contribution from both the thiophene unit of PBDB-T and

thiophene-selenophene of the NFAs, while the peak at 1540 cm−1 is assigned to both

alkene stretching in the NFAs and a BDT unit mode in PBDB-T. Di�erent degrees

of quenching of overall peak intensities are observed in all the four blends, indicat-

ing di�erent amounts of photobleaching in both D and A upon light-ageing. By

comparison of Raman spectra of fresh and aged blends, several interesting elements

can be noticed. First, SeIn shows the most changes in relative peak intensities:

peaks 1 and 4 (assigned to the NFA) drop by 5%, and peaks 2 and 3 (assigned to

PBDB-T) decrease by 10% and 5%, respectively. By Raman spectra simulation,

this can be matched to conformational changes in the NFA molecules with di�erent

core-end dihedral angles (Figure C.5). In particular, increasing molecular twisting

leads to a quenching of the NFA peaks (1 and 4), similarly to the conformational

changes observed in other NFAs during photoageing.236,321 Second, when SeIn and

SeInMe blends are compared (Figure C.2), there is no relative intensity change in

NFA-related peaks for the latter, although polymers still show some quenching, in-

dicating that methylation stabilises NFAs against photoageing. Third, quenching

for outer Se blends is signi�cantly reduced, with only minor decrease in the polymer

peak for SeOut and almost no changes in SeOutMe, indicating superior photostabil-

ity of SeOutMe blends. Evolution of Raman spectra of neat NFAs under photoageing

(Figure C.6) further con�rm the greater stability of SeOut and SeOutMe.
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Concomitantly with photodegradation of D and A molecules, photo-induced

BHJ morphology evolution also occurs, as seen from PL spectra (Figure 4.7d for

SeOutMe, with results for the four materials in Figure C.2). All aged blends show

enhancement of NFA PL, while polymer emission is now totally quenched. As dis-

cussed earlier, we consider this NFA PL recovery as a signature of morphology

changes (possibly through heat generated during photoexposure), here demonstrat-

ing further segregation of NFAs from the polymer.191 This also allows polymer chains

to better pack and aggregate, as particularly evident from the absorption red shift

for SeOutMe (Figure 4.7). The acceptor PL recovery in blends is smaller for outer

Se and methylated NFAs, with only a 1.5-time increase for SeOutMe vs. a three-

fold in SeIn. This indicates that SeOutMe blend morphology, initially segregated

to form larger and purer domains, is more robust to further phase segregation.

Therefore, a moderate initial phase separation with more crystalline NFA domains

is found to be bene�cial for long-term photostability: this prevents further light-

induced macroscopic D/A segregation while allowing structural evolution of neat

polymer domains. On the contrary, SeIn blend morphology shows even macroscopic

light-induced changes in surface aggregation (see AFM maps in Figure 4.8), clearly

non-ideal for JSC and FF in devices.

Fig. 4.8: AFM maps of fresh and light-aged PBDB-T:NFA blends.

To con�rm that an optimum morphology is achieved by outer Se position and

methylation, we now turn to investigate the impact of molecular structure on packing

in neat and blended NFAs. GIWAXS measurements for neat and blended SeOutMe

are performed to obtain 2D patterns as shown in Figure 4.9a,b, respectively. For the

neat SeOutMe �lm, clear (00L) di�raction families of re�ections are observed at qz
(Å−1) = 0.32, 0.64, 1.26, and 1.62, and strong di�raction spots of the (102), (110),

and (002) planes along the qx,y direction. This implies a highly ordered crystalline
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Fig. 4.9: (a,b) GIWAXS 2D maps for neat and blended SeOutMe, with indication of the
corresponding crystalline planes. (c,d) Schematic of the crystalline structure for
one of the two phases in neat SeOutMe and for the acceptor domains in PBDB-
T:SeOutMe blends, respectively, with indication of the lattice parameters in the
three directions.

structure, referred to here as crystal phase 1. Comparing the 2D GIWAXS patterns

of neat SeOutMe with those of the other NFAs, more intense and sharper peaks

show that outer Se and methylation improve crystallinity (see detailed information

in [19]). Interestingly, the additional di�raction spots marked by red arrows indicate

the presence of a second crystal phase coexisting in neat SeOutMe, referred to

here as crystal phase 2. These 2D GIWAXS patterns combined with di�raction

simulation analysis reveal that crystal phase 1 of neat SeOutMe conforms to an

orthorhombic unit cell with lattice parameters a = 23.9451 Å, b = 10.4147 Å, c

= 22.2021 Å, α = 90°, β = 90°, and γ = 90°. Crystal phase 2 has the same

lattice parameters except for b = 14.4507 Å (see Table 4.3 for SeOutMe). The

corresponding molecular packing motif of neat SeOutMe can be proposed as shown

in Figure 4.9c. In contrast to the neat �lms, all PBDB-T:NFA blends exhibit a

relatively weak intensity of the GIWAXS di�raction pattern and a less uniform
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neat SeOutMe
phase 1 phase 2 PBDB-T blend

a (Å) 23.9451 23.9451 16.5266
b (Å) 10.4147 14.4507 8.9863
c (Å) 22.2021 22.2021 14.9742
α (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 90 90 103.446

space group Amm2 (No. 38) Amm2 (No. 38) P2 (No. 3)
cryst. syst. orthorhombic orthorhombic monoclinic

Tab. 4.3: Summary of the lattice parameters, angles, and crystalline structure symmetry
for neat and blended SeOutMe.

di�raction spot of the (00L) family, although the obvious amorphous ring pattern

originates from the donor polymer. However, SeOutMe blend still shows the most

intense acceptor di�raction pattern and polymer ring, indicating that crystallinity

of both polymer and NFA are highest for this blend, consistent with the red-shifted

absorption and clearer phase segregation indicated by PL. Moreover, there is a

noticeable shift in the SeOutMe peak positions towards higher qz corresponding to

the (001) planes and higher qx,y corresponding to the (110) planes, indicating a

reduced d spacing in the molecular lattice. This can be evidence of a change in

the crystal structure of SeOutMe upon blending, with a more compressed packing,

resulting in a monoclinic system with lattice parameters a = 16.5266 Å, b = 8.9863

Å, c = 14.9742 Å, α = 90°, β = 90°, and γ = 103.446° (Figure 4.9d). The ability of

SeOutMe to form various crystal structures, two in the neat phase and a di�erent

one in the blend, and its stronger intensity of crystalline peaks compared to the other

acceptors are demonstrative of the particularly strong and versatile intermolecular

interactions in SeOutMe. This promotes and stabilises SeOutMe phases in the blend,

inhibiting further light-induced phase-segregation. Moreover, the crystalline nature

of SeOutMe can also foster the packing order in polymer domains and allow the

benign photoinduced PBDB-T reorganisation observed earlier.

To link the origin of solid-state morphology, crucial for photostability, to the

speci�c molecular structure of di�erent NFAs, we seek further understanding of

materials properties by DFT analysis. The e�ects of core heteroatom substitution

and end-group engineering are simulated for correlation with the NFA optoelec-

tronic properties experimentally observed. Figure 4.10a shows the potential energy

as a function of dihedral angle between the core and the end groups. All accep-

tors have two potential energy minima around 0 and 180°, where the conjugated

backbone is planar. However, when Se is in the outer position, the energy min-
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Fig. 4.10: Results of DFT simulations for the di�erent NFA single molecules. (a) Diagram
of the molecular potential energy vs. the dihedral angle between core and end
groups. (b) Dihedral angle between the core and the end groups, indicated as the
red arrow in the generalised molecular structure in the inset. (c) Indication of the
donor and acceptor building blocks on an example of NFA molecular structure
(i.e., SeIn). The donor region does not include the nonconjugated side chains.
(d) Positive and negative electrostatic potentials for the donor and acceptor
regions, respectively, in the di�erent NFA molecules. The positive potential
includes separately the respective contribution of the electron-rich molecular core
and the nonconjugated side chains. ITIC and its methylated version (mITIC)
with analogous nonconjugated side chains are also included.

imum (corresponding to the con�guration in which the carbonyl oxygen and Se

are in close proximity) is 0.2 eV lower compared to that at 180°, which originates

from Se-O noncovalent interactions.305,306 Torsion angles between the core and end

groups in energy-optimised single molecule geometries of the four NFAs (Figure

4.10b) also show the role of chalcogen-O interactions as a backbone conformational

locker. In SeOut(Me) stronger noncovalent interactions with larger Se orbitals re-

duce the core/end-group dihedrals and planarise the molecule. This is also evident

from the shorter interatomic distance for Se-O (outer Se) in comparison with S-O

(inner Se) (∼2.725Å for SeIn(Me) and ∼2.625Å for SeOut(Me)). Therefore, SeOut

and SeOutMe possess a more planar and especially rigid backbone, fundamental to

superior chemical stability and optimum packing in solid state, in good agreement

with the observed optical and structural properties of these NFAs. Conversely, in-



4.2. RESULTS AND DISCUSSION 87

ner Se substitution leaves lighter S in the outer position, with S-O interactions less

e�ective at stabilising the molecule. For SeIn and SeInMe this results in a negligible

energetic di�erence between the 0 and 180° con�gurations. Moreover, the energetic

barrier between them is 0.1 eV lower, so that a variety of isomeric conformations

can be adopted, which is detrimental for solid-state packing and conformational dis-

order. This is indeed veri�ed by the larger presence of tail states (see below) and

the blue-shifted absorption and larger band gaps for SeIn(Me) vs. SeOut(Me). The

ESP is further analysed based on the Merz-Kollman model to estimate the ICT char-

acter in each acceptor.277 Grouping the atoms of core, conjugated end groups and

nonconjugated side chains, we quantify the amount of charge separation between

donor and acceptor units, according to the assignment schematised in Figure 4.10c

(in particular, the CH group in the connecting vinyl bond is considered part of the

acceptor unit). ESP shown in Figure 4.10d indicates that the ICT character of the

molecules is slightly reduced by both outer Se position and methylation. Moreover,

outer Se displaces more positive charge from the electron-donating core toward non-

conjugated side groups. This can be related to the orbital distribution detailed in

Figure 4.11, where only the outer-core chalcogen takes part in the HOMO. In this

context, the heavier and more electron-rich Se atoms in the outer positions enhance

charge delocalisation with a stronger interaction with the electron-donating oxygen

atom in the side chains, whereas the distribution for SeIn(Me) is comparable with

the nonsubstituted ITIC with identical side chains (Figure 4.10d).

In this picture, the balance between ICT character of the conjugated backbone

and charge localisation in the side chains is crucial to explain the superior stability of

SeOutMe, with optimum molecular structure mirrored in solid-state packing. The

displacement of more charge density toward the side chains helps them establish

induced dipoles and reinforce dispersion interactions in solid-state packing,322 while

increasing the A-D-A character within the conjugated backbone of the NFA. Se-O

interactions with the side chains are also possibly bene�cial as noncovalent locker,

reducing conformational disorder and leading to dense and e�ective packing. At

the same time, methylation mildly decreases negative charge localisation in end

groups. This �ne-tuning of charge density in the DCI units is helpful to packing

enhancement and stabilisation via end-group π-π stacking, similarly to what found

in other ITIC derivatives.323 As previously reported, the precise control of charge

distribution along and outside the molecular conjugated backbone is a powerful tool

to determine the local intermolecular interactions via π-orbitals and to optimise

transport properties in OPV blends.324,325

Since it is clear how the di�erent NFA structures have a great in�uence on
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(a)

(b)

Fig. 4.11: (a) HOMO and (b) LUMO distributions for DFT energy-optimised structures
of di�erent NFAs.

molecular packing and therefore on OPV stability, the impact of NFA structures

on energetics (namely, HOMO/LUMO levels and sub-bandgap states) is further

investigated using APS (Figure 4.12a,b), combined with the optical band gap from

UV-Vis absorption (Figure 4.3).326 As expected from the electron-donating nature

of the methyl groups, SeInMe and SeOutMe show shallower energy levels, with the

LUMO a�ected more than the HOMO. Se position has a stronger impact on the

LUMO, with slightly deeper energy levels for outer Se. These results are relatively

well matched with the energy levels calculated from DFT (Figure 4.12c), showing

the impact of NFA chemical structure and conformation on the energetics. The

onset in photoelectron emission spectra has been previously used to determine the

HOMO or the valence band edge of semiconductors, and the area below the onset
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Fig. 4.12: (a) Energy diagram relative to PBDB-T and NFAs. The values for PBDB-T
have been drawn from literature, measured from CV as reported in reference
[326]. (b) Photoemission intensity from neat NFA thin �lms (annealed), with
linear �t to the emission edge, translated vertically with respect to one another
for better reading clarity. The inset shows integrated tail areas below the edge.
(c) HOMO and LUMO energy levels for the di�erent neat NFAs, comparing the
experimental results with DFT simulated values.

as a proxy for density of sub-bandgap tail states corresponding to traps and/or

defects.212,218,270 A relative comparison of tail states in the four NFAs is made from

the integrated area below their photoemission thresholds. As shown in Figure 4.12b,

SeOut(Me) exhibits much smaller areas than SeIn(Me). This suggests signi�cantly

reduced energetic disorder, related to the more rigid molecular structure and low

conformational disorder, playing a key role in the stability of SeOutMe devices.

To summarise, the synergy of the two engineering routes - outer Se substitu-

tion and methylation - is the key to the superior stability of SeOutMe-based OPV

devices. The rigid molecular geometry of SeOutMe and the �ne-tuning of charge

distribution over its structure is found to be important for high crystallinity and sig-

ni�cantly reduced conformational disorder. This leads to superior chemical stability

and robustness toward light-induced phase segregation in blends, while allowing the

polymer structural reorganisation towards optimised blend morphology.
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4.3 Conclusion

In conclusion, by combining end-group methylation and regio-speci�c Se substi-

tution in the molecular core of ITIC-derived NFAs, we achieve signi�cant improve-

ments in the operational stability of OPV devices. Positioning Se in outer-core sites

is a powerful tool to rigidify the molecular structure via noncovalent locking, ensur-

ing a higher intrinsic chemical stability and an optimised charge distribution over

the molecule. Here, nonconjugated side chains play an important role to stabilise

the interactions with neighbouring molecules. At the same time, the mild electron-

donating e�ect of methylation tunes the molecular ICT character for further control

on packing and D/A interactions in blend. All of these characteristics, descending

from the NFA molecular design, enhance the crystallinity and photostability of the

SeOutMe acceptor. This is highly e�ective to prevent photoinduced phase segre-

gation and subsequent disruption of its molecular structure in blend.236 Therefore,

SeOutMe devices show excellent operational stability, retaining 95% of the initial

PCE after 450 h of operation, with an exceptionally long projected half-lifetime of

5600 h compared to 400 h for ITIC. The need for strong crystallinity of the acceptor

for photostability is in line with what recently emerging for the Y-series of NFAs.

Also there, a high crystallinity and 3D charge delocalisation have been demon-

strated, as well as adaptability to form various crystal phases such as monoclinic

and triclinic,160,162 leading to excellent chemical stability of the acceptor.212 Overall,

the results presented in this chapter shed light on fundamental understanding of the

relation between NFA molecular structure, BHJ morphology, and device operational

stability, suggesting relevant design guidelines for further materials development for

highly-stable OPVs.

4.4 Experimental Section

Sample Fabrication, Device Measurement, and Stability Test

SeIn, SeInMe, SeOut, and SeOutMe are synthesised as detailed in [19], while

commercial batches of ITIC and PBDB-T are used (Sigma-Aldrich). Thin �lms are

prepared in a cleanroom from a solution in chlorobenzene with 0.5% DIO additive

(20 mg/mL dilution), 1:1 D:A weight ratio in the case of blends. The solutions

are stirred by magnetic bars overnight at 250-400 rpm at 60°C on a hot plate, and

�ltered (0.45 µm, PTFE) before deposition. Films are formed by spin-coating on

clean ITO and fused quartz substrates, achieving a 40-80 nm �lm thickness checked

by Dektak surface pro�lometer. For device fabrication, details about ZnO, MoO3,



4.4. EXPERIMENTAL SECTION 91

and Ag layers are given in Section 3.1. Annealed �lms and all devices except for

PBDB-T:ITIC ones are thermally treated in a N2-�lled glovebox for 30 min at 160°C.

Device J-V characteristics are checked by a Keithley 2400 source meter under AM1.5

G illumination provided by a Newport 6258 Xe arc lamp solar simulator calibrated

by a Si photodiode. Device and thin-�lm light ageing are carried out in N2-�lled

chambers under white LED with power density equivalent to 1 Sun, without IR

component (see Section 3.8 for further details of the spectrum). To measure EQE, a

tungsten halogen lamp coupled with a grating spectrometer (CS260-RG-4-MT-D) is

used. The photocurrent response is detected by a Stanford Research System SR380

lock-in ampli�er, calibrated by a Si photodiode.

Energetics and Morphology

HOMO energy levels of thin �lms on grounded ITO are measured by APS04

photoemission system. Multiple spots are examined on the sample surface to check

reproducibility and calculate experimental errors, and the HOMO is extracted from

the linear �t of the cube root of the photoemission intensity as crossing with the

zero baseline (see details in Section 3.3).265 Surface morphology is measured by a

Park NX10 AFM in tapping mode with Park silicon PPP-NCHR tips combined with

SmartScan software (see Section 3.6).

Absorption, Photoluminescence, and Raman Spectroscopy

PL and Raman spectra are measured by a Renishaw inVia Raman microscope

in backscattering con�guration, as detailed in Section 3.2 and Section 3.5. Both

measurements are carried out with a 514 nm argon-ion laser, 25% defocused on the

sample. 2400 lines/mm and 300 lines/mm di�raction grids to obtain Raman and

PL spectra, respectively. Multiple spectra are measured at di�erent spots on the

sample surface to improve data accuracy. PL background removal from Raman data

is performed by polynomial �tting. Thin-�lm absorbance is measured as detailed in

Section 3.4.

Ultrafast Broadband Transient Absorption Spectroscopy

Details on TAS characterisation are provided in Section 3.9. Here, the pump

intensity is attenuated to 5 nJ before reaching the sample surface.
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Grazing Incidence X-ray Spectroscopy

All details on GIWAXS are reported in Section 3.9.

Computational Methods

Simulations of molecular conformations, energy levels, dihedral scans, and Ra-

man spectra are performed based on DFT, using Gaussian09 software on the Im-

perial College High Performance Computing service as detailed in Section 3.7, at

the B3LYP level with the 6-31G(d,p) basis set. The molecular structures of single

NFA molecules in gas phase are optimised to the minimum energy conformation,

simplifying the ethylhexyl to methyl side chains to reduce computational load. Elec-

trostatic potential is simulated according to the Merz-Singh-Kollman (MK) scheme

using 1.90 Å as the van der Waals radius of Se.277



5 | Light-Intensity-Dependent

Photoresponse Time of Organic

Photodetectors and its

Molecular Origin

While OPDs are emerging as promising candidates to complement Si-based

photodetection technologies thanks to tunable spectral response and inexpensive

fabrication, their �gures of merit still lag behind inorganic counterparts, especially

when it comes to photodetection speed. In this chapter, the origin of slow photocur-

rent transients in evaporated OPDs is explored, focusing on the role of molecular

structure of small-molecule donors. When a twisted and a fully planar candidate

are compared, fast photoresponse is found in the planar molecule at relatively high

light intensities (i.e., >0.5 mW cm−2), while a slow two-phase photocurrent decay

appears under weaker illumination, not found for the twisted donor. This is as-

signed to a density of deep trap states, which are formed by nanoaggregation of

the strongly-interacting planar molecules and adduct formation with the fullerene

acceptor. Overall, the origin of shallow and deep trap states in OPD systems is

investigated, and guidelines are given for molecular design of small-molecule donors

to optimise photodetection speed depending on targeted light intensity of operation.

5.1 Introduction

The use of organic semiconductors for photo-sensing applications has recently

seen fast progress,60,327�333 thanks to their promising properties such as narrow ab-

sorption and colour-tunability,334 �exibility, light-weight, transparency, and ease

of fabrication. In particular, for top-surface photodetection in integrated, high-

resolution imager arrays,88,178 small-molecule-based photoactive layers are advanta-

93
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geous due to high purity and batch-to-batch reproducibility.335 For BHJ OPDs, these

are typically deposited by co-sublimation of donor and acceptor materials, yielding

highly intermixed morphologies for e�cient exciton separation.186 For evaporated

active layers, C60 acceptor is normally the preferential choice due to its isotropic

charge transport and ease of sublimation.88,178,179,334,336 However, proper selection

and design of sublimable donor molecules still remain as a key challenge for OPD

optimisation (see detailed discussion in chapter 2).

Recently, promising device performances have been demonstrated for push-

pull donors (i.e., having donor and acceptor building blocks along the conjugated

backbone),88,179,334,337 where their D-A character provides e�ective control of energy

levels and optical bandgap. Such structural motifs have also enabled, in blends with

C60, to tune the photodetection spectral range, to enhance charge transport proper-

ties, and to optimise photoactive layer nanostructure.88,178,179,334 In particular, good

performance has been reported with merocyanine and related dyes, achieving sharp,

narrow absorption and fast photoresponse.88,178,334,337 Various other molecular de-

sign strategies such as fusion of the donor unit and functionalisation or elongation of

the acceptor unit have also been explored in the donor molecules, achieving excellent

OPD �gures of merit, including dark currents around 1 nA/cm2 and detectivities in

the order of 1013 Jones.88,178,334,337

Despite these achievements, the major limitation of OPDs compared with crys-

talline inorganic counterparts remains their relatively slow photoresponse,338�340 due

to the low carrier mobility intrinsic to organics as discussed in Subsection 2.2.2.341�346

This poses strong limitations to the achievable frequency bandwidth, and restricts

the possibilities of OPD integration with faster inorganic photodetectors.339 More-

over, OPD photoresponse can become even slower in low-light operating conditions,347

further limiting their potential applications. Energetic disorder and charge trap-

ping in OSCs74,212,218,348�351 can stem from multiple factors such as chemical im-

purity or co-existence of di�erent conformational isomers,212,218 molecular-structure

induced packing and orientation, and sub-optimal domain formation. Even for sub-

limed OPDs, known for better device performance and reproducibility than solution-

processed devices, molecular origin of energetic disorder and charge trapping, there-

fore of slow photoresponse, remains not fully understood.88,178,179,337

In this chapter, we elucidate the role of donor molecular structure on the forma-

tion of trap states in co-evaporated C60 blends, and its impact on the light-intensity

dependent photoresponse speed of BHJ OPDs. In particular, two small molecule

donors are used with C60 acceptor, featuring distinctive conformations, with either

twisted or planar geometry. The planar donor MPTA yields a faster OPD response
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under relatively high-light irradiation (1 Sun down to 0.5 mW/cm2), but shows

biphasic photocurrent transients with a slow second phase at low-light levels (e.g.,

0.02 mW/cm2). These light-intensity-dependent photoresponse times are correlated

with di�erences in charge trapping induced by the donor molecular structure. In

particular, the slow low-light photoresponse of MPTA is traced back to BHJ nanoag-

gregation and potential formation of adducts with C60, with creation of deep-trap

states. In contrast, the twisted NP-SA shows higher energetic and structural disor-

der at the band edge, which limits the high-light photoresponse speed. However, the

absence of further deep states allows to maintain OPD performances and photore-

sponse time independently of light intensity. Overall, the results provided in this

chapter reveal important insights into the molecular origin of trap states in BHJ

OPDs and how molecular design requirements can di�er for high- and low-light

device operations.

5.2 Results and Discussion

5.2.1 Twisted (NP-SA) and Planar (MPTA) Donor

Molecules

Chemical structures of the two small molecule donors, NP-SA and MPTA (full

chemical names in Appendix A), are shown in Figure 5.1a. Their synthetic routes are

reported in ref. [337] and [20], respectively. Both donors are comprised of electron-

donating and electron-withdrawing units (D-A structure) based on fused heterocycle

groups, yielding a compact structure suitable for the formation of highly-intermixed

interpenetrated networks upon co-evaporation with C60.88,178,179,337 For NP-SA, the

donor unit is constituted by a tertiary amine coordinating benzene and naphthalene

units to the selenophene molecular core, while three fused rings form the acceptor

unit. NP-SA optimised geometry based on DFT shows twisted 3D-like arrange-

ment of donor unit with a planar linkage between the core and the acceptor units

(Figure 5.1a). MPTA has the same three-fused-ring acceptor unit as NP-SA, but

the donor unit is made of a single fused heterocyclic group incorporating the amine

linkage and the thiophene ring, resulting in a planar geometry. DFT calculations

show the preferential HOMO and LUMO distributions to the donor and acceptor

units, respectively, for both NP-SA and MPTA (Figure 5.1b). However, the planar

MPTA shows smaller electrostatic potential separation on the D and A units, in line

with better charge delocalisation along its planar conjugated backbone. Although

existing studies suggest that a twisted conformation (out-of-plane branching) is ben-
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e�cial to prevent excessive molecular aggregation and improve absorption range and

dark current,337 no detailed study comparing twisted to fully-planar donors has been

reported for BHJ OPDs.

Fig. 5.1: Molecular structure of small molecule donors. (a) Chemical structures of NP-SA
and MPTA donors, with their donor and acceptor units indicated. The spatial
conformation of donor molecules is illustrated based on the DFT optimised ge-
ometries shown as side views. (b) HOMO/LUMO distribution for NP-SA and
MPTA molecules in their DFT optimised geometry. Simulated electrostatic po-
tentials for donor and acceptor units (ESPD and ESPA, calculated based on
Merz-Kollman model) indicate a smaller charge separation in the donor/acceptor
units for MPTA, according to the more e�ective charge delocalisation in a planar
molecular structure.

5.2.2 Responsivity and J�V Characteristics

NP-SA:C60 and MPTA:C60-based OPDs are green-light selective, extending

their detection in the 460-620 nm (NP-SA:C60) and 450�600 nm ranges (MPTA:C60)

(see responsivity in Figure 5.2a). Field-dependent responsivity is similar for both

devices, as observed for other push-pull small molecules showing bias-dependent

CT separation.179 As illustrated in more detail in reference [20], photocurrent of

both NP-SA- and MPTA-based devices grows sub-linearly with light intensity (Φ)

for higher Φ, evidence of bimolecular recombination in the �nely intermixed BHJs,

with these loss mechanisms mitigated under reverse bias. Figure 5.2b shows the

J�V characteristics in dark and under AM1.5 G illumination. Although photogen-

erated currents under 1 Sun are similar, the dark currents are particularly low for

the MPTA-C60 devices (∼10−8 A cm−2 for a wide reverse bias range from 0 to -5

V), comparable with state-of-the-art OPDs.71 For MPTA:C60, dark shunt increases

under strong reverse bias, suggesting trap-induced mechanisms,71 consistently with

the results discussed below.
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Fig. 5.2: OPD device characteristics at high-light intensity. (a) The responsivity at dif-
ferent bias conditions. (b) Dark and AM1.5 G light J-V curves in a semi-log
plot, shown with darker and brighter colours respectively. (c) The bandwidth
of frequency response measured at a light intensity of 0.7 mW/cm2 at 0 V. (d)
Light-o� photocurrent transients in a light intensity range of 0.6 � 2.2 mW/cm2

illumination at 0 V. The device was illuminated for 100 ms before switching o�
the light. Note that the level of background current is higher than device dark
current due to sensitivity limitations of the detector circuit (50 Ω load resistance,
1 mV/div resolution of the oscilloscope). (e) E�ective charge carrier mobilities
as a function of charge carrier density analysed by CE at 0 V in a light intensity
range of 0.5 � 100 mW/cm2. (f) Normalised plots of the charge carrier density at
open circuit versus VOC determined from integration of CE transients as a func-
tion of light irradiation intensity (normalised at 200 mW/cm2 light intensity).

5.2.3 High-Light Device Response Time Governed by

Shallow Traps

Firstly, OPD performances of NP-SA- and MPTA-based devices are investi-

gated at relatively high illumination intensities (>0.5 mW/cm2) by transient opto-

electronic analysis (frequency response analysis, transient photovoltage and charge

extraction (CE)).212,218,346 At 0.7 mW/cm2, OPD frequency response (Figure 5.2c)

shows -3 dB cut-o� frequencies of 3 kHz and 4 kHz for NP-SA:C60 and MPTA:C60, re-

spectively (this light intensity is chosen to prevent bimolecular recombination losses

which can reduce photocurrent at higher light intensities). Frequency-dependent

OPD photoresponse depends on device circuit RC constant and charge transport

time,338,340 with the latter dominating for low mobility OSCs.338 Photocurrent tran-

sient analysis under pulsed light illumination allows further understanding of the

charge transport, this method being widely used for mobility characterisation in

OPVs.352 Figure 5.2d shows short-circuit photocurrent transients for NP-SA:C60 and
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MPTA:C60 devices (0.7 mW/cm2 light intensity, 100 ms pulsed light irradiation to

reach steady-state preconditions). MPTA:C60 OPDs exhibit faster charge extraction

for light intensities from 0.6 to 2.2 mW/cm2, consistent with the wider frequency

response bandwidth. In particular, a photocurrent decay time of the order of mi-

croseconds is in line with state-of-the-art OPD performances.58,60,179 Photocurrent

transient integration allows to extract the light-intensity-dependent short-circuit

carrier density and, using a simple drift model, the e�ective active-layer drift charge

mobility µ (see reference [353] for calculation details). In high light intensities (>0.5

mW/cm2), where charge density is >1015 cm−3, µ is higher for MPTA:C60 com-

pared to NP-SA:C60 OPDs (Figure 5.2e). Since charge transport in OSCs proceeds

by thermally-activated hopping via band tail states (often referred to as shallow

trap states),354 hopping site density and thermal activation barriers (i.e., trap den-

sity and trap energy) signi�cantly a�ect µ.355,356 Analysis of shallow trap density

can be carried out from open-circuit CE transients, measured as a function of light

intensity.352,357 Figure 5.2f shows the charge density trend with VOC (correspond-

ing with the quasi-Fermi level splitting in the photoactive layer). At lower light

intensity, quasi-Fermi energy splitting decreases, with consistent drop in extracted

charge density. However, this drop is clearly shallower than predictions for an ideal

semiconductor (see dashed line), indicating the presence of tail states.212,218 Here,

the steeper trend for MPTA:C60 OPDs indicates smaller presence of shallow traps

in this system, with a narrower energetic distribution, consistent with the faster

high-light photoresponse of MPTA:C60 devices.237

5.2.4 Low-Light Device Response Time Governed by Deep

Traps

Depending on OPD applications, operating light intensities can vary across a

wide range. Therefore, it is paramount to characterise the frequency response and

transient CE of MPTA:C60 and NP-SA:C60 OPDs at low-light intensities as well (i.e.,

≤0.5 mW/cm2). Compared to high-light conditions (see Figure 5.2d), opposite trend

in photoresponse speed is observed at 0.024 mW/cm2, as illustrated in Figure 5.3.

At this low-light intensity, the -3 dB frequency of NP-SA:C60 OPDs is ∼5 kHz, but it
is now reduced to 2 kHz for MPTA:C60 (Figure 5.3a). Therefore, the superior high-

light frequency response of MPTA:C60 device is compromised at low-light, where

NP-SA:C60 shows better performance. For further OPD analysis, high sensitivity

short-circuit photocurrent transients are shown in Figure 5.3b�d, for initial light

intensities from 0.1 to 0.4 mW/cm2. In low-light, initial decay kinetics are similar to

high-light conditions (Figure 5.2d), being faster for MPTA:C60 devices. However, a
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Fig. 5.3: Low-light illumination photocurrent transients. (a) Bandwidth of frequency re-
sponse at a photocurrent density of 2.7 µA/cm2, under a 0.024 mW/cm2 light
intensity at 0V. (b) NP-SA:C60 and (c) MPTA:C60 device photocurrent transient
measured by CE at 0 V. (d) Comparison of current transients measured at 0.5
mW/cm2. MPTA:C60 photocurrent transient is �tted with a double exponen-
tial (green dash line). (e) Light-intensity-dependent SPV magnitude for NP-SA
and MPTA blends, normalised to the SPV at the maximum light intensity. The
normalised SPV signal during one illumination cycle at the lowest light intensity
is shown in the inset. Absolute (f) and normalised (g) SPV response for NP-SA
and MPTA blends scanning through increasing white light intensities. The active
layer is deposited on Ag substrate with hole extraction interlayer in between. The
positive signal observed in light corresponds to electron accumulation on the sur-
face upon photocharge generation and separation. This is understandable with
the �lm being deposited on hole extraction interlayer and Ag.

slower (∼100 µs) second decay phase appears for this system, which is not observed

in NP-SA:C60. Therefore, while state-of-the-art photoresponse times are maintained

for NP-SA regardless of illumination conditions,58,60,179 MPTA performance degrades

under lower light intensities. In particular, this biphasic photocurrent transients

observed in MPTA:C60 have not been previously reported in the OPD literature,

and it attributed to the slow extraction of a low density of relatively deep trap

states.358 At this regard, slow charge generation can be ruled out as cause of the slow

photocurrent transient, since the timescales of the two phenomena are signi�cantly

di�erent (i.e., charge generation occurs in the ps-ns range,179 compared to the 100

µs of the slow charge transient component).

For detailed analysis, the decay of the MPTA:C60 photocurrent transients is �t-

ted with a biexponential decay function (dashed line in Figure 5.3d), with fast and

slow decay time constants of 5.9 µs and 210 µs, respectively. As charge extraction

speed (v) depends only on µ under a constant drift force F (v = µF ), the di�erence

between slow and fast extraction times depends on a di�erent µ. Assuming a system
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with shallow and deep states at distinct energy levels, the di�erence in extraction

times indicates that deep traps are approximately 0.1 eV below the shallow trap

states (assuming single trap energies rather than distributions, see details in refer-

ence [20]). Charge integration from the slow CE decay gives the density of these

deeply trapped species, corresponding to 1 × 1015 cm−3 at short circuit under 0.3

mW/cm2 illumination.

Light-intensity-dependent SPV measurements36 con�rm the presence of deep

charge trapping in MPTA:C60 OPDs compared to NP-SA:C60 (Figure 5.3e-g). In

fact, for MPTA:C60 blends, the magnitude of SPV response signi�cantly depends on

light intensity, showing a strong reduction compared to NP-SA:C60 in low-light con-

ditions (notably at 0.5 mW/cm2), indicating trap-assisted recombination loss. More-

over, MPTA:C60 blends show a slower transient time to reach equilibrium in dark

after low-light illumination (inset in Figure 5.3e), suggesting slowed-down charge

extraction by deep trap states.359,360 In summary, the slower frequency response of

MPTA:C60 OPDs at low-light intensities results from the presence of relatively deep

trap states, while these are not observed in NP-SA:C60.

5.2.5 Molecular-Structure-Dependent Intermolecular

Coupling

In order to identify a possible molecular origin for shallow and deep traps in

NP-SA and MPTA systems, the e�ect of donor molecular structure (twisted vs.

planar) on intermolecular coupling is investigated by optical and structural probes

(Figure 5.4). Both neat donor molecules exhibit a well-de�ned absorption band in

the visible range with a smaller (90 nm) FWHM peaking at 565 nm for NP-SA and

a larger (150 nm) FWHM peaking at 495 nm for MPTA, respectively (Figure 5.4a).

For MPTA, a clear absorption feature at the low energy shoulder is also observed.

Surprisingly, both NP-SA and MPTA spectra get narrower upon blending with C60,

particularly in the high energy shoulder. This narrowing is more dominant in MPTA,

reducing FWHM by 45 nm compared to 15 nm in NP-SA. More striking di�erences

between the two donors appear in their PL spectra (Figure 5.4b). For neat �lms,

the planar MPTA shows strongly red-shifted, intense PL emission compared to the

twisted NP-SA, with PL increasing further upon thermal annealing (Figure 5.5a),

indicating stronger intermolecular interactions of MPTA. This is associated with

molecular aggregation, arising from the planar molecular structure.

Similar emission characteristics with strongly red-shifted and highly-emissive

PL have also been observed in analogous organic planar small molecules, assigned
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Fig. 5.4: Optical and molecular structural properties. (a) Normalised UV-Vis absorption
spectra for NP-SA, MPTA and respective C60 blends. (b) Absolute PL for neat
donor thin �lms. (c) Normalised PL for blends and neat MPTA. (d)-(e) Com-
parison between normalised Raman spectra (via 488 nm laser excitation) of neat
and blended NP-SA and MPTA �lms. The peaks are labelled according to the
detailed assignment shown in Appendix D and grouped according to core and
end-group vibrational modes. The asterisk in (d) indicates the C60 vibrational
mode appearing in blends.

Fig. 5.5: (a) Absolute PL for pristine and annealed MPTA �lms. (b) TCSPC analysis of
PL lifetime for NP-SA and MPTA, respectively monitored at 750 and 770 nm
following 405 nm laser excitation. The lifetimes from single exponential �t are
indicated in the graph. Instrument response function (IRF) is also included as a
reference.

to excimers.361 The lifetime of these emissive species is found to be in the order

of 5 ns by TCSPC analysis (Figure 5.5b), consistent with reported examples of

excimeric emission,362,363 while NP-SA shows a much faster decay (<400 ps limited

by the instrument response function). This aggregation in MPTA seems to occur at
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the molecular level without any detectable microscopic features (see AFM maps in

Figure 5.6).

Fig. 5.6: AFM maps of neat donor �lms and respective blends with C60 on quartz sub-
strates. Both donors show root mean square (RMS) roughness ≤1 nm in neat
and blend �lms.

Upon blending with C60, the red-shifted, highly-emissive PL of MPTA is strongly

quenched, while a new broad CT state emission appears at lower energy (>800 nm)

(Figure 5.4c). This originates from weakly bound electron-hole pairs formed upon

photoexcitation at the MPTA/C60 interfaces, and it is readily quenched by reverse

electric �eld generating free charges (see PL quenching analysis in Figure 5.7).

Similar red-shifted CT emission is also observed in NP-SA:C60 blends. In both

MPTA:C60 and NP-SA:C60 devices, CT dominating PL spectrum is evidence of a

highly intermixed morphology for photoactive blends.179 However, MPTA:C60 also

shows a higher energy shoulder (<750 nm) as in neat MPTA emission, indicating

possible presence of residual MPTA excimeric species. For both blends, a new addi-

tional and much weaker PL peak is also observed at high energy (<650 nm), more

intense for MPTA:C60. This is attributed to the emission of donor molecules where

their intermolecular interactions are largely disturbed by C60 acceptors. Based on

these absorption and PL properties, it is clear that the planar donor MPTA under-

goes more signi�cant changes in the molecular-scale nanomorphology to accommo-

date C60 acceptor in the blend compared with NP-SA. These BHJ structural char-
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Fig. 5.7: PL quenching analysis in NP-SA:C60 and MPTA:C60 devices.(a)-(b) Bias-
dependent evolution of absolute PL for NP-SA:C60 and MPTA:C60 devices, re-
spectively. (c) PL quenching e�ciency as a function of reverse bias, averaged
from 3-4 points on the devices, with error bars indicated as standard deviation.
PL quenching e�ciency is calculated as PLQE = (PLV=0- PLV )/PLV=0, with
PLV=0 and PLV respectively being the PL at zero bias and at the applied reverse
bias, at the wavelength of maximum emission.

acteristics can be explored in more details by molecular vibrational spectroscopy.

The Raman spectra of NP-SA and MPTA are shown in Figure 5.4d,e, respec-

tively, comparing neat and blend �lms. The main peaks appear at low (1300-1500

cm−1) and high (1550-1800 cm−1) frequencies, mainly originating from the core unit

(i.e., central selenophene/thiophene and amine linkage) and the end-group (i.e., ac-

ceptor unit, phenyl, and naphthalene) vibrations of molecules,179 respectively (see

Figure D.1 and Table D.1 in Appendix D for detailed assignment). In neat �lms,

MPTA shows much stronger and sharper core peaks, indicating enhanced π-electron

density in the fused donor unit compared to non-fused donor in NP-SA.254,262,364

Blending with C60 leads to completely di�erent changes in vibrational modes. For

NP-SA, this a�ects only the high energy vibrations (peaks A and C) with increased

relative intensities, consistent with a certain degree of selective molecular twisting in

the end groups only.179 On the other hand, C60 loading induces signi�cant structural

changes in MPTA, involving all vibrational modes, with increased relative intensi-

ties and large peak broadening towards high frequencies. This does not match the

Raman spectra of twisted MPTA (Figure 5.8), indicating that molecular twisting is

not the main cause of the Raman changes observed in the blend.

On the contrary, such signi�cant changes re�ect the more dramatic impact that

C60 blending has on MPTA, disturbing its intermolecular interactions.254,259,260,365,366

As planar MPTA exhibits strong intermolecular coupling in neat �lms, evident from

its red-shifted and intense PL, e�ective mixing with C60 requires profound modi�-

cations of MPTA packing and relative molecular orientation, leading to signi�cant

changes in MPTA:C60 nanomorphology as probed herein by Raman spectroscopy.

Strikingly, these changes occur at the molecular scale without any measurable mi-
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Fig. 5.8: DFT simulation of MPTA Raman spectra for di�erent twisting angles between
the donor and the acceptor unit.

croscopic reorganisation (Figure 5.6).

Besides the structural changes induced by blending, the addition of C60 can

also result in the formation of MPTA-C60 adducts367�369 (see chemical structure and

calculated energy levels in Figure 5.9a,b). Chemical reactions are only possible for

the planar MPTA, with no bulky side groups at the amine centre, so that the lone

electron pair in the N atom can interact with C60 π-electrons. Figure 5.9c,d show

the calculated Raman spectra of the MPTA-C60 adduct, which is compatible with

the experimental data for the MPTA blend. In fact, both show similar changes in

Raman intensity and peak width compared to neat MPTA. Namely, the relative

quenching of peaks H and G can be attributed to the locking of the amine bond

by fullerene addition, and the broadening of peak E towards high energies involves

adduct contributions. In summary, it is found that the MPTA-C60 adduct forma-

tion is possible in MPTA:C60 blends due to the planar donor structure. When C60

is highly intermixed with MPTA in BHJ, the strong intermolecular interactions of

MPTAmolecules are disturbed, allowing newMPTA-C60 interaction to form adducts

through lone pair�π interactions.368,369 Both morphology changes and adduct forma-

tion upon C60 loading signi�cantly a�ect the MPTA vibrational modes, consistently

with what observed from Raman measurements.
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Fig. 5.9: MPTA-C60 adduct. (a) Chemical structure of MPTA-C60 adduct, in DFT opti-
mised structure. (b) Calculated energy levels for MPTA and MPTA-C60 adduct.
(c) Measured Raman spectra of neat and blended MPTA, normalised to peak
E from the core thiophene. (d) DFT simulated Raman spectra for MPTA and
MPTA-C60 adduct.

5.2.6 Molecular Origins of Shallow and Deep Traps

Finally, it is crucial to investigate the e�ect of donor molecular structure

(twisted NP-SA vs. planar MPTA) on the formation of shallow and deep trap

states in BHJ blends, combining DFT simulation and energetics measurements (Fig-

ure 5.10).

We �rst analyse the conformation of the two donor molecules. Figure 5.10a

shows the molecular potential energy as a function of structural twisting using DFT

simulations, in which the potential energy is calculated at di�erent dihedral angles

between the D-A building blocks (i.e., between selenophene/thiophene and alkene

bond in the A unit for NP-SA/MPTA). Both donor molecules exhibit a planar D-

A geometry (0 dihedral angle) at the lowest potential energy, with the chalcogen

and oxygen atoms at the same side of the structure, lowering the potential energy

through their noncovalent bond. Notice that the optimised NP-SA geometry has a

3D coordination in the amine donor unit, but a planar conformation between the

selenophene core and the acceptor unit (Figure 5.1a). For NP-SA, a large poten-

tial energy di�erence (∼200 meV) is calculated for its isomer, where the dihedral
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Fig. 5.10: Energetic analysis of NP-SA:C60 and MPTA:C60 blends. (a) The potential en-
ergy scan as a function of alkene bond dihedral angle between donor and accep-
tor units (e.g., as indicated for NP-SA in the inset), with highlighted the lower
energy con�guration at 0 and 180° dihedral angles for NP-SA and MPTA. (b)
HOMO and LUMO energy levels for optimised geometries of NP-SA and MPTA
and their isomeric forms, respectively with 0 and 180° D-A dihedral angle, calcu-
lated by DFT. (c) Photoemission spectra of neat and blended donors measured
by APS, with the linear �ts to the emission edge for HOMO extraction (dotted
lines). The inset shows the density of tail states from the integrated area below
the HOMO onset, indicative of shallow trap density (error bars as standard devi-
ation across multiple measurements). (d) Distribution of deep and shallow trap
states. MPTA:C60 has a narrower shallow trap distribution and the presence of
a deeper trap DOS. The trap states are �lled by photogenerated holes from low
to high energy states with light intensity increase. In low light, hole extraction
from MPTA:C60 deep states is harder than the extraction from shallow states,
due to the higher energy barrier, leading to deep hole trapping.

angle between the D-A building blocks is 180°. In contrast, the two isomers (0 and

180° dihedral angles) have a very similar potential energy in MPTA, attributed to

the weaker S-O interaction compared to stronger Se-O interaction in NP-SA. The

HOMO and LUMO energy levels calculated for the two MPTA isomers are also

very similar (Figure 5.10b), while they are largely di�erent (∼100 meV) for NP-SA.
This holds even considering the possible non-equilibrium con�gurations (20° around

the local minima), which can represent the highly intermixed blend morphology.
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The HOMO level dispersion is ∼70 meV for NP-SA, but only ∼30 meV for planar

MPTA (Figure 5.11). This indicates an important intrinsic structural advantage of

the planar MPTA molecule. Even with the possible formation of isomers in �lms,

no additional energetic disorder is introduced by this planar molecule, leading to

narrow tail-state distribution (i.e., low density of shallow traps), consistent with the

fast charge transport and OPD photoresponse at high-light levels.

Fig. 5.11: DFT simulated HOMO levels for NP-SA and MPTA for the near-equilibrium
con�gurations 20° around the possible isomeric forms. The HOMO dispersion is
indicated on the right.

At this regard, it is important to point out that selenation plays a role in the

stabilisation of the molecular potential energy minimum, therefore on the propensity

for the formation of isomers. However, the changes in DOS distribution upon isomer

creation are mainly dictated by the speci�c molecular structure of di�erent donors

(i.e., planar vs. twisted). In fact, as visible in Figure 5.12, the selenated equivalent of

MPTA has a stronger potential di�erence between optimised and 180° conformations

similarly to NP-SA, but the di�erence in HOMO and LUMO levels between isomers

remains low (∼30 meV).

In order to gain further insight into the molecular origin of trap states, we

measure the energetics of neat and blend �lms by APS.212 The extracted HOMO

of neat MPTA is much shallower than that of NP-SA (5.16 eV vs. 5.37 eV) (Fig-
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Fig. 5.12: DFT calculations for NP-SA compared with the selenium substituted version of
MPTA. (a) Potential energy scan as a function of alkene bond dihedral angle
between donor and acceptor units (as indicated in the inset) for NP-SA and the
selenated analogous of MPTA (referred to as MPSA). (b) HOMO and LUMO
energy levels for optimised geometries of NP-SA and MPSA and their isomers,
respectively with 0 and 180° dihedrals between donor and acceptor units.

ure 5.10c). This supports the strong intermolecular coupling of the planar MPTA

in solid state, leading to a ∼0.50 eV shallower HOMO compared to single-molecule

gas-phase DFT simulations, while measured HOMO is consistent with the calculated

value for NP-SA. Upon blending with C60, a clear HOMO level deepening is visible

for both donors, with a much larger shift for MPTA (370 meV vs. 100 meV for

NP-SA). This is accompanied by a more prominent narrowing of the DOS in MPTA

blend (Figure 5.13). Analysis of sub-gap features from the APS spectra212 (see the

inset in Figure 5.10c) clearly reveals a low density of tail states intrinsic to the

planar MPTA, which is preserved even after blending. Consistent with the narrow

tail-state distribution extracted by CE transients (Figure 5.2f), this low density of

tail states near the band edge (i.e., shallow trap states) is attributed to the smaller

energetic disorder in the highly planar MPTA, where potential isomer formation

does not introduce additional energetic broadening. This low shallow-trap density

and stronger intermolecular coupling lead to the superior charge transport and fast

photoresponse time in MPTA:C60 OPDs when operating at higher light intensity

(Figure 5.2d).

Moreover, the highly planar MPTA exhibits strong intermolecular coupling

in neat �lm forming a low-bandgap, highly-emissive electronic state (see excimeric

emission in Figure 5.4b). However, signi�cant disturbance is induced by C60 in BHJ,

breaking strong intermolecular interactions between MPTA molecules and introduc-

ing a new larger-bandgap MPTA electronic state with signi�cantly deeper HOMO

level. As such, any residual low-bandgap electronic state from MPTA nanoaggre-
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Fig. 5.13: DOS from photoemission spectra of neat and blended NP-SA and MPTA, with
respective baselines indicated as black dashed lines. The spectra have been
separated for clearer display by vertical shift of NP-SA pair.

gation will act as intraband deep trap state in the blend. Besides this, also the

formation of a small density of MPTA-C60 adducts367�369 would result in additional

electronic states. According to calculated energetics of MPTA-C60 (Figure 5.9b), the

adduct exhibits a ∼90 meV shallower HOMO level compared to MPTA, which can

also act as a deep trap state in MPTA:C60 devices. This provides a molecular origin

for the slower photoresponse of MPTA:C60 devices at low light intensities, with deep

states resulting in slow photocurrent decay and strong light-intensity dependence of

SPV response (Figure 5.3).

5.3 Conclusion

In this chapter, molecular structure-dependent charge trapping and its impact

on OPD light intensity-dependent photoresponse speed are investigated. Due to the

promising perspective for OPDs in low-light-operating devices, this analysis is cru-

cial for further materials development for targeted OPD applications. In particular,

the control of the density of shallow trap states achieved in MPTA by its highly

planar molecular conformation is a key factor for the fast charge transport and
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OPD photoresponse under standard illumination conditions (high-light intensity)

observed in MPTA:C60 devices. However, this highly planar structure also leads to

strong intermolecular coupling in MPTA forming a low-bandgap state. Upon blend-

ing with C60, the coupling is largely disrupted, resulting in a signi�cant HOMO

deepening for most MPTA molecules (see schematic in Figure 5.10d). In these con-

ditions, residual low-bandgap states by MPTA nanoaggregation and the additional

formation of MPTA-C60 adducts are the primary origin of deep trapping, leading

to biphasic photocurrent transients and limited photoresponse bandwidth in low-

light conditions. On the contrary, deep trap states are not formed in NP-SA:C60

devices, as C60 blending has minor impact on NP-SA morphology and energetics

due to the twisted and more amorphous donor nature. Moreover, the stronger steric

hindrance by the bulky phenyl and naphthalene groups in NP-SA prevents amine re-

action and creation of C60-adducts. This more amorphous morphology, with weaker

intermolecular interactions, results in a slower photoresponse time under standard

(high-light) operation conditions, making the highly planar MPTA a preferential

candidate for high e�ciency OPDs. However low-light performance of MPTA:C60

OPDs is degraded by deep charge trapping, so that NP-SA is a more suitable choice

for low-light OPDs applications. Overall, these results provide a full analysis of trap

distribution in state-of-the-art OPD systems and reveal important insights into the

relation between donor molecular structure and OPD performance under di�erent

operating conditions. From here, it clearly emerges that selection of appropriate

candidate materials for high-e�ciency OPDs strongly depends on the targeted ap-

plication, and consideration of device operating conditions is therefore paramount.

5.4 Experimental Section

Fabrication of Devices and Thin Films

All materials are puri�ed via sublimation under high vacuum (<10−6 Torr) prior

to use. Thin �lms are fabricated by thermal evaporation under high vacuum (<10−7

Torr, 0.35 Å/s rate) on dried glass or quartz substrates cleaned with isopropyl alcohol

and acetone in an ultrasonic bath. OPDs are fabricated on ITO-coated glass by

sequential deposition of hole-extraction layer (5 nm), donor:C60 BHJ (100 nm, 1:1

weight ratio), electron extraction layer (Ytterbium, 2 nm), and ITO electrode (10

nm), as in the structure shown in Figure 5.14. All organic �lms are thermally

evaporated in high vacuum (<10−7 Torr), and ITO electrodes by magnetron sputter

before device encapsulation with glass (98.5% transmittance). Active pixel area is

0.04 cm2. After deposition, �lms are thermally annealed at 160°C on a hot plate for
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>3 h, followed by natural cooling to room temperature. Electrical characterisation

of devices by J-V scan and EQE analysis is carried out as described in Section 3.8.

Fig. 5.14: Device structure and energetic diagram of donor:C60 OPDs.

Transient Optoelectronic Measurements

All the details on the set-up used for transient optoelectronic characterisation

are described in Section 3.9, and all measurements are performed on fully encap-

sulated devices. TCSPC measurements are carried out as described in Section 3.5,

exciting the samples by 405 nm laser.

Steady-State Optical and Structural Characterisation.

PL and Raman spectra are measured by a Renishaw inVia Raman microscope

as described in Section 3.2, by 514 nm laser excitation for PL and 488 nm for Raman

(Argon, Titanium Sapphire lasers, 25% defocused on sample surface). Di�raction

grids of 2400 lines/mm and 300 lines/mm are used for Raman and PL, respectively.

PL spectra are corrected to account for sample absorption at excitation wavelength.

PL is also measured on encapsulated devices applying reverse bias to the electrodes

by an Agilent power source. Thin �lm absorption is measured as described in Sec-

tion 3.4.

Energetic and Morphological Characterisation

HOMO energy levels of materials on ITO substrates are measured as described

in Section 3.3 via APS04 system, by the crossing of the linear �t to the photoemis-
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sion cube root with the zero baseline.265 Repeated measurements over the sample

surface allow for reproducibility check and experimental error calculation. DOS is

extracted as �rst derivative from photoemission cube root spectra by in-house soft-

ware analysis. APS04 tip is also used as Kelvin probe to measure the changes in

surface potential over cycles of dark and illuminated conditions (tunable white bulb

light source, with intensity up to 0.2 Sun). Surface morphology was measured by a

Park NX10 AFM in tapping mode as described in Section 3.6.

Computational methods

Gaussian09 software on the Imperial College High Performance Computing ser-

vice is used to simulate molecular conformations and energy levels, Raman spectra,

and dihedral scans, according to the protocol detailed in Section 3.7. DFT is applied

at the B3LYP level with 6-311G(d,p) basis set.



6 | Nonfullerene Acceptor Dilution

as a Facile Strategy for Device

Optimisation towards High-E�ciency

Solution-Processed Bulk

Heterojunction Organic

Photodetectors

While the importance of molecular design to tune spectral response and increase

device performance in OPDs is a widely discussed subject in the �eld, the role of

D:A blending ratio and BHJ structure in solution-processed devices has received

comparatively little attention. In this chapter, PM6:Y6-based OPDs are prepared

with either balanced or donor-rich (i.e., diluted Y6) formulations, and their pho-

todetection performance is explored. Notably, large Jd suppression is found for

diluted blends, with strongly bias-dependent responsivity under reverse �eld, lead-

ing to a D∗∼5×1012 Jones at -4 V. This is accompanied by faster photodetection,

for overall superior performances of diluted OPDs. By detailed photophysical and

energetic analysis, it is found that dissociation of strongly-bound interfacial CT

states in donor-rich BHJs requires electric-�eld assistance, but the dominant poly-

mer matrix provides e�cient transport pathways once e-h pairs are separated. At

the same time, the larger D/A energetic o�sets and shallow PM6 energetics drive

e�cient hole transfer and suppress dark injection, while large bandgaps of majority

PM6 and strongly-bound CT character mitigate thermal Jd contribution. Overall,

the use of large polymer content is proposed as a strategy for facile OPD optimisa-

tion, which is highly promising also from the point of view of thermal stability and

scalable fabrication.

113
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6.1 Introduction

As illustrated in previous chapters, OSCs are showing great performance ad-

vancement in organic optoelectronic applications, with especially promising demon-

strations of high-e�ciency OPDs to rival Si-based counterparts in NIR photodetec-

tion - largely due to the emergence of NFAs. However, in order to further boost

organic device performance, both materials design and photoactive layer engineering

need to be carefully considered. In particular, exciton dissociation via intermediate

CT states should be optimised.370,371 As seen in details in Chapter 2, this process

occurs at the D/A interface in BHJs, driven by the D-A HOMO o�set159 and by the

external electric �eld applied in OPD operations.60

In terms of materials design, the emergence of fused benzothiadiazole-core-

based138,295 Y6 have enabled record-breaking performances in OPVs, owing to the

unique photophysics of this NFA (A-DA′D-A calamitic structure, high quadrupole

moment, strong π-π stacking), as discussed in Appendix B. This leads to e�cient

CT generation, barrierless charge dissociation, and low voltage losses.140,157�159,212

However, Y6 application in OPDs is more limited, due to formation of relatively

large BHJ domains with small D/A interfacial area,160 whereas photocurrent gener-

ation in OPDs under reverse bias can bene�t from a more intermixed morphology. In

addition, the small bandgap and broad absorption spectrum of Y6 might not be pre-

ferred, particularly for narrowband photodetection.372,373 Therefore, it is paramount

to address the sub-optimal OPD performances of Y6 systems,374,375 to make them

suitable for wavelength-speci�c photodetection with high e�ciency.

In particular, for e�ective use of high-performance OPV systems as OPDs,

Jd should be maintained as low as possible, taking into account both contribu-

tions from dark injection from the contacts and thermal generation of electron-hole

pairs followed by drift under reverse �eld.60 Detailed understanding of Jd origin and

strategies to minimise it are still the subject of ongoing research, as discussed in

Subsection 2.2.2. For example, it has been shown71 that Jd scales with device VOC

as the diode dark saturation current J0

J0 ∼ JSCe
− eVOC

kBT , (6.1)

valid for VOC≫ kBT
e
, where T is the temperature of the system. Therefore, low Jd re-

quires high VOC, which can be manipulated by HOMO/LUMO tuning towards high

ECT and by D/A interface engineering.71,174,376 However, more factors are involved

in Jd origin, such as energetic disorder at semiconductor band edge, trap-assisted
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charge generation,71 and incomplete contacts at the electrodes.60 At this regard,

the PM6:Y6 system shows favourable characteristics, such as narrow tail-state dis-

tribution and extremely low trap density.212 Moreover, e�cient OPDs require fast

photoresponse times, related to continuous percolation pathways in BHJ and good

transport in D and A species.46,60,373 Here, polymeric materials are highly promis-

ing, since they demonstrate high carrier mobilities (>1 cm2V−1s−1 for adequate

crystalline packing) and strong morphological connectivity.377,378

OPD performances can also be optimised by engineering of the photoactive

layer, with an important parameter being the D/A blend ratio. While balanced D/A

proportions are preferred in OPVs for ideal domain size,139,284 blend ratio tuning can

induce interesting e�ects on the BHJ photophysics.379 For example, an increase in

VOC for PM6:Y6 OPVs with higher PM6 content has been ascribed to higher ECT,

although precise origin has not been identi�ed.380 However, higher Y6 content yields

satisfactory PCE with a great tolerance, due to preservation of polymer transport

properties even in low concentration.381�384 In fullerene-based systems, blend ratio

dependence of VOC and ECT seems related to D and A packing, with higher polymer

crystallinity385 or higher content of aggregated fullerene386 leading to lower ECT

and VOC. The role of energetics should also be considered, with VOC increase at

high fullerene content due to higher BHJ e�ective gap387 and possible work function

change in the charge transport layers.388 Other reports suggest that reduction of

D/A interfacial area via blend ratio engineering suppresses electron-hole encounter

and recombination losses, increasing VOC independently from ECT.376 In this case,

materials with long exciton di�usion lengths are required to achieve e�cient charge

separation with small D/A interface area.216 Therefore, increasing VOC by energy

level tuning or voltage loss suppression is crucial to achieve low Jd through reduced

J0. However, limited research has been devoted to the role of blend ratio control

on OPD performances,389 and detailed studies on solution-processed polymer:NFA

systems are highly needed.

In this chapter, e�cient OPDs are demonstrated using highly diluted Y6 ac-

ceptors in a PM6 polymer matrix (i.e., �diluted� BHJ with a 1:0.1 D/A weight

ratio, compared to a �balanced� 1:1.2 blend). By increasing the donor ratio in the

blend, Jd is e�ectively suppressed up to 10−9 A cm−2, while responsivity under re-

verse bias is maintained to adequate levels, so that an excellent speci�c detectivity

of 5×1012 Jones is achieved. Together with a narrower, wavelength-speci�c spectral

response and a faster photodetection (i.e., <4.5 µs fall times), polymer donor-rich de-

vices show record �gures of merit among the state-of-the-art solution-processed BHJ

OPDs. By detailed optoelectronic characterisation using electric-�eld-dependent
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techniques and transient spectroscopy, the origin of superior OPD performance in

diluted blends is identi�ed. In particular, this is attributed to e�ective dissociation

of bound CT states under reverse electric �eld, while the continuous percolation

network in the polymer matrix ensures fast charge transport and hence fast pho-

toresponse. At the same time, energetic analysis supports reduced Jd mainly due to

the shallower PM6 energy levels in donor-rich BHJs. This is bene�cial to prevent

dark charge injection, while the high portion of large-bandgap polymer donor and

strongly-bound character of interfacial CT states suppress the thermal Jd contribu-

tion. Overall, these results show that polymer-rich BHJ devices are very promising

as high performance OPDs, and should be taken into consideration for industrially-

relevant applications due to facile processability,390�392 with added potential bene�ts

of great thermal stability37,38,164,253,393 and appealing mechanical properties.394,395

6.2 Results and Discussion

6.2.1 Impact of Acceptor Dilution on Optoelectronic

Properties

Firstly, the optical properties of PM6:Y6 BHJs with various D/A ratios are

compared, including progressive dilution of acceptor content (see molecular structure

of PM6 and Y6 in Figure 6.1a). Absorption PL spectra of neat and BHJ �lms are

shown in Figure 6.1b and c, respectively. Full series of data without normalisation

are shown in Figure 6.2. As apparent from the UV-Vis spectra, increasing PM6

content shifts the Y6 absorption to higher energies (from 830 nm of neat Y6 to 780

nm for 1:0.1 dilution). This indicates changes in Y6 crystallinity, with disruption

of systematic packing order as the polymer donor content increases. At the same

time, the 0-1 absorption peak of PM6 around 575 nm is enhanced for higher PM6

content, which is related to the increase in H-aggregation between the polymer

chains.308,315,396 In the PL spectra, Y6 dilution in PM6 results in an even stronger

blue shift, with over 75 nm di�erence from neat acceptor to diluted BHJ �lms (i.e.,

1:0.1 weight ratio). In addition, PM6 emission in the 650-800 nm region is almost

completely quenched by blending of small Y6 content (e.g., up to 10%), with the

majority of PL arising from the acceptor excitons397 at low energies (i.e., >800 nm).

This indicates e�cient energy transfer from PM6 to Y6 upon exciton formation,159

which requires subsequent hole transfer to PM6 as main charge generation pathway.
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Fig. 6.1: Optical properties of PM6:Y6 blends with di�erent D/A blend ratios. (a) Molec-
ular structures of PM6 and Y6. (b) UV-Vis absorbance, normalised to the PM6
0-0 peak. (c) Photoluminescence spectra, normalised to the main emission of
PM6 or Y6.

Fig. 6.2: Absolute absorbance (a) and PL (b) spectra of PM6:Y6 blends with di�erent
D/A blend ratios.

6.2.2 Impact of Acceptor Dilution on Photodetector

Performance

PM6:Y6 OPDs with various blend ratios are characterised in device with in-

verted architecture ITO/ZnO/BHJ/MoO3/Ag, and results are shown in Figure 6.3.

J-V characteristics (Figure 6.3a) reveal a strongly suppressed Jd in reverse bias for

higher polymer content. At -4 V, Jd reaches 6.5×10−9 A cm−2 for diluted devices,

compared to the 8×10−6 A cm−2 for the balanced case. Neat PM6 also shows ex-

cellent Jd levels of 8.4×10−9 A cm−2 at -4 V. This represents a �rst bene�t for
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Fig. 6.3: Device characterisation for PM6:Y6 active layer with increasing donor content.
J-V curves in (a) dark and (b) illuminated (AM1.5 G) conditions, (c) responsivity
at -4 V and (d) speci�c detectivity at -4 V.

diluted Y6 devices in terms of OPD applications, whereas for OPV operations opti-

mal performance is seen in balanced blends (see 1 Sun J-V curves in Figure 6.3b and

summary of PV parameters in Figure 6.4). In fact, photocurrent generation under 1

Sun illumination is more e�cient at high D/A interfacial area and well-intermixed

morphology achieved in 1:1.2 optimised blends,381,384 resulting in higher JSC, FF ,

and overall PCE. However, a strong and continuous increase in VOC is observed

upon Y6 dilution, from 0.82 V in the balanced device to 1.03 V for the 1:0.05, ap-

proaching the intrinsic VOC for neat PM6 (1.12 V), which is likely related to reduced

interfacial voltage losses for less intermixed systems. This is consistent with the sup-

pressed Jd values for increasing PM6 content, according to Equation 6.1. In terms

of responsivity (R, see Figure 6.3c), reverse bias allows to achieve high values even

for diluted blends, with a maximum of circa 0.2 A W−1 nm−1.

In the assumption of Jd being dominated by the shot noise contribution (see

Subsection 2.2.2), speci�c detectivity can be calculated as D∗ = R/
√
2eJd. Here,

thanks to the successfully suppressed Jd in diluted BHJ devices, exceptional values

of over 5×1012 Jones (-4 V) are achieved in 1:0.1 blends despite a lower R, more

than 15 times higher than the 1:1.2 blend case (Figure 6.3d). These data indicate
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a signi�cant advantage of the diluted Y6 systems for operation as OPDs, achieving

state-of-the-art performances thanks to Jd suppression and enhanced D∗.

Fig. 6.4: Photovoltaic parameters for PM6:Y6 devices with di�erent BHJ blend ratios.



6.2. RESULTS AND DISCUSSION 120

Fig. 6.5: EQE spectra for PM6:Y6 devices with di�erent blend ratios, measured at increas-
ing reverse bias.
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6.2.3 The Origin of Blend-Ratio-Dependent OPD

Performance: the Nature of Electronic Species

In order to understand the origin of device performance and the impact of blend

ratio on the OPD operation mechanisms, detailed characterisation of optoelectronic

properties and transient photophysics in PM6:Y6 devices is carried out under reverse

bias. Figure 6.5 shows the e�ect of reverse bias on EQE spectra for diluted devices.

The spectra span from 300 to 900 nm, showing e�ective charge generation and

collection over the whole absorption range of both PM6 and Y6 (consistently with

absorption spectra). Especially, high EQE of 27% (at -5 V) is achieved in the Y6

range even at low acceptor content. At this regard, it should be noted that the EQE

shape is broad for balanced BHJs (Figure 6.5a-d),139,160,212 becoming more de�ned

around PM6 and Y6 peaks for increasing acceptor dilution. Here, the low EQE at 0

V for diluted BHJ devices (a maximum of 15.9%) is strongly increased under reverse

bias (circa 44% at -5 V), unlike the almost bias-independent EQE in balanced blends.

This arises from an overall enhancement in charge generation and/or extraction

across the whole wavelength range, in agreement with the negligible changes in

EQE spectral shapes (see normalised EQE data in Figure 6.6).
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Fig. 6.6: Normalised EQE spectra for PM6:Y6 devices with di�erent blend ratios, measured
at increasing reverse bias.
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To further identify the origin of photocurrent increase, �eld-dependent PL mea-

surements are carried out, with a comparison between balanced and diluted cases

shown in Figure 6.7. As the main emission in PM6:Y6 blends can be assigned to

the excitonic species in Y6,397 the PL evolution under electric �eld is attributed to

changes in radiative recombination and charge generation/dissociation in the BHJ.

In particular, PL is quenched under reverse bias, with a much stronger trend in

diluted compared to balanced blends (Figure 6.7a,b). Therefore, the dramatic bias-

dependent EQE increase for diluted blends can be related to the �eld-driven disso-

ciation of emissive species, leading to a parallel evolution of PL quenching e�ciency

(PLQE, Figure 6.7c) and EQE gain (Figure 6.8a).

In particular, an impressive two-fold EQE increase at -5 V is found for high

Y6 dilution, while balanced blends show a <0.25 gain, consistently with trends in

photocurrent generation (Figure 6.8b). At the same time, PLQE is approximately

20% stronger for diluted vs. balanced BHJs, with the di�erence plateauing at high

bias around -10 V. Finally, exceptional photocurrent increase is observed for diluted

blends under reverse bias (Figure 6.9 and Figure 6.10), while little enhancement

appears in the balanced case despite higher absolute values.

Overall, this gives some important initial insights into the origin of �eld-dependent

device performance in diluted systems. When small Y6 domains are embedded in

the dominant PM6 matrix (i.e., for high donor content), D-to-A energy transfer

e�ciency is not disrupted even at low Y6 content, but the photogenerated species

are prone to recombination due to reduced D/A interfacial area (i.e., limited charge

transfer at D/A interfaces), resulting in six-fold higher PL emission (Figure 6.7).

Therefore, additional driving force is required for e�ective charge separation. In-

deed, strong PLQE is achieved upon bias assistance, evidence of suppressed radiative

recombination and enhanced charge separation, and mirrored in EQE and photocur-

rent increase. On the other side, balanced blends with well-intermixed morphology

and large D/A interfacial area are intrinsically optimised for exciton dissociation,

so that reverse bias cannot assist further the photocurrent enhancement. Note that

relative PL is signi�cantly quenchable also in balanced blends, as residual interfa-

cial CT states still bene�t from electric-�eld-assisted dissociation. However, the PL

yield of these states is very weak in highly intermixed BHJs, so that no signi�cant

photocurrent gain can be achieved by their separation (Figure 6.8).
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Fig. 6.7: Bias-dependent PL analysis for balanced and diluted PM6:Y6-based devices.
Bias-dependent PL spectra under reverse bias for (a) 1:1.2 and (b) 1:0.1 PM6:Y6-
based OPD devices. (c) PLQE under reverse bias for balanced and diluted BHJ
devices, calculated as (PLV=0-PLV )/PLV=0, where PLV=0 is the PL at null bias
and PLV the PL at a voltage V, and integrated over the whole spectrum.
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Fig. 6.8: Electric characterisation under reverse bias of PM6:Y6 devices with di�er-
ent blend ratios. (a) EQE increase under reverse bias calculated as (EQEV -
EQEV=0)/EQEV=0, where EQEV is the EQE at a voltage V and EQEV=0 the
EQE at null bias. EQE is integrated over the whole 300-1000 nm spectrum. (b)
Photocurrent gain under reverse bias calculated as (IV -IV=0)/IV=0, where IV is
the photocurrent under red LED (633 nm) excitation (see Figure 6.9 below) at a
voltage V and IV=0 the photocurrent at null bias.
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Fig. 6.9: Transient photocurrent decay after red LED (633 nm) excitation for PM6:Y6
devices with di�erent blend ratios, measured under increasing reverse bias.
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Fig. 6.10: Transient photocurrent under red LED (633 nm) excitation for PM6:Y6 devices
with di�erent blend ratios, measured under increasing reverse bias.

In addition to charge generation and dissociation, the processes of transport

and extraction also determine OPD performances (e.g., EQE), and they should be

taken into consideration for a complete picture of device photophysics. For this

purpose, photocurrent transients are analysed upon pulsed LED excitation, focus-

ing on the fall times τfall of photogenerated signals. As shown in Figure 6.11 and

Figure 6.12, τfall is extremely fast for diluted BHJs, in line with �gures of merit

of state-of-the-art OPDs.55,60,170,374,398,399 With no applied bias, a τfall of 4.70µs is

observed, compared to 9.0 µs for the balanced case. This is maintained with a slight

improvement under reverse bias, reaching a τfall of 4.46µs at -2 V. Therefore, exter-

nal bias in diluted blends is essential to increase photocurrent output (Figure 6.8b,

Figure 6.9, and Figure 6.10), but less crucial for fast charge extraction, whereas

electric �eld is required for a quick photoresponse in balanced blends (from 9.0 µs at

0 V to 4.59µs at -2 V). These results give further indications on the photophysical

mechanisms responsible for device performances. In fact, e�cient charge generation

is already achieved by optimum BHJ morphology for balanced blends, but the elec-

tric �eld is required to assist transport and enhance charge extraction in the highly
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intermixed system (i.e., high ratio of D/A boundaries disrupting charge transport).

On the other side, charge generation is the limiting step for diluted blends, and

it is strongly enhanced under reverse bias by quenching the bound emissive state,

while the polymer matrix and homogeneous morphology (i.e., limited presence of

domain boundaries) provide intrinsically superior transport properties. These are

con�rmed by the much higher hole mobility in diluted blend devices (8.1×10−4 cm2

V−1 s−1), compared to balanced (1.8×10 cm−4 V−1 s−1), as in Figure 6.13. Here, it

is interesting to notice that hole transport has the dominant role to determine de-

vice photophysics, since electron mobility is signi�cantly lower, despite intrinsically

similar mobilities for neat PM6 and Y6. In fact, whereas the charge transit time τtr
in OPDs is generally determined by the slowest carrier in the active layer, it is likely

that at very unbalanced blend ratios it is the mobility of the majority carrier to

dominate instead. In conclusion, ine�cient charge generation for donor-rich devices

can be �xed under reverse bias, which, combined with optimum transport, ensures

superior OPD performances under mild electric �elds.
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Fig. 6.11: Normalised transient photocurrent decay after red LED (633 nm) excitation for
PM6:Y6 devices with di�erent blend ratios, measured at increasing reverse bias.
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Fig. 6.12: τfall of transient photocurrent for PM6:Y6 devices with di�erent blend ratios,
at null bias and under reverse bias (-2V).
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Fig. 6.13: J-V plots for single carrier devices with ITO/PEDOT:PSS/BHJ/MoO3/Ag
(hole only) and ITO/ZnO/BHJ/ZnO nanoparticles/Ag (electron only) struc-
tures, for 1:1.2 (a,b) and 1:0.1 (c,d) blend ratios, PM6 (hole only, e) and Y6
(electron only, f). Electron and hole mobilities are extracted by �tting with the
Mott-Gurney equation in the SCLC region indicated in the �gure, and its value
is indicated in the legend.

For gaining more insight into the exact nature of charge generation and disso-

ciation processes, we turn to ultrafast TAS investigation of BHJ �lms. As presented

in Figure 6.14a,b, the samples are excited at the Y6 absorption (750 nm) in order

to probe the hole transfer process from A to D. Figure 6.14a shows that the ground

state bleaching (GSB) of Y6 is visible below 900 nm, and photoinduced absorption
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(PIA) bands appear at 950 nm and 1350 nm.159,160,380,400,401 The PIA at 950 nm has

been assigned to exciton absorption. As pump-probe time delay increases, this PIA

shifts to a longer-wavelength region in both balanced and diluted blends, attributed

to hole transfer from Y6 to PM6.

Fluence-dependent analysis shows a clear distinction between balanced and di-

luted BHJ systems (Figure 6.14c,d). While for the balanced case kinetics accelerate

at higher �uence, diluted sample has a clearly �uence-independent behaviour. This

reveals that bimolecular recombination of charge carriers dominates in balanced

BHJs, while recombination in diluted blends is mainly monomolecular, proceed-

ing via interfacial CT-like states. In fact, the intermixed nature of balanced BHJs

helps fast exciton dissociation into electron-hole pairs, which mostly recombine non-

geminately. Conversely, when Y6 is diluted into a PM6 matrix, the photogenerated

species are strongly bound (CT-like character) and tend to recombine previous to

complete dissociation (i.e., geminately). This is further supported by the long-

lived PL component observed in diluted blends (lifetime >5 ns), compared to the

very fast decay in balanced BHJs (see transient PL following selective Y6 excitation,

Figure 6.15). Moreover, detailed analysis of temperature-dependent CT dissociation

allows to estimate a CT binding energy of around 180 meV for diluted blends (see

Appendix E), con�rming the strongly bound character of interfacial species com-

pared to balanced BHJs. In this context, it is clear how an external electric �eld has

a much stronger e�ect on dissociation of strongly bound species (i.e., diluted BHJ)

rather than loosely bound electron-hole pairs (i.e., balanced BHJ). Therefore, �eld-

driven CT separation is the key to e�cient photocurrent generation in diluted BHJs

despite limited domain intermixing. At the same time, the strong binding energy

of interfacial species can contribute to low Jd, suppressing the thermal component

of dark carriers generation.60,174 This is further alleviated due to high content of

large-bandgap PM6 and blue-shifted Y6 absorption in diluted blends.
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Fig. 6.14: Transient absorption spectroscopy. TAS spectra of diluted (a) and balanced (b)
PM6:Y6 BHJ thin �lms. Fluence-dependent kinetics are shown in (c) and (d),
respectively.
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Fig. 6.15: Transient PL for balanced and diluted PM6:Y6 blends, following selective Y6
excitation at 800 nm. The balanced BHJ shows a very fast PL decay with a
lifetime τ of 0.40±0.05 ns, severely limited by the instrument response function
(IRF), while for high donor content a second ling-lived decay component is visible
(τ1 = 0.73±0.02 ns, τ2 = 5.06±0.01 ns).

6.2.4 The Origin of Blend-Ratio-Dependent OPD

Performance: Energetic Landscape upon Acceptor

Dilution

To understand charge dissociation in BHJ systems and identify the origin of Jd,

the energetic landscape at D/A interface should be considered. In particular, initial

e�cient energy transfer to Y6 (Figure 6.1c) via Förster resonance159 makes hole

transfer to PM6 the main charge generation mechanism, so that interfacial HOMO

o�set plays an essential role in device photophysics. Here, we carry out a detailed

analysis of BHJ energetics by APS, providing information on HOMO energy levels

and DOS.19,271,402 As shown in Figure 6.16a (see Figure E.2a,b in Appendix E for

full blend series), the photoemission onset in blends arises from the PM6 HOMO

(i.e., the shallowest component). With increasing Y6 load, this is continuously deep-

ened compared to neat PM6 HOMO up to ∼200 mV, reaching -5.25 eV for balanced
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BHJs, due to factors such as charge-quadrupole interaction at D/A interfaces214

or PM6 conjugation loss in intermixed phases.207 Conversely, high polymer content

brings PM6 HOMO close to its intrinsic level, with -5.09 eV for diluted BHJs. In

addition, although extracting information on the deeper Y6 energetics in blends is

more challenging, DOS analysis suggests a deepening of Y6 HOMO for increasing

dilution (Figure 6.16b and Figure E.2c,d in Appendix E), presumably related to the

increasing bandgap upon packing disruption. Therefore, the combination of shal-

lower PM6 and possibly deeper Y6 energy levels in diluted blends results in a larger

HOMO o�set compared to balanced counterparts (see schematics in Figure 6.16c,d).

This leads to more e�cient hole transfer, once dissociation of strongly bound states

is achieved by su�cient driving force (e.g., electric �eld). At the same time, the

shallower PM6 energetics is also bene�cial to prevent dark electron injection from

MoO3 HTL to the PM6 LUMO, while injection into Y6 LUMO is prevented by the

limited MoO3/Y6 contact areas.403 This, combined with e�cient hole transport and

high mobility in the continuous polymer matrix, rationalises the extremely low Jd

for donor-rich BHJs.404
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Fig. 6.16: Energetic analysis and schematics of BHJ photophysical mechanisms. (a) Pho-
toemission and (b) DOS spectra of PM6, Y6, and their blends. The shift in the
Y6 region upon blending is indicated in the DOS spectra. Illustration of charge
generation and transport in PM6:Y6 blends, with balanced (c) and diluted (d)
blend ratios. Generation of electron/hole pairs at the D/A interface is followed
by hole transport through the polymer chains, which is more e�cient at high
PM6 content due to the interconnected network of polymer chains (see top of
panel). Formation of interfacial states is di�erent depending on blend ratio, with
e�cient interface charge separation in balanced blends and creation of bound
CT-like species for diluted ones (bottom left). Device operation under reverse
bias is driven by D/A energetics (bottom right). The shallower PM6 HOMO
and LUMO in diluted BHJs is bene�cial to suppress Jd and assist hole transfer
from Y6.

6.3 Conclusion

In summary, a detailed study of optoelectronic properties and device photo-

physics of PM6:Y6 systems depending on blend ratio is presented in this chapter,

showing the advantages of high donor content for OPD operations. As summarised

in the schematics in Figure 6.16c,d, exciton dissociation mainly occurs at the D/A

interface, involving energy transfer to Y6 and subsequent hole transfer to PM6.

This is followed by hole transport through the PM6 polymer matrix, which is highly

e�cient at high donor content due to continuous percolation pathways. Moreover,
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the �ndings presented here demonstrate that blend ratio engineering is a power-

ful tool to control the nature of photogenerated species. In particular, in isolated

and poorly packed Y6 domains strongly CT-like interfacial states are formed, while

well-intermixed BHJs with good D and A crystalline packing fosters e�ective elec-

tron/hole dissociation. At this regard, it should be noted that a lack of aggregation-

induced interfacial energy cascade by Y6 dispersion207,405 may contribute to the

bound CT character of interfacial states in diluted blends. This e�ect would be

particularly strong when Y6 rather than PM6 crystallinity is disrupted, due to the

sizeable NFA quadrupole moments determining interfacial electrostatic potential

e�ects for charge separation.159 Therefore, diluted BHJs are best suited for OPD

operations, where external driving force is provided by reverse bias. This ensures ef-

fective dissociation of interfacial states, resulting in excellent photocurrent increase.

At the same time, the larger HOMO o�set and shallow energetics of PM6 in donor-

rich systems allow more e�cient hole transfer, followed by e�ective charge transport

through the polymer matrix (i.e., fast photoresponse). The shallow PM6 energet-

ics is also bene�cial to suppress dark injection contribution to Jd, while the large

bandgap of majority PM6 and strongly-bound CT nature reduce the thermal con-

tribution. All these factors enable to achieve an extremely low Jd, key for excellent

D∗ in devices.

Therefore, donor-rich BHJs are a viable strategy towards e�cient OPDs with

reduced fabrication complexity. Here, it is demonstrated that 5%-10% of acceptor

content is su�cient to achieve relevant photocurrent generation under reverse bias,

while concomitant Jd suppression yields record �gures of D∗. At the same time,

fast transport through the polymer matrix ensures fast photoresponse, crucial for

high-frequency photodetection. Moreover, such a low amount of acceptor alleviates

fabrication complexity, requiring minimum e�ort for morphology optimisation (e.g.,

thermal treatments, solvent additives) compared to the delicate BHJ engineering

for balanced D/A ratios. High polymer donor content is also expected to be ben-

e�cial for device lifetime, due to the superior robustness to chemical and thermal

degradation of polymeric components,37,38,164,253,393 so that diluted BHJs are greatly

promising for industrially-scalable, stable, and highly e�cient OPDs.
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6.4 Experimental Section

Sample and Device Fabrication and Electrical

Characterisation

For preparation of thin �lms and devices, PM6 and Y6 (Solarmer Materials)

are mixed in di�erent blend ratios in chloroform solvent (18 mg/mL), heated at

45°C overnight for complete dissolution. Details of substrate cleaning procedure

and ZnO, MoO3, and Ag layers are given in Section 3.1. PM6:Y6 active layer are

spin-coated at 2500 rpm for 30 s, achieving 100-150 nm �lm thicknesses measured

by Dektak surface pro�lometer. Single carrier devices for SCLC measurements are

fabricated with similar procedures, using ITO/PEDOT:PSS/BHJ/MoO3/Ag (hole

only) and ITO/ZnO/BHJ/ZnO NP/Ag (electron only) structures, with spin-coated

PEDOT:PSS and ZnO nanoparticles, and evaporated MoO3 and Ag. Mobility is cal-

culated using Mott-Gurney relationship (Equation 3.10). Electrical characterisation

of devices is performed as described in Section 3.8. For bias-dependent OPD pho-

tocurrent transients, devices are excited by a 633 nm LED, and voltage is controlled

by a BK Precision 9110 power supply.

Optical Characterisation

Absorbance of thin �lms is measured as described in Section 3.4. Details of

steady-state and transient PL analysis are given in Section 3.5. Bias-dependent PL

is measured by a 532 nm laser, and TCSPC exciting the samples with a 800 nm

laser.

Energetic Characterisation

Energetics of materials on grounded ITO substrates is measured as detailed in

section 3.3, and DOS is calculated as �rst derivative from photoemission cube root

spectra by in-house written software.

Transient Absorption Spectroscopy

Details on TAS analysis are found in Subsection 3.9.1.



7 | E�cient Nonfullerene-Based

Organic Photodetectors Enabled

by Reduced Deep Traps with Highly

Intermixed Evaporated Bulk

Heterojunction Systems

As shown in Chapter 5, molecular design of sublimable materials for BHJ OPDs

is crucial to control density of shallow and deep trap states and photoresponse speed

at di�erent illumination conditions. In particular, the planar small-molecule donor

MPTA appears as a promising candidate for e�cient photodetection at high light

intensities, but the nanoaggregation and adduct formation with the fullerene ac-

ceptor deteriorate low-light photoresponse speed by deep-trap formation. In this

chapter, the potential of the planar donor MPTA is fully utilised by matching with

a sublimable NFA (Cl6-SubPc) and thickness optimisation of the photoactive layer.

Firstly, upon thickness increase, the strong intermolecular interactions in MPTA are

harnessed towards a more systematic face-on orientation in the solid-state packing.

Secondly, more e�ective D:A intermixing is achieved with Cl6-SubPc compared to

C60 acceptors, so that the origin of deep-trap states (i.e., nanoaggregation, MPTA-

C60 adduct formation) is suppressed. This leads to superior OPD performance

thanks to the higher yield of interfacial CT states and faster low-light photodetec-

tion. Overall, relevant guidelines for structural optimisation in evaporated BHJs

emerge from this study, and NFA-based small-molecule OPDs are shown as promis-

ing candidates for high-performance, trap-free photodetection.

139
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7.1 Introduction

In the pursue for high-e�ciency OPDs with up-scaling potential, one of the

most industrially-relevant fabrication techniques is thermal evaporation in high

vacuum,406 o�ering optimum control on every functional layer in the device stack, ex-

cellent batch-to-batch reproducibility, and precise tuning of active layer morphology.407

However, strict requirements are imposed on the materials to have optimum sub-

limability, and only small molecules with no side chains and low molecular weight

are suitable candidates.408 In particular, the choice of acceptor materials has been

typically dominated by fullerenes (i.e., C60 and C70),71,88,178,180,334,337,406,409 where

facile evaporation is accompanied by isotropic transport with high electron mo-

bility, long exciton di�usion length, and suitable energy levels for good electron

transfer (see Section 2.3).87,407 As a drawback, fullerene molecular structure shows

limited energetic tunability410 � especially in side-chain-free sublimable molecules

� and problematic morphology control. In fact, fullerene segregation187,188,411 or

dimerisation189,412 have been reported, leading to sub-optimal BHJ formation and

severe device instability,237,238 which is also observed in solution-processed PCBM

systems. Since it has been suggested that a major source of Jd in OPDs is the

electric-�eld-assisted detrapping of charge carriers,71 the role of fullerenes in creat-

ing trap states300,413 can also contribute to sub-optimal performances in C60-based

devices.

In Chapter 5,20 the potential of the small molecule donor MPTA to realise ef-

�cient BHJ OPDs in conjunction with C60 acceptor is introduced. The planarity of

this molecule is essential to ensure low band-edge energetic disorder and high charge

mobility, for excellent performance in standard illumination conditions (i.e., from 1

Sun down to 0.5 mW cm−2), with e�ective packing achieved by strong intermolecu-

lar interactions in MPTA. However, these strong intermolecular interactions cause

residual MPTA aggregation in BHJ, responsible for deep-trap formation and slowed

down photodetection speed in low-light conditions (i.e., < 0.4 mW cm−2). Adduct

formation by reaction of the C60 C-C cage with the unhindered amine lone-pair in

MPTA367�369 also concurs to the creation of deep traps. Therefore, the substitu-

tion of C60 with an alternative acceptor appears as a promising route for trap state

suppression.

Materials to be considered as e�ective fullerene alternatives need to ful�l several

requirements, including a�ordable sublimation temperature (ideally <400°C), ade-

quate morphology, and matching energetics with MPTA. At this regard, molecules

of the boron subphthalocyanine chloride (SubPc) family have proved to be suitable



7.1. INTRODUCTION 141

candidates in various BHJ systems, especially demonstrated in fullerene-free organic

photovoltaics.151,371,414,415 Attractive properties of the SubPc family include high ex-

tinction coe�cient (∼105 cm−1), narrow absorbance in the green range (FWHM<100

nm), good charge-carrier mobility, and chemical and thermal robustness,407,416 mak-

ing them viable replacements to C60. In particular, the characteristic rigid cone-

shaped geometry of SubPc derivatives allows great adaptability to several packing

motifs, with limited tendency to aggregation.417,418 This appears as a promising way

to improve the BHJ morphology in MPTA systems. Moreover, a rich toolbox of

chemical modi�cations is available to tailor SubPc structure and tune its energet-

ics, using routes such as peripheral substitution, axial grafting, or π-extension.417,418

In this work, Cl6-SubPc is chosen as an adequate match for MPTA, with the par-

tial peripheral halogenation providing appropriate energy levels.419 However, limited

knowledge is available on SubPc-based BHJ OPDs, with most of the demonstrations

focusing on planar heterojunction architectures.154 Among the few examples of BHJ

devices, SubPc has been used in blend with N,N-dimethyl quinacridone (DMQA),

showing fast photodetection and extremely low Jd in comparison with other lin-

ear NFAs.420 High EQE and fast response time have also been reported for N,N'-

dimethyl-2,9-DMQA:SubPc, where selective green detection enables application in

integrated organic-silicon CMOS imagers.421

In addition to the choice of appropriate materials, the engineering of active

layer thickness is an important factor for device performance optimisation, and

evaporation-based deposition o�ers precise control over it. It is known from previous

studies that thickness increase is detrimental for charge collection e�ciency due

to enhanced recombination pathways379 and charge accumulation in tail states,218

which limit OPD responsivity above a threshold thickness.422,423 On the other side,

thicker photodetectors typically show improved Jd,63,424,425 although this is veri�ed

only if shunt resistance is the dominating factor, since a thick BHJ enables better �lm

quality with no pinholes and surface defects.71,338,426 Because of OPDs being typically

operated under reverse bias, the active layer thickness has a primary e�ect on the net

electric �eld experienced by the photocarriers,174 leading to thickness-dependence

not only of Jd, but also of photoresponse speed.66 Moreover, the tuning of BHJ

thickness can have a secondary e�ect on morphology, with additional in�uence on

device photophysics,422,425 although further understanding is required for evaporated

OPDs.

In this chapter, Cl6-SubPc is utilised as an NFA substitute to C60 in co-

evaporated BHJ OPDs, in combination with the planar MPTA donor molecule.

By careful device optimisation, the role of active layer thickness not only in Jd sup-
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pression by increased shunt resistance,63 but also in active-layer morphology control

is demonstrated. Namely, at BHJ thickness > 50 nm, optimum D/A intermixing

is achieved, with virtually absence of BHJ nanodomains (i.e., microscopic phase

segregation) and systematic orientation of MPTA molecules. This results in opti-

mised OPD performances in thick devices, with a Jd ∼10−8 A cm−2, a D∗ of 5×1012

Jones, and response times of about 10 µs. In particular, the performance origin is

attributed to the high yield of emissive interfacial CT states in the �nely intermixed

BHJ, which can be easily dissociated under electric �eld. Therefore, the e�ective

intercalation of Cl6-SubPc into the MPTA packing enables full disruption of MPTA

aggregation, which acted as a major source of deep trap states in MPTA:C60 de-

vices. Combined with the suppression of chemical reactions between MPTA amine

lone-pair and C60 (i.e., adduct formation), the Cl6-SubPc substitution of C60 proves

to be highly suitable to prevent trap-assisted recombination, with reduced Jd and

enhanced low-light photodetection. Overall, the results presented in this chapter

provide important guidelines not only for the optimisation of active layer architec-

ture in OPDs, but also about the materials selection for high-e�ciency OPDs, and

paves the way towards trap-free photodetection in NFA-based devices.

7.2 Results and Discussion

7.2.1 Thickness-Dependent Optoelectronic Properties

The planar small-molecule donor MPTA and the cone-shaped Cl6-SubPc NFA

are selected as candidate materials for the co-evaporated BHJ fabrication (chemical

structure and full device architecture in Figure 7.1a). First, the in�uence of �lm

thickness on optoelectronic properties is investigated. As shown in Figure 7.1b, the

spectral response of the D:A blend is extended from 450 to 650 nm, with the con-

tribution in the 450-550 nm range coming from MPTA, and the 575-600 nm peak

from Cl6-SubPc Q-band.418 Here, the optical absorbance of BHJ samples constantly

increases with �lm thickness, with a clear trend from 20 nm to 60 nm. However,

this e�ect is not solely due to the higher photon �ux absorbed in thicker BHJs,

but also involves �lm morphology and molecular orientation. In fact, normalised

spectra (Figure 7.1c) reveal an increased contribution in the MPTA region with ev-

ident absorption broadening in the short wavelength range. This can be ascribed

to an increased intermixing in the BHJ morphology for thicker �lms, accompanied

by a more systematic orientation of the planar MPTA molecules in a face-on mo-

tif. This thickness-dependent evolution of molecular orientation is supported by

grazing-incidence X-ray di�raction (GI-XRD). From the 1D pro�les in the out-of-
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Fig. 7.1: Thickness-dependent optoelectronic properties of MPTA:Cl6-SubPc �lms. (a)
Molecular structure of MPTA donor and Cl6-SubPc acceptor materials, with
illustration of device structure. (b) Absolute and (c) normalised absorbance for
MPTA:Cl6-SubPc blends with di�erent thicknesses. (d) Photoemission spectra
with linear �ts to HOMO levels for neat MPTA (10 nm) and Cl6-SubPc (30 nm),
as well as di�erent thicknesses of their blends.

plane direction (Figure 7.2), signi�cant packing order is seen in neat MPTA, with

both lamellar and π-π peaks (at q < 1 Å−1 and q ∼ 2.2 Å−1, respectively). It is in-

teresting to note that the lamellar peak at q ∼ 0.7 Å−1 is strongly enhanced from 20

nm to 60 nm thick MPTA, evidence of stronger packing and more systematic orien-

tation by thickness increase. Upon blending, only π-π stacking peaks are maintained

and the d -spacing of the π-π stacking is increased from ∼ 2.8 Å to > 2.9 Å (see

Table 7.1). This is indicative of preserved order with systematic face-on orientation

in the MPTA domains as well as intimate mixing with Cl6-SubPc acceptor, with an

amorphous broad feature dominating at q > 1 Å−1. Note that it is challenging to

extract precise thickness-dependent packing information on MPTA in blends due to

the higher disorder, but we can refer to neat �lms about MPTA orientation in BHJ.

Moreover, a slight increase in π-π spacing for thicker blends suggests a stronger D:A

intermixing.

This picture is complemented by the energetic analysis shown in Figure 7.1d,

where the HOMO levels of neat and blended materials are measured by APS. Here,

neat MPTA HOMO lies at -5.2 eV with respect to the vacuum level, while it is

deeper for Cl6-SubPc, at circa -6.0 eV. Strong changes appear upon blending the

two materials, with over 500 meV deepening of the MPTA HOMO (here MPTA is

the moiety which can be probed in blend, having the shallowest energetics). Such
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Fig. 7.2: Grazing-incidence X-ray di�raction pro�les in the out-of-plane direction for neat
and blended MPTA �lms.

Lamellar stacking d lamellar (Å) π-π stacking dπ−π (Å)
MPTA � 20 nm 6.22, 9.11, 12.9 2.77
MPTA � 60 nm 6.22, 9.01, 13.1 2.83

MPTA:Cl6-SubPc � 20 nm n/a 2.92
MPTA:Cl6-SubPc � 60 nm n/a 2.94

Tab. 7.1: Summary of lamellar and π-π stacking distances in neat and blended MPTA
�lms calculated from GI-XDR data.

a sizeable HOMO shift indicates a signi�cant disruption in the packing of pristine

donor, pointing to e�ective intermolecular mixing in the BHJ. A slight e�ect of �lm

thickness is also present, with the thicker samples having a deeper HOMO than the

thinnest one (i.e., -5.72 eV for 20 nm vs. -5.77 eV at 60 nm), therefore supporting the

increased intermixing. This is also consistent with the surface topography measured

by atomic force microscopy (AFM, Figure 7.3), being much smoother (roughness

∼1 nm) and with less prominent grain boundaries at a thickness of 60 nm.

The strong tendency to intermolecular interactions of the small-molecule pla-

nar donor MPTA has been already demonstrated in Chapter 5.20 Here, it is shown
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Fig. 7.3: AFM maps of MPTA:Cl6-SubPc BHJ �lms of (a) 20 nm, (b) 40 nm, and (c) 60
nm thickness, with root mean square roughness indicated as inset.

that this characteristic can be harnessed for packing and orientation control by

thickness engineering. At this regard, a possible role can be played by interactions

with the substrate, where a thickness increase above a threshold allows to over-

come templating e�ects and achieve an "intrinsic" packing arrangement governed

by intermolecular interactions of MPTA.

Fig. 7.4: Thickness-dependent optoelectronics and morphology of neat MPTA and Cl6-
SubPc �lms. (a) Absolute absorbance of neat MPTA �lms of di�erent thick-
nesses and Cl6-SubPc. (b) Normalised absorbance of MPTA �lms of di�erent
thicknesses. (c) Photoemission spectra measured by APS for MPTA �lms of dif-
ferent thicknesses, with corresponding density of states shown as inset. (d) AFM
maps of neat MPTA and Cl6-SubPc �lms, with root mean square roughness in-
dicated as inset.

Further understanding of this mechanism can be gathered by absorption anal-

ysis of neat MPTA �lms with increasing thickness (namely, 20, 40, and 60 nm, as

in BHJ). Figure 7.4a,b shows the increasing absorbance for thicker MPTA, which

becomes dramatic at 60 nm. This is accompanied by continuous spectral red shift

and enhancement of the low-energy shoulder. At the same time, MPTA energetics
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(Figure 7.4c) become shallower with thickness, passing from -5.25 eV (20 nm) to

-5.10 eV (60 nm), with higher density of states. All these characteristics can be at-

tributed to a more systematic orientation (i.e., face-on) of MPTA molecules at large

thickness, for enhanced packing order in the �lm. The increased order is further con-

�rmed by AFM topography images (Figure 7.4d), showing a striking smoothing of

MPTA morphology at 60 nm, with roughness < 1 nm. At this thickness, it is likely

that the in�uence of the substrate drops, so that �lm growth becomes homogeneous,

whereas for thin �lms the morphology is dominated by macroscopic grain clusters.

Moreover, PL of neat MPTA also changes with thickness, as shown in Figure 7.5.

Here, the absolute PL intensity starts decreasing for thick �lms above 40 nm, with

a clear spectral broadening. In neat MPTA, this broad PL centred at ∼ 730 nm has

been assigned to excimeric species formed by substantial intermolecular interaction

between neighbouring molecules (Chapter 5),20 so that the further broadening of

this emission supports increased packing control by thickness increase.

Fig. 7.5: Photoluminescence spectra of neat MPTA �lms of di�erent thicknesses.

Overall, the results presented so far show how the strong intermolecular inter-

actions in MPTA planar donor can be harnessed for controlling �lm morphology

in BHJ, by using a simple tool like thickness optimisation. In particular, above a

thickness of ∼ 50 nm, a highly intermixed BHJ structure appears (thanks to ef-

fective intercalation with Cl6-SubPc acceptor), but MPTA-to-MPTA interactions

are preserved for a systematic face-on orientation of donor molecules with increased

structural order in the whole BHJ. This careful control of active layer architecture

results in lower density of trap states for thicker blend �lms (see Figure 7.6), and it

is key towards enhanced OPD performance, as will be discussed in the following.
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Fig. 7.6: Density of trap states for MPTA:Cl6-SubPc BHJs of di�erent thicknesses, quan-
ti�ed by charge extraction analysis.

Fig. 7.7: Thickness-dependent OPD characterisation of MPTA:Cl6-SubPc-based devices.
(a) J-V characteristics measured under 1 Sun illumination and in dark. (b) OPD
responsivity at the same electric �eld strength of 0.1 V nm−1. (c) Responsivity
evolution with electric �eld variation. (d) OPD detectivity at 0.1 V nm−1. (e)
Detectivity evolution with electric �eld variation. (f) Transient photocurrent
dynamic at 0.1 V nm−1 for analysis of photoresponse speed (o�-time).

7.2.2 Organic Photodetector Performance

To understand the impact of BHJ thickness control on OPD operations, devices

are fabricated with ITO/MoO3/BHJ/Al structure by sequential thermal evapora-

tion of di�erent layers. Their �gures of merit are summarised in Figure 7.7. J-V

characteristics show that the photocurrent density generated under 1 Sun illumina-

tion increases with active layer thickness in the photodetection regime (i.e., under
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negative voltage), while Jd decreases (Figure 7.7a), in line with what previously

reported in literature.63,338,425

For a 60 nm thick active layer, Jd reaches a very low value of ∼ 10−8 A cm−2

at a moderate bias around -3 V, comparable with state-of-the-art BHJ devices.14

At the same time, increased thickness is bene�cial for R and EQE, approaching a

R of 0.30 A W−1 at 60 nm for equal electric �eld conditions (namely, 0.1 V nm−1,

see Figure 7.7b). Although the R measured in short-circuit conditions is inferior for

thick devices, as usually observed due to increased carrier recombination and more

problematic charge collection/extraction,218,379 this is steadily enhanced under re-

verse bias, and comparably more e�ectively for higher BHJ thickness (see the steeper

R increase with electric �eld in Figure 7.7c, with corresponding EQE in Figure 7.8a-

c). This occurs with homogenous contribution from both blend components and

no changes in the spectral response shape (see normalised EQE in Figure 7.8d-f),

indicating overall improvement in charge generation, transport, and/or collection

for thicker devices under reverse bias, as discussed more extensively below. From

the combination of J-V and R analyses, D∗ can be calculated as Equation 2.12,

considering the shot noise as the dominant source of Jd (see Subsection 2.2.2). As

shown in Figure 7.7d, the trade-o� between reduced Jd and increased R results in

the highest D∗ at 40 nm approaching 1013 Jones (at 0.05 V nm−1), with 60 nm thick

devices only slightly inferior. The Jd increase under reverse voltage results in a de-

creasing trend for D∗ above ∼ 0.05 V nm−1 (Figure 7.7e). However, this negative

bias impact is only signi�cant for the 20 nm BHJ, where excessive leakage current

can be attributed to shunting of the thin active layer, resulting in D∗ dropping from

∼ 1012 Jones at reverse bias close to 0 V to ∼ 1010 Jones at -5 V. On the contrary,

D∗ is more robust for thicker devices, stable above 1012 Jones for the whole electric

�eld range.

Thicker devices also show superior performances in terms of photodetection

speed. In Figure 7.7f, this is calculated as τfall from 90% to 10% of the maximum

transient photocurrent (TPC) extracted under green LED. At equal electric �eld

conditions, τfall appears signi�cantly shorter for thick OPDs, with almost two-fold

faster speed for the 60 nm device (τfall = 10.3 µs) compared to the 20 nm one (τfall =

20.0 µs). Note that the τRC decay time constant due to the circuit/device resistance

R and capacitance C should not be the limiting factor here, since the 40 and 60

nm thick devices show a very similar τfall despite the di�erent thicknesses and C.

Therefore, it is clear how the thickness increase with optimisation of BHJ structure

is crucial to achieve excellent OPD performances, including not only suppressed Jd

and enhanced R, but also fast photoresponse time.
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Fig. 7.8: (a)-(c) Absolute and (d)-(f) normalised bias-dependent EQE spectra of
MPTA:Cl6-SubPc BHJ devices with di�erent active layer thicknesses.

7.2.3 Exploring the Origin of Device Performance

To understand the origin of OPD performance upon active layer engineering in

terms of molecular physics, in-depth PL characterisation in operating devices under

electric �eld is carried out (Figure 7.9). As shown in Figure 7.9a, the PL emission

in BHJ �lms occurs in the 650-850 nm range, with signi�cantly lower intensity

compared to neat MPTA and Cl6-SubPc, evidence of e�ective exciton dissociation

in intermixed MPTA:Cl6-SubPc blends. The PL spectral shape is analysed in detail

in Figure 7.9b, where three main emission peaks can be distinguished at 620, 685,

and 730 nm, respectively. By the spectral overlap with the neat Cl6-SubPc emission

and the short lifetime revealed by transient PL, the 620 nm emission is assigned to

acceptor excitons decay (Figure 7.9c). This high-energy PL is strongly quenched in

the 60 nm BHJ, supporting the highly intermixed nature of thick active layers with

suppressed Cl6-SubPc aggregation.

However, the attribution of low energy PL peaks (685 and 730 nm) is more

ambiguous, since both CT state emission expected from the blend energetics (see

later sections) and neat MPTA excimeric emission (Chapter 5) would both occur

in the same spectral range (i.e., ∼ 730 nm). In this case, the increase in absolute

PL intensity with blend thickness (Figure 7.9a) and the long PL decay for the 685

and 730 nm emissions (lifetimes τ ∼ 2 ns) support the assignment of dominant

BHJ emission to CT states. Here, it is interesting to notice the distinct transient

characteristics compared to neat MPTA emissive species, where a longer monoex-

ponential PL decay was observed (τ ∼ 5 ns), assigned to MPTA excimeric species,
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Fig. 7.9: Photoluminescence emission analysis in MPTA:Cl6-SubPc BHJ. (a) Absolute PL
intensity for neat MPTA (10 nm) and Cl6-SubPc (30 nm) �lms, as well as
MPTA:Cl6-SubPc blends of di�erent thickness. (b) Comparison of normalised
PL in thin (20 nm) and thick (60 nm) BHJs, with indicated the main emission
wavelengths. (c) Time-resolved PL decay for MPTA:Cl6-SubPc �lms (20 nm)
upon 405 nm laser excitation, probed at di�erent wavelengths corresponding to
the main PL peaks identi�ed in (b). Decay lifetimes are extracted by double-
exponential �t at 620 nm as τ1 = 0.69±0.04 ns and τ2 = 5.70±0.04 ns, and by
stretched monoexponential �t at 685 nm (τ = 1.78±0.01 ns) and 730 nm (τ =
2.29±0.01 ns). Bias-dependent normalised PL for (d) 20 nm and (e) 60 nm de-
vices. Selective quenching of low-energy emission is highlighted in (d). (f) PL
quenching e�ciency upon increasing reverse bias for 20 nm and 60 nm OPD de-
vices, integrated over the whole spectral range.

as discussed in Chapter 5. In the results presented there, bright CT states formed

at D/A interfaces are demonstrated in MPTA blends with C60,20 and it is expected

that a highly intermixed MPTA:Cl6-SubPc BHJ (i.e., 60 nm) with even larger inter-

facial area would enhance PL yield from these CT species. Regardless of the precise

assignment of the emissive states in PL spectra, it is worth underlining that both

685 and 730 nm peaks are related to weakly-bound, delocalised electronic species

with a largely intermolecular nature.

Further insight into the nature of the di�erent emissive species can be gathered

by the analysis of PL evolution under electric �eld, with bias-dependent measure-

ments in full operational devices. In Figure 7.9d,e, normalised PL spectra upon

increasing reverse bias are compared for thin (20 nm) and thick (60 nm) OPDs,

while absolute PL can be seen in Figure 7.10. Here, dramatic di�erences in PL

evolution are apparent in the two cases. In fact, the thin BHJ shows a selective

bias-induced quenching of low-energy PL (> 700 nm), while in the high-energy re-
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gion (600-625 nm) a relative increase occurs (i.e., very limited quenching in the

absolute PL). This further supports the assignment of the two di�erent emissive

species to Cl6-SubPc excitons (high-energy, 620 nm) and interfacial CT states (low-

energy, 730 nm), where the latter can be e�ectively separated under electric �eld.

On the other hand, the PL of the thick BHJ predominantly comes from CT states,

so that it can be homogeneously quenched over the whole spectral range.

From these data, the PL quenching e�ciency (PLQE) can be calculated as

PLQE = (PLV=0-PLV )/PLV=0, where PLV=0 and PLV are respectively the PL at

zero bias and at the applied reverse bias V, integrated over the whole spectral range.

In Figure 7.9f, it can be seen that PLQE increases more e�ectively for thick devices

for comparable electric �eld strength, since the BHJ structure control enables high

yield of quenchable CT states. Therefore, it is clear how the highly intermixed

morphology with a higher ratio of D/A interfacial area in thick BHJs is crucial to

achieve e�cient charge separation assisted by electric �eld in operational OPDs. In

this way, the performance enhancement by thickness optimisation can be mostly

attributed to improved separation of CT states.

Fig. 7.10: Absolute bias-dependent PL spectra of (a) thin (20 nm) and (b) thick (60 nm)
MPTA:Cl6-SubPc BHJ devices.

7.2.4 Photophysics in Fullerene versus Nonfullerene-Based

OPDs

So far, the importance of active layer engineering in NFA-based OPDs has

been demonstrated, with optimum BHJ morphology and enhanced device perfor-

mance achieved for > 50 nm thicknesses. A comparative analysis of optoelectronic

properties and device photophysics of MPTA:Cl6-SubPc and MPTA:C60 systems is

now shown, to investigate the potential for fullerene substitution in evaporated OPD

devices.
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Fig. 7.11: Comparison of photophysics in MPTA:Cl6-SubPc and MPTA:C60 BHJ sys-
tems. Normalised (a) absorbance and (b) PL spectra for MPTA:Cl6-SubPc
and MPTA:C60 �lms. (c) Schematic of energy levels for MPTA:Cl6-SubPc and
MPTA:C60 blends, compared to neat MPTA and its DFT predictions. The car-
toons illustrate molecular packing in di�erent cases. Bias-dependent (d) EQE
increase and (e) PL quenching e�ciency for MPTA:C60 and MPTA:Cl6-SubPc-
based devices.

Firstly, Figure 7.11 presents a comparison of optoelectronic properties for the

two blends. While the absorption spectrum of MPTA:Cl6-SubPc (Figure 7.11a)

extends from circa 450 nm to 625 nm, including the NFA region at long wavelengths,

MPTA:C60 blend has a narrower spectrum in the visible (i.e., 450-575 nm), due to

C60 weak absorption in this range. This can be a potential advantage for broadband

photodetection using NFA-based systems, with ample room for colour selection and

full-spectrum response by the facile bandgap tunability of NFAs - particularly for

the SubPc family.419,427

Considering the energetics of the two blends (summarised in Figure 7.12), the

di�erent PL spectra (Figure 7.11b) can be understood, with CT emission located

at much lower wavelengths for Cl6-SubPc-based BHJ (namely, at ∼ 730 nm versus

> 850 nm for MPTA:C60). Moreover, the HOMO deepening upon MPTA blending

with the two acceptors (Figure 7.11c) is signi�cantly stronger for Cl6-SubPc, which

informs on the degree of BHJ intermixing. In fact, the neat MPTA HOMO is lo-

cated at around -5.2 eV, as measured by APS in Figure 7.1d. This is almost 500 meV

shallower than what predicted by DFT in single-molecule gas-phase simulations, and

it is attributed to the aggregation e�ect in strongly interacting MPTA molecules.

Upon blending, most aggregation is disrupted, and MPTA HOMO in BHJ deepens

towards intrinsic MPTA energetics. Here, the HOMO level of MPTA:Cl6-SubPc

blends closely matches the DFT single-molecule results (i.e., -5.73 eV), whereas it is
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much shallower for MPTA:C60 BHJs (i.e., -5.53 eV). This indicates a virtually com-

plete nanoscale intermixing in MPTA:Cl6-SubPc blend systems, while some residual

aggregation is maintained for C60 counterparts, consistently with the slightly broader

absorbance in the MPTA region in Cl6-SubPc blends (Figure 7.11a). Since incom-

plete C60 intercalation and persisting MPTA nanoaggregation in blend has been

identi�ed in Chapter 5 as a source of deep-trap states for fullerene-based OPDs, the

BHJ morphology of NFA systems is highly promising for trap-free devices, with the

impact on photodetector performance illustrated in the following.

Fig. 7.12: Schematics of the energy diagram in the MPTA:Cl6-SubPc and MPTA:C60 de-
vices, with the energy of the interfacial CT states indicated from the di�erence
between MPTA HOMO and acceptor LUMO.

To further con�rm the BHJ structure in C60 and Cl6-SubPc blend systems,

in-depth understanding of photophysical processes is provided by ultrafast TAS,

studying the changes in absorbance after selective photoexcitation of MPTA at 500

nm. As presented in Figure 7.13a,b, ultrafast electron transfer within instrument

response (200 fs) is observed for both C60 and Cl6-SubPc acceptors. However, clear

di�erences between the two systems emerge from the analysis of recombination dy-

namics by �uence-dependent TAS (Figure 7.13c-e). While both BHJs show evidence

of geminate CT recombination at moderate pump �uence (�uence-independent dy-

namics), the overall kinetics is faster for MPTA:Cl6-SubPc, indicating accelerated

recombination. This is consistent with the larger D/A interfacial area in NFA-based

systems, and further supports the more intermixed nature of its BHJ morphology.

Here, it is important to note that such a highly intermixed morphology may be

detrimental for photovoltaic operations due to increased recombination rate at null

electric �eld as in TAS measurements. However, under reverse bias this allows for

higher yield of interfacial CT states, which can be e�ectively separated and extracted

as in OPD devices.
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Fig. 7.13: TAS spectra for (a) MPTA:C60 and (b) MPTA:Cl6-SubPc BHJs, compared with
results of neat MPTA. Fluence-dependent TAS kinetics for (c) MPTA:C60 and
(d) MPTA:Cl6-SubPc BHJs, with comparison at the lowest �uence shown in (e).

Fig. 7.14: Bias-dependent (a,b) EQE and (c,d) absolute PL for MPTA:C60 and MPTA:Cl6-
SubPc-based devices.

Moving to the analysis of OPD photophysics under electric �eld, MPTA:C60

and MPTA:Cl6-SubPc-based devices of equal active layer thickness (60 nm) are anal-
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ysed in their EQE and PL evolution upon increasing reverse bias. Figure 7.14a,b

show relatively high EQE for C60-based devices, starting from ∼ 40% at 0 V and

overcoming 80% at -5 V, which may be due to the slightly di�erent energy alignment

in the device. However, only limited increase rate is achieved in this system, com-

pared with the impressive EQE enhancement in MPTA:Cl6-SubPc, with a �ve-fold

increase from 0 to -5 V (summarised in Figure 7.11d). This can bene�t from the

higher yield of quenchable interfacial CT states in the highly intermixed MPTA:Cl6-

SubPc BHJs, giving a PL intensity almost 100 times higher than for the MPTA:C60

counterpart (see 0 V spectra in Figure 7.14c,d). However, the phenomenon cannot

be fully understood by increased CT state dissociation, since bias-dependent PLQE

exhibits the same trend for the two systems (Figure 7.11e). Thus, the study moves

to further device characterisation to investigate the role of charge transport and

extraction in the photodetection performance of NFA- and fullerene-based OPDs.

Fig. 7.15: Comparison of trap state impact on device performance in MPTA:C60 and
MPTA:Cl6-SubPc OPDs. (a) J-V characteristics of MPTA:C60 and MPTA:Cl6-
SubPc devices in dark and under AM1.5 G or 1000 lux illumination. Enlarged
view of J-V characteristics in linear scale, for (b) AM1.5 G and (c) 1000 lux
conditions. (d) Photocurrent density vs. light intensity analysis at 0 V (open
symbol) and under reverse bias at -5 V (solid symbol). (e) Open-circuit voltage
vs. light intensity analysis, with indicated the respective n values. (f) Transient
photocurrent decay under reverse bias at low light intensity.

As shown in the J-V characteristics in Figure 7.15a-c, the photocurrent gener-

ation at high light intensity (1 Sun) is superior for MPTA:C60 devices, in line with

the higher EQE. However, at low light (1000 lux, white LED) the situation is dif-

ferent, with higher photocurrent for the NFA-based devices from < -3 V. Moreover,

MPTA:Cl6-SubPc OPDs show lower Jd values, approaching 10−8 A cm−2 below -3
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V.

To understand the impact of charge recombination on photocurrent generation,

photocurrent density Jph and open-circuit voltage VOC are analysed as a function of

light intensity I. Jph is known to follow a power-law dependence on I, Jph ∝ Iα,

with α = 1 for ideal monomolecular recombination and α < 1 indicating bimolecular

processes.238 From Figure 7.15d, it is clear that the in�uence of bimolecular recom-

bination is minor in both systems, with α = 0.93 for MPTA:Cl6-SubPc and α = 0.95

for MPTA:C60 devices in short-circuit conditions, becoming fully negligible under

reverse bias (α = 0.97 in both cases). On the contrary, signi�cant di�erences are

observed for the VOC analysis, shown in Figure 7.15e. The trend of VOC vs. I in a

semi-logarithmic plot is expected to follow a linear relationship with slope nkBT/e,

with kB, T , and e being respectively the Boltzmann constant, the temperature, and

the elementary charge. For n = 1, electron-hole pairs only recombine bimolecularly,

approaching n = 2 if trap-assisted recombination also contributes.36,238 Here, n is

close to unity for MPTA:Cl6-SubPc (i.e., absent trap-assisted recombination), while

trap-induced losses are present for MPTA:C60 devices at low light intensity (n =

1.24 for I < 2500 lux).

Therefore, NFA-based OPDs show clear advantages in suppressing trap-assisted

recombination, as further supported by the signi�cantly lower density of trap states

for MPTA:Cl6-SubPc compared to MPTA:C60 devices identi�ed by charge extraction

analysis (Figure 7.16). Note that n = 0.77 for I > 2500 lux in MPTA:C60 devices

might originate from signi�cant surface recombination,428�430 whereas this is not

observed in MPTA:Cl6-SubPc devices. In this context, it is interesting to observe

that TAS and light-intensity-dependent J-V analyses are complementary to inform

on the di�erent recombination mechanisms. In fact, geminate processes can be easily

distinguished under TAS laser illumination, while VOC analysis allows to access trap-

mediated processes occurring under low light.

Finally, a comparison of device photoresponse speed is shown in Figure 7.15f,

with TPC measured at low light intensity under reverse bias, where a faster pho-

tocurrent decay is observed for the Cl6-SubPc-based OPD. Moreover, although under

electric �eld (-5 V) the impact of deep traps is reduced, a change in slope occurs for

the MPTA:C60 device TPC after 5 µs, while photocurrent decay is monophasic for

MPTA:Cl6-SubPc. Again, this con�rms the e�ective suppression of deep trap states

by C60 substitution in MPTA-based OPDs.
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Fig. 7.16: Density of trap states for MPTA:C60 and MPTA:Cl6-SubPc devices (60 nm),
quanti�ed by charge extraction analysis.

7.3 Conclusion

The results shown in this chapter elucidate the potential advantage of NFA

small molecules to substitute fullerenes in evaporated OPDs. In particular, this can

overcome the sub-optimal device performance for MPTA:C60 under low light inten-

sity due to charge trapping in deep states. In Chapter 5, these have been attributed

to the residual presence of MPTA nanoaggregation in incompletely intermixed BHJ

morphology and to the creation of MPTA-C60 adducts by chemical reactions in

blend. Here, the choice of Cl6-SubPc is highly bene�cial to suppress both pathways

for trap formation.

Firstly, the addition reaction between the MPTA amine lone pair and the π-

conjugated carbons in fullerene367,368 is readily prevented using Cl6-SubPc. Secondly,

the SubPc NFA presented here, with larger dimensions and more complex 3D ge-

ometry (i.e., cone-shaped) compared to C60, is more prone to disturb the MPTA

packing network, for e�ective intermixing with virtually no nanoscale domains. As

explained above, this is fully achieved in MPTA:Cl6-SubPc BHJs with thicknesses

above 50 nm. Therefore, thickness engineering does not simply increase the ac-

tive layer dimension as a common strategy to limit Jd, but also controls the BHJ
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structure by harnessing the strong intermolecular interactions in MPTA. Namely,

we suggest that a �nely intermixed D/A network and systematic face-on MPTA

orientation are achieved for thick active layers, with positive e�ects on OPD per-

formance - as seen in the lower Jd, higher R, and faster photoresponse speed. In

particular, the advantages of a thick active layer are related to a predominant pres-

ence of emissive CT states at high D/A interfacial area, identi�ed by PL analysis,

which can be e�ectively separated and harvested under electric �eld. The speci�c

characteristics of the planar small-molecule donor (here, MPTA), prone to strong

intermolecular interactions and packing ordering, combined with an e�ective dis-

ruption of its aggregation for intimately intermixed BHJs (here, achieved by bulky

Cl6-SubPc acceptor) are thus key to the superior performances of NFA-based evap-

orated BHJ OPDs. Especially, this prevents the formation of deep-trap states and

enables excellent photodetection performance even at low light intensity, as observed

by charge extraction, J-V , and TPC measurements.

In conclusion, this chapter investigates the role of active layer morphology

and materials selection for state-of-the-art evaporated OPDs. By demonstrating

the importance of the active layer thickness to control BHJ morphology and by

systematic comparison of NFAs with fullerene counterparts, these results provide

relevant guidelines not only for choice of appropriate candidate molecules, but also

for optimum active layer structure. This paves the way to extensive utilisation of

NFA alternatives in evaporated OPDs for trap-free photodetection, suggesting that

the advantages of fullerene substitution in terms of BHJ morphology can be further

con�rmed for other NFA families.

7.4 Experimental Section

Fabrication of Devices and Thin Films

All materials are puri�ed via sublimation under high vacuum (<10−6 Torr)

prior to use. Thin �lms are fabricated by thermal evaporation under high vacuum

(<10−7 Torr, 0.35 Å/s rate) on ITO or quartz substrates cleaned with isopropyl

alcohol and acetone in an ultrasonic bath. OPDs are fabricated on ITO-coated

glass by sequential deposition of hole-extraction layer (MoO3, 30 nm), donor:C60

BHJ with variable thickness (1:1 weight ratio), and Al electrode (100 nm), with

device encapsulation by glass (98.5% transmittance). Active pixel area is 0.04 cm2.

Electrical characterisation of devices by J-V scan and EQE analysis is carried out

as described in Section 3.8.
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Energetic and Morphological Characterisation

HOMO energy levels of materials are measured on grounded ITO substrates

using the procedure detailed in Section 3.3. DOS is calculated as �rst derivative of

the photoemission cube root by in-house software analysis. Surface topography is

measured by a Park NX10 AFM as described in Section 3.6.

Steady-State Optical and Structural Characterisation

PL is measured by a Renishaw inVia Raman microscope on thin �lms (details

in Section 3.2). Measurements are also carried out on encapsulated devices apply-

ing reverse bias to the electrodes by an Agilent power source. Optical absorbance

is measured as described in Section 3.4. All details on GI-XRD are reported in

Section 3.9.

Device Electrical Characterisation

J-V characteristics are measured with a Keithley 2400 source calibrated at 1

Sun (Section 3.8), using neutral-density �lters for light-intensity dependent mea-

surements. An LED light source calibrated by digital Luxmeter is used for low-light

J-V analysis. Bias-dependent EQE is collected as detailed in Section 3.8.

Transient Optoelectronic Measurements

Transient absorption spectroscopy, transient photovoltage, and charge extrac-

tion are carried out as described in Subsection 3.9.1 and Subsection 3.9.2. TCSPC

is measured as illustrated in Section 3.5, exciting the samples by a 405 nm laser. For

transient photocurrent analysis, the devices are illuminated by a green LED (523

nm) with tunable intensity, with further details in Section 3.8.

Computational Methods

DFT simulations at the B3LYP level with 6-311G(d,p) basis set are performed

as described in Section 3.7.
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8.1 Conclusion

The work presented in this thesis analyses the role of molecular design of or-

ganic semiconductors and active layer engineering in optimising photon-to-electron

conversion processes in organic electronic devices. By a combination of optoelec-

tronic, structural, and device in-operando characterisation, several strategies for

increasing OPV/OPD e�ciency and stability are taken into consideration, studying

both solution-processed and vacuum-evaporated systems.

In Chapter 4, the e�ect of NFA chemical design on OPV operational stability

is investigated, combining core and end-group engineering. By a comparative study

of novel ITIC derivatives with core selenation and end-group methylation used in

solution-processed OPVs, relevant guidelines for extending device lifetimes are iden-

ti�ed. In particular, the importance of NFA backbone rigidi�cation and charge dis-

tribution �ne-tuning along the molecule is highlighted. These factors allow to estab-

lish e�ective intermolecular interactions in the BHJ systems, where mechanisms of

chemical and morphological degradation under light can be successfully minimised.

In particular, the combination of outer-core selenation and end-group methylation

appears as the optimum molecular design to extend OPV lifetime, showing over 95%

of initial PCE maintained after ∼450 hours of 1 Sun operation.

In addition to chemical design, the complementary role of structural control in

organic small molecules is analysed in Chapter 5, comparing OPD photophysics for

a twisted (NP-SA) and a planar (MPTA) donor used in co-evaporated BHJs with

C60. Here, the molecular geometry has a strong impact on light-intensity-dependent

photoresponse speed, with the planar MPTA being faster in high-light conditions,

but showing a slow, biphasic photoresponse under low-light. By detailed analysis

of materials optoelectronics and morphology, a superior band-edge energetic order

is found for MPTA, with minimal presence of shallow traps and superior transport

properties in high-light. However, the strong intermolecular interactions between the

160
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planar molecules result into nanoaggregation in the BHJ and potential formation of

MPTA-C60 adducts. These species are identi�ed as origin of deep-trap states, whose

incomplete �lling in low-light limits photoresponse in MPTA devices. Overall, these

�ndings pinpoint several mechanisms involved in trap formation in state-of-the-

art OPD materials. Moreover, the results show that suitable OPD small-molecule

candidates need to be selected depending on light-intensity operating conditions of

target applications.

Moving to the role of device active layer engineering, Chapter 6 examines the

in�uence of D:A blend ratio in solution-processed BHJ OPDs. Focusing on highly-

diluted Y6 systems in PM6, the study shows great enhancement of OPD performance

at high polymer load, with dramatic dark-current suppression, faster photoresponse

speed, and bias-dependent EQE increase. By analysis of electric-�eld dependent

photophysics, it is found that minimal amount of NFA is already e�ective for the

formation of interfacial CT states, which can be easily separated under mild reverse

bias for photocurrent generation. At the same time, the dominant polymer matrix

can drive e�cient and fast charge transport in well-interconnected percolation path-

ways, and the shallow PM6 energetics in diluted BHJs can suppress dark injection

and minimise dark current. Overall, a simple tool as blend ratio control is proposed

for e�ective optimisation of photoconversion mechanisms in D-A blends towards

high-performance OPDs.

Finally, in Chapter 7 the role of thickness control in vacuum-deposited BHJ

active layers is investigated. In fullerene-free OPDs (MPTA:Cl6-SubPc), it is shown

that the strong intermolecular interactions between planar MPTA molecules (Chap-

ter 5) can be harnessed for thickness-dependent morphology control. In particular,

above a 50 nm thickness the BHJ is optimised, with systematic MPTA face-on ori-

entation and e�ective intercalation of Cl6-SubPc. This allows to suppress deep-trap

formation routes identi�ed in Chapter 5, with a highly intermixed BHJ morphol-

ogy (absence of nanoaggregation) and D-A adduct creation prevented by the bulky

NFA molecules. Therefore, superior OPD performances are observed for thicker

devices, including fast photoresponse, minimised dark current, and strong �eld-

dependent EQE enhancement, which cannot be solely attributed to the change in

applied electric �eld at di�erent thicknesses. These results are highly promising in

demonstrating the potential of NFA-based BHJ in high-e�ciency evaporated OPDs,

and demonstrate the importance of thickness control in tuning active layer ordering

via intermolecular interactions.
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8.2 Further Work

Overall, this thesis has demonstrated that both molecular engineering of ac-

ceptor and donor small molecules and active-layer engineering are powerful tools to

control the physics of photon-to-electron conversion processes in OSC-based systems

towards high-e�cient and stable organic electronics (OPVs, OPDs).

From Chapter 4, regio-selective selenation of NFAs appears highly promising

to extend OPV lifetimes. At this regard, other selenium-substituted materials are

worth investigating beyond ITIC family. For example, recent reports of selenated Y6

derivatives306 also show encouraging results in terms of OPV stability, and a variety

of novel molecules with di�erent side chains and end groups could be systemat-

ically studied. Moreover, the synergistic role of the polymer donor in in�uencing

photo-induced degradation mechanisms431 should be addressed, to �nd the optimum

molecular design to combine with selenated NFAs.

Since molecular conformation is also a crucial factor determining OSC photo-

physics (Chapter 5), other small molecules with characteristic structures can be stud-

ied in evaporated systems (e.g., star-shaped, fully-fused PDIs...) to verify whether

a universal relation between molecular geometry and trap-state formation can be

identi�ed. Potentially, this study can be extended to solution-processed BHJ de-

vices, where other parameters such as solvent choice, �lm drying kinetics, and D:A

miscibility can come into play.

Further work to understand the role of D:A blending ratio would also be highly

relevant. Moving from the results in Chapter 6, the e�ect of acceptor dilution

could to be investigated in several NFA- or fullerene-based blends to generalise a

photophysical model for charge generation, dissociation, and transport depending

on D:A ratio. In particular, an interesting question is about the in�uence of mixing

on the energetics of BHJ components, which further characterisation would help

answer, including space-resolved APS or energetics depth pro�les to disentangle D

and A energy levels.

Finally, as the potential of fullerene-free vacuum-processed BHJs have been

demonstrated (as for OPDs in Chapter 7), more understanding of morphology and

trap formation for other NFA choices would be bene�cial to further boost device per-

formance. Here, coupling the same MPTA donor with alternative SubPc derivatives

could solve some of the limitations compared to C60-based OPDs (lower EQE, S-

shaped J-V characteristics). For example, the di�erent energetics and quadrupole

moments across the SubPC series with various end groups could strongly a�ect
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charge transfer and extraction in BHJs, active layer ordering and packing, and over-

all device �gures of merit.
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A | Full Chemical Names

Short Chemical Name Full Chemical Name

PCBM [6,6]-phenyl-C61-butyric acid methyl ester

ICMA indene-C60 monoadduct

ICBA indene-C60 bisadduct

PDI perylene diimide

PBDTTT-C-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b ′]dithiophene)-co-alkylcarbonyl-substituted-

thieno[3,4-b]thiophene

P3TEA poly[bis(2-octyldodecyl)5,5′′-(5,6-

di�uorobenzo[c][1,2,5]thiadiazole-4,7-diyl)bis(4'-(2-

hexylnonyl)-[2,2'-bithiophene]-3-carboxylate)]

FEHIDT 2,2′-((5,5′-(9,9-bis(2-ethylhexyl)-9H-�uorene-2,7-

diyl)bis(thiophene-5,2-diyl))bis(methanylylidene))bis(1H-

indene-1,3(2H)-dione)

P3HT poly(3-hexylthiophene)

BT benzothiadiazole

IDT indacenodithiophene

IDTT indacenodithieno[3,2-b]thiophene

DCI (1,1-dicyanomethylene-3-indanone)

DC-IDT2T 1,1-dicyanomethylene-3-indanone-(1,3-di-(5-thiophene-2-

yl))-indaceno[2,1-b:6,5-b ′]dithiophene

ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-

d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

IDTIDT-IC indacenodithiopheno-indacenodithiophene-3-

(dicyanomethylidene)indan-1-one

IDTIDSe-IC indacenodithiopheno-indacenodiselenophene-3-

(dicyanomethylidene)indan-1-one
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Short Chemical Name Full Chemical Name

J51 poly[(5,6-di�uoro-2-octyl-2H-benzotriazole-4,7-diyl)-2,5-

thiophenediyl[4,8-bis[5-(2-hexyldecyl)-2-thienyl]benzo[1,2-

b:4,5-b ′]dithiophene-2,6-diyl]-2,5-thiophenediyl]

FBR 5,5′-[(9,9-dioctyl-9H-�uorene-2,7-diyl)bis(2,1,3-

benzothiadiazole-7,4-diylmethylidyne)]bis[3-ethyl-2-

thioxo-4-thiazolidinone]

IDT-2BR indacenodithiophene-5-(benzo[c][1,2,5]thiadiazol-4-

ylmethylene)-3-ethyl-2-thioxothiazo-lidin-4-one

O-IDTBR rhodanine-benzothiadiazole-coupled indacenodithiophene,

n-octyl side chains

O-IDFBR (5Z,5′Z)-5,5′-((7,7′-(6,6,12,12-tetraoctyl-

6,12-dihydroindeno[1,2-b]�uorene-2,8-

diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-

diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-

4-one), n-octyl side chains

IDIC 2,2′-((2Z,2′Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-

s-indaceno[1,2-b:5,6-b ′]dithiophene-2,7-

diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-

indene-2,1-diylidene))dimalononitrile

PDBT-T1 poly[[5,10-bis(5-octyl-2-thienyl)dithieno[2,3-d :2′,3′-

d ′]benzo[1,2-b:4,5-b ′]dithiophene-2,7-diyl]-2,5-

thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-

benzo[1,2-c:4,5-c ′]dithiophene-1,3-diyl]-2,5-thiophenediyl]

ITIC-Th 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-dithieno[2,3-

d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

m-ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-5,5,11,11-tetrakis(4-meta-hexylphenyl)-

dithieno[2,3-d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

J61 poly[[5,6-di�uoro-2-(2-hexyldecyl)-2H-benzotriazole-

4,7-diyl]-2,5-thiophenediyl[4,8-bis[5-(dodecylthio)-

2-thienyl]benzo[1,2-b:4,5-b ′]dithiophene-2,6-diyl]-2,5-

thiophenediyl]

IEICO 2,2′-[[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-

indaceno[1,2-b:5,6-b ′]dithiophene-2,7-diyl]bis[[4-[(2-

ethylhexyl)oxy]-5,2-thiophenediyl]methylidyne(3-oxo-

1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile]
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PBDTTT-E-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b ′]dithiophene)-co-alkoxycarbonyl-substituted

thieno[3,4-b]thiophene

IDT-BOC6 2,2′-((2Z,2′Z)-((4,4,9,9-tetrakis(4-hexylphenyl)-4,9-

dihydro-s-indaceno[1,2-b:5,6-b ′]dithiophene-2,7-diyl)-

bis(alkoxy)benzene-bis(methanylylidene))bis(3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

PBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b ′]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-

bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)]

ATT-2 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-Z-dioctyl-6,6′-(4,4,9,9-tetrakis(4-hexylphenyl)-

4,9-dihydro-s-indaceno[1,2-b:5,6-b ′]dithiophene-2,7-diyl)-

bis-thieno[3,4-b]thiophene-2-carboxylate

PTB7-Th poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-

b]dithiophene]3-�uoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl)

IT-M 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-

methyl)indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

IT-DM 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-

dimethyl)indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

ITIC-Th1 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-

di�uoro)indanone))-5,5,11,11-tetrakis(5-hexylthienyl)-

dithieno[2,3-d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

IT-4F 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-

di�uoro)indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

IEICO-4F 2,2′-[[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-

dihydro-s-indaceno[1,2-b:5,6-b ′]dithiophene-

2,7-diyl]bis[[4-[(2-ethylhexyl)oxy]-5,2-

thiophenediyl]methylidyne(5,6-di�uoro-3-oxo-1H-indene-

2,1(3H)-diylidene)]]bis[propanedinitrile]

ITCC 3,9-bis(4-(1,1-dicyanomethylene)-3-methylene-2-oxo-

cyclopenta[b]thiophen)-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d ′:2,3-d ′]-s-indaceno[1,2-b:5,6-b ′]-dithiophene
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BZIC 1,1-dicyanomethylene-3-indanone-dithieno[3,2-

b]pyrrolobenzotriazole

BTZ benzotriazole

HFQx-T poly[2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b ′]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-

hexa�uoroquinoxaline)]

Y1 2,2′-((2Z,2′Z)-((6,12,13-tris(2-ethylhexyl)-12,13-dihydro-

6H-thieno-[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b][1,2,3]triazolo-[4,5-e]indole-

2,10-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-

indene-2,1-diylidene))dimalononitrile

Y2 2,2′-((5Z,5′Z)-((6,12,13-tris(2-ethylhexyl)-12,13-dihydro-

6H-thieno-[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b][1,2,3]triazolo[4,5-e]indole-

2,10-diyl)bis(methanylylidene))bis(6-oxo-5,6-dihydro-4H-

cyclopenta[c]thiophene-5,4-diylidene))dimalononitrile

Y5 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-

indene-2,1-diylidene))dimalononitrile

Y6 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

PM6 poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-�uoro)thiophen-2-yl)-

benzo[1,2-b:4,5-b ′]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-

5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′ -c′]dithiophene-

4,8-dione))]

D18 poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-�uoro)thiophen-

2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-

5,5′-(5,8-bis(4-(2-butyloctyl)thiophen-2-

yl)dithieno[3′,2′:3,4;2′′,3′′:5,6]benzo[1,2-

c][1,2,5]thiadiazole)]
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L8-BO 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

dibutyloctyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′: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(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

AQx-2 2,2′-((2Z,2′Z)-((13,14-bis(2-ethylhexyl)-3,10-diundecyl-

13,14-dihydrothieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

f ]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[2,3-

h]quinoxaline-2,11-diyl)bis(methaneylylidene))bis(5,6-

di�uoro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile

Y6Se 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]selenadiazolo[3,4-

e]thieno[2′′,3′′: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(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

CH1007 2,10-bis(2-methylene-(3-(1,1-dicyanomethylene)-5,6-

di�uoroindanone))-12,13-bis(2-butyloctyl)-3,9-diundecyl-

diselenopheno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-e:2′,3′-

g ][2,1,3]benzothiadiazole

BPF-4F 2,2′-((2Z,2′Z)-((12,13-bis(2-hexyldecyl)-

12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]furan[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]furan[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

BPT-4F 2,2′-((2Z,2′Z)-((12,13-bis(2-hexyldecyl)-

12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′: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(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile
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BPS-4F 2,2′-((2Z,2′Z)-((12,13-bis(2-hexyldecyl)-

12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]selenopheno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]selenopheno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

SZ5 random copolymerised (2,6-(4,8-bis(5-(2-ethylhexyl-3-

chloro)thiophen-2-yl)-benzo[1,2-b:4,5-b ′]dithiophene))-

1,3-bis(4-(2-ethylhexyl)thiophen-2-yl)-5,7-bis(2-

alkyl)benzo[1,2-c:4,5-c ′]dithiophene-4,8-dione-2-

ethylhexyl-thiophene-thiazolo[5,4-d ]thiazole

BTIC-CF3-γ 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(γ-tri�uoromethyl-3-oxo-

2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile

BTIC-CF3-m 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(γ/δ-tri�uoromethyl-3-

oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile

BTTPC 2,2′-((2Z,2′Z)-((12,13-bis(2-butyloctyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(2-(5-oxo-5,6-dihydro-7H-

indeno[5,6-b]thiophen-7-ylidene)))malononitrile

BTTPC-Br 2,2′-((2Z,2′Z)-((12,13-bis(2-butyloctyl)-3,9-

diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-

g ]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(2-(2-bromo-5-

oxo-5,6-dihydro-7H-indeno[5,6-b]thiophen-7-

ylidene)))malononitrile
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BTP-H2 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)-3,9-

dibutyloctyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′: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(methanylylidene))bis(5/6-bromo-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile

PM1 4:1 random copolymerised (2,6-(4,8-bis(5-(2-ethylhexyl-3-

�uoro)thiophen-2-yl)-benzo[1,2-b:4,5-b ′]dithiophene))-

1,3-bis(4-(2-ethylhexyl)thiophen-2-yl)-5,7-bis(2-

alkyl)benzo[1,2-c:4,5-c ′]dithiophene-4,8-dione-2-

ethylhexyl-thiophene-thiazolo[5,4-d ]thiazole

BTP-2F2Cl 2,2′-((2Z,2′Z)-((12,13-bis(2-butyloctyl)-3,9-

dinonyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2′′,3′′: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(methanylylidene))-(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-indene-2,1-diylidene))dimalononitrile-

(5,6-dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-

diylidene))dimalononitrile

PM7 poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-

2-yl)-benzo][1,2-b:4,5-b ′]dithiophene))-alt-(5,5-(1′,3′-

di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′ -

c ′]dithiophene-4,8-dione)

ITO indium tin oxide

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

ZnO zinc oxide

MoO3 molybdenum oxide

EH-IDT rhodanine-benzothiadiazole-coupled indacenodithiophene

with branched 2-ethylhexyl side chains

IHIC fused-6-ring end-capped with 2-(3-oxo-2,3-dihydro-1H-

inden-1-ylidene)malononitrile

F8IC fused-8-ring end-capped with 2-(5,6-di�uoro-3-oxo-2,3-

dihydro-1H-inden-1-ylidene)malononitrile

C8IC fused-8-ring end-capped with 2-(5,6-dichloro-3-oxo-2,3-

dihydro-1H-inden-1-ylidene)malononitrile
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Short Chemical Name Full Chemical Name

P�BT4T-2OD poly[(5,6-di�uoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-

(3,3′′′-di(2-octyldodecyl)-2,2′;5′,′′;5′′2′′′-quaterthiophen-

5,5′′′-diyl)]

EH-IDTBR rhodanine-benzothiadiazole-coupled indacenodithiophene,

ethylhexyl side chains

N2200 (poly[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene))

DPP diketopyrrolopyrrole

BDT benzodithiophene

TQ thiadiazoloquinoxaline

EDOT 3,4-ethylenedioxythiophene

P6T α,ω-diphenyl sexi -thiophene

BP3T α,ω-bis(biphenyl-4-yl)ter -thiophene

LBPP-1 poly( dialkoxy-phenylene-thiophene-para-alkoxyphenyl-

thiadiazoloquinoxaline), phenylene end-capped

TQ-T poly(para-alkoxyphenyl-thiadiazoloquinoxaline-thiophene)

DTBTT dithienobenzotrithiophene

DPPB-3Se diketopyrrolopyrrole with branched hexyloctyl side chains,

polymerised with three selenophene units

DPPTTT thieno[3,2-b]thiophene-diketopyrrolopyrrole

SeIn 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)indanone))-

4,4,9,9-tetrakis(3-((2-ethylhexyl)oxy)phenyl)-diseleno[2,3-

d :2′,3′- d ′]-s-indaceno[1,2-b:5,6-b ′]dithiophene

SeInMe 9-bis(2-methylene-((3-(1,1-dicyanomethylene)-

6/7-methyl)indanone))-4,4,9,9-tetrakis-(3-((2-

ethylhexyl)oxy)phenyl)diseleno[2,3-d :2′,3′-d ′]-s-indaceno-

[1,2-b:5,6-b ′]dithiophene

SeOut 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)indanone))-

4,4,9,9-tetrakis(3-((2-ethylhexyl)oxy)-phenyl)dithieno[2,3-

d :2′,3′-d ′]-s-indaceno[1,2-b:5,6-b ′]- diselenophene

SeOutMe 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-

6/7-methyl)indanone))-4,4,9,9-tetrakis(3-((2-

ethylhexyl)oxy)phenyl)dithieno[2,3-d :2′,3′-d ′]-s-

indaceno[1,2-b:5,6-b ′]diselenophene

BDD 5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-

dione
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Short Chemical Name Full Chemical Name

NP-SA 2-((5-(naphthalen-1-yl(phenyl)amino)selenophen-2-

yl)methylene)-1H-cyclopenta[b]naphthalene-1,3(2H)-dione

MPTA 2-((8-methyl-8H-thieno[2,3-b]indol-2-yl)methylene)-1H-

cyclopenta[b]naphthalene-1,3(2H)-dione



B | Nonfullerene Acceptors: a Short

Review of Molecular Design

Rylene diimide NFAs

The initial examples of NFAs were created by molecular engineering of the ry-

lene diimide fused aromatic structure, o�ering bene�cial properties such as straight-

forward functionalisation at di�erent molecular sites, high electron mobility, low-

lying LUMO, strong optical absorption, and excellent stability.113�115 In particular,

perylene diimide (PDI) is based on a fully fused polycyclic aromatic structure, with

good rigidity and prone to self-assembly.116�118 The strong tendency to aggregate

causes large domain size in BHJ and extremely poor charge generation, so that

chemical modi�cation at di�erent sites are required to prevent this. For example,

functionalisation at imide,119,120 α,121 or bay122 positions enhances device perfor-

mances in BHJ with various donor polymers, although PCE remains limited to

<4.5%. Another e�ective strategy to control aggregation is the twisting of PDI

structure in dimeric molecules. PDI units can be connected via single bonds and

spacer groups, resulting in signi�cant increase in charge generation by morphology

control,123 and over 4% PCE can be achieved with PBDTTT-C-T donor.432 Addi-

tional functionalisation can further twist the dimer NFA and boost performances,

reaching >8% PCE by selenium capping in bay positions,124 while spirobi�uorene

spacers can reduce domain size and achieve ultrafast charge separation, with a PCE

record of 9.5% and 1.11 V of VOC in conjunction with P3TEA donor.125 However,

perspectives of further e�ciency increase for PDI derivatives are limited due to

the delicate trade-o� between molecular twisting for reduced aggregation and high

rigidity and planarity for good transport and π-π stacking quality. In particular,

the challenging morphology control often requires solvent additives, limiting stability

and industrial scalability. Moreover, although energy level tuning can be achieved

by functionalisation, PDI-derivative bandgaps remain typically large (>1.9 eV) and

restrict the choice of matching donor polymers.
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A-D-A calamitic NFAs

A powerful strategy to reduce NFA bandgap is by push-pull interaction in the

so-called calamitic acceptors, which is extremely e�ective to extend absorption in the

NIR range. These NFAs have a typical molecular structure with alternating electron

accepting and electron donating building blocks (A-D-A), where HOMO/LUMO lo-

calisation on molecular units enhances ICT and extends absorption. These NFAs

also o�er facile FMO tunability for both VOC and JSC increase. Moreover, the molec-

ular structure of the conjugated backbone is typically linear, o�ering good rigidity,

high mobility, and promising stability, while di�erent side chains can be attached to

tune solubility and packing. The �rst example of A-D-A NFAs was reported in 2013,

when Winzemberg et al.126 synthesised a molecule called FEHIDT, based on indan-

1,3-dione acceptor and �uorene donor units linked by thiophene spacers. FEHIDT

has a large bandgap due to the signi�cant thiophene-�uorene dihedral twisting, and

only a limited PCE ∼ 2.5% could be reached with P3HT. This was improved to

4% soon after with FBR,433 using the same �uorene core and ethylrhodanine donor

units, with BT spacers, showing similar strong twisting and suppressed morpholog-

ical aggregation. A pivotal step was the synthesis of IDT and IDTT donor units,

used respectively in DC-IDT2T434 and ITIC,127 where DCI is used as acceptor unit.

In particular, ITIC molecular structure represents a model for later development

of novel NFAs, and its optimum spectral coverage in the 600-800 nm range and

favourable packing by end-group π-π stacking enabled to overcome the 10% PCE

threshold. For example, a PCE of 11.21% with 16.81 mA/cm2 of JSC and a FF

approaching 75% was reported with PBDB-T.314 One of the strongest bene�ts of

calamitic NFAs is the wide synthetic tunability of their chemical structure, where

every functional unit can be �nely engineered. For example, core elongation and

heteroatom substitution have been trialled, such as in IDTIDT-IC129 and IDTIDSe-

IC,435 both with a 10-fused ring backbone. Here, the increased conjugation length

and strong quinoid resonance by large Se atoms help extend the absorption beyond

800 nm, and J51:IDTIDSe-IC OPVs achieve a PCE over 8%. Moreover, the cen-

tral core (A unit) in FBR can be replaced by IDT in the so-called IDT-2BR,133

with a planar backbone geometry and a strong electron mobility enhancement from

2.6x10−5 cm2V−1s−1433 to 2.6x10−4 cm2V−1s−1 and >5% PCE with P3HT. The

same molecular core is used in O-IDTBR,128 while indacenodibenzene is intro-

duced in O-IDFBR.163 This has a highly twisted geometry due to the strong steric

hindrance with the BT units, so that OPV performances are poor (only 4.5% of PCE

with P3HT). However, when used in combination with well-packed O-IDTBR, the

amorphous O-IDFBR can help morphology optimisation, and �ne tuning of ternary
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BHJs with P3HT is extremely bene�cial for stable devices.163

Nonconjugated side chains also crucially a�ect BHJ formation and OPV per-

formance, and extensive e�ort have been devoted to their design. While IDT and

IDTT-based NFAs were originally synthesised with bulky hexylphenyl chains to

control aggregation,127,133 linear alkyl chains have also proved to yield good perfor-

mances, with ordered crystalline packing and good NIR spectral coverage. Exam-

ples include O-IDTBR (IDT core, rhodanine end groups, BT spacers, with octyl

side chains)128 or IC-C6IDT-IC (also known as IDIC),290 where the hexyl chains

a�ord a PCE > 8.5% in blend with PDBT-T1. Side chain engineering has been

especially fruitful on the ITIC molecular structure, like in ITIC-Th.134 Here, the S-

S noncovalent interactions between the alkylthienyl chains is bene�cial for packing

order, transport, and overall performances (67.1% FF , 9.6% PCE). Moreover, in

m-ITIC135 the alkyl chains are grafted onto the meta-position of the phenyl ring,

allowing a better packing with no e�ect on HOMO/LUMO levels, and excellent

e�ciency in OPVs (11.5% PCE, FF >70%, and 18.3 mA/cm2 of JSC with J61).

The role of spacer units along the A-D-A backbone have also been explored, to

extend conjugation with a more straightforward synthesis of non-fused molecules,

where rigidity can be controlled by noncovalent conformational lockers. For example,

a thiophene with alkoxy side chains is used in IEICO,288 with low-lying HOMO and

extremely narrow bandgap (∼1.3 eV) due to the alkoxy group and low energy losses

(∼0.5 eV in BHJ with PBDTTT-E-T). Diexyloxybenzene spacers are utilised in

IDT-BOC6,242 showing high µe, small bandgap and >9.6% of PCE with PBDB-

T, while thieno-[3,4-b]-thiophenes are found in ATT-2,436 extending the absorption

beyond 900 nm and achieving ∼10% of PCE with PTB7-Th.

Finally, end-capping groups are also an extremely important site for tuning

NFA properties, and end-group engineering is especially useful to control LUMO

levels. This has been applied on the ITIC structure, with methylated (IT-M) and

dimethylated (IT-DM) ITIC,130 showing increased VOC up to 0.94 V with PBDB-T

and enhanced crystallinity, with over 12% PCE for IT-M. Fluorinated counterparts

(ITIC-Th1131 and IT-4F132) also show improved packing order thanks to stronger

π-π interactions, with a deep LUMO and a narrow bandgap for increased spectral

coverage and photocurrent generation. Notably, a record of 20.50 mA/cm2 of JSC
and a PCE >13% has been reported for IT-4F, and photocurrent can be further

boosted when �uorination is applied to the low bandgap IEICO (i.e., IEICO-4F

with PTB7-Th437), yielding a JSC of almost 23 mA/cm2. Other end-group units

reported include fused thiophene-substituted DCI as in ITCC,438 with high LUMO

by strong electron-donating thiophene, good transport and weak recombination by
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dense π-π stacking and pure domains, reaching a PCE of 11.4% with PBDB-T.

A-DA′D-A calamitic NFAs

Another design option for calamitic NFAs is the additional engineering of molec-

ular core by introducing electron-de�cient subunits, to further extend ICT and NIR

absorption.136,137 This is the design principle for the Y-series of acceptors, which

has recently allowed to break all previous e�ciency records. The �rst example

of A-DA′D-A NFA was reported in 2017, when Zou et al. synthesised BZIC.141

Here, the IDTT core typical of the ITIC family is substituted by a dithieno[3,2-

b]pyrrolobenzotriazole six-ring unit, where the electron-withdrawing BTZ and the

electron-donating pyrrole increase ICT and enhance electron mobility.439,440 How-

ever, FF and JSC of HFQx-T:BZIC OPVs were not promising, and the PCE was

limited to 6.3%. Later on, improvements were shown with Y1 and Y2, where the ex-

tended eight-ring core increases JSC over 20 mA/cm2 with PBDB-T.140 The greatest

breakthroughs were achieved replacing the BTZ with BT unit as central A′ building

block, as in Y5138 and Y6.139 The stronger electron-withdrawing nature of BT a�ords

a narrow bandgap <1.40 eV, while the alkyl side chains on the outer core thiophene

are important for structural control and rigidity.212 Therefore, over 22.5 mA/cm2

of JSC and a FF >70% could be reached in Y5, for a PCE >14% with PBDB-T,

while Y6 with �uorinated end groups touched 15.7% PCE with PM6 (�uorinated

PBDB-T). By further optimisation and polymer matching, Y6 and its derivatives

can a�ord a PCE >18%, as recently reported by Liu et al. with D18 donor10 or for

the branched-alkyl-chain-containing L8-BO (PCE>18.3%).11

The articulated molecular design of Y-family NFAs is also promising for engi-

neering of di�erent building blocks, especially in the elongated core region. Here, the

D and A′ units are connected by pyrrole π-bridges, and each of these moieties can be

carefully selected. For example, in addition to BTZ140�142 and BT units,138,139 other

groups like quinoxaline or benzoselenadiazole can be utilised, as in AQx-2441 and

Y6Se,442 respectively. A′ engineering has a signi�cant impact on LUMO levels, with

a 30 meV shallower LUMO for AQx-2 compared to Y6 or Y6Se, while the molecular

rigidity by large selenium orbitals in Y6Se a�ords low energy disorder and e�cient

charge extraction (JSC∼ 28 mA/cm2 with D18 polymer).

Core donor units can also be engineered. In CH1007,443 outer thiophenes are

replaced with selenophene for increased planarity and narrower bandgap, reaching

>27 mA/cm2 of JSC and a FF of 72% with PM6. Noncovalent conformational

lockers with end-group oxygen were also explored by H. Yan and colleagues,444 us-
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ing thieno[3,2-b]furan, thieno[3,2-b]thiophene, and selenopheno[3,2-b]thiophene, in

BPF-4F, BPT-4F and BPS-4F, respectively. The O-O hindrance in BPF-4F results

in excessive molecular twist and poor OPV performances, while optimum packing

and best PCE is found for BPT-4F with SZ5 donor.

To control molecular structure and BHJ morphology, side chain design is also

a key factor. This is especially true for Y-family NFAs, where the four nonconju-

gated side chains are grafted onto di�erent core positions (i.e., β-position of outer

thiophenes and central pyrrole) and can be separately selected. Di�erent studies

on pyrrole-unit side chains148�150 show that branched alkyls are preferable to linear

ones for solubility, and chain length tuning is crucial for optimum domain size and

packing orientation. Chains on outer thiophenes (β-position) have a speci�c impact

on molecular conformation, controlling packing and morphological stability.11,147 For

example, undecyl moiety in many Y-series NFAs139,142,445 is deemed to be the origin

of molecular rigidity,212 while reducing its length can result in too closer d-spacing

in the crystalline packing and excessive phase segregation.446 Here, branched alkyl

chains help create a more condensed packing structure by strong intermolecular in-

teractions, and acceptors such as L8-BO (with butyloctyl chains) exhibit a 18.32%

PCE with record FF of 81.5%.11

Finally, end-group design is also the focus of synthetic chemists' e�ort, al-

though the typical building blocks do not di�er from the DCI units used in other

calamitic NFAs. Electron-withdrawing properties and π-π stacking can be tuned

by halogen143�146 or thiophene447�449 substitution, and combinations of di�erent het-

eroatoms can determine dipole character, crystallinity, and carrier mobility.450 The

position of end-group substituents is also important to control molecular twisting, as

shown in BTIC-CF3-γ, where a small dihedral angle a�ords high ICT and superior

JSC and FF compared to BTIC-CF3-m.451 Moreover, elongated end groups such

as in BTTPC and BTTPC-Br452 result in shallower HOMO for more e�cient hole

transfer. Here, a promising strategy is to combine two Y-family NFAs with di�erent

end groups to �ne-tune intermolecular interactions and D/A energetics in ternary

BHJs, resulting in the highest OPV performances reported to date. For example,

brominated BTP-H2 shows strong crystallinity and negligible HOMO o�set with

PM6, achieving optimum charge separation with V non−rad
OC <200 meV.146 Here, ex-

ceptional PCE of circa 18.5% is shown for PM6:BTP-H2-based devices, while values

of 19.2% can be touched for ternary PM6:BTP-H2:L8-BO ternary BHJs. Similar

performances (i.e., PCE = 19.17%) are also reported for PM1:L8-BO:BTP-2F2Cl

systems,12 where the asymmetric end groups of the BTP-2F2Cl guest is utilised to

extend absorption range and optimise the packing order in the host blend.
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Peak Unit Description
1 T, BDD C=C, C-C in T and C-C between T and BDD
2,3 BDT, BDD, T C-C
4 BDT C-C antisymmetric
5 BDT, T C-C antisymmetric
6 BDD Carbonyl

Tab. C.1: Description of PBDB-T Raman modes assigned in Figure C.3.

Peak Unit Description
1 Core Core C=C symmetric stretch outer thiophene/selenophene
2 Multiple C-C outer core, H-wagging in �ank or interunit H
3 Core Phenyl � symmetric, minor H-wagging in end phenyl and alkene
4 Multiple C=C and C-C outer thiophene/selenophene, alkene H-wagging
5 Multiple C=C and C-C outer thiophene/selenophene, alkene and �ank H-wagging
6 Core C-C inner thiophene/selenophene
7 Multiple C=C outer thiophene/selenophene, alkene and �ank H-wagging
8 Multiple Alkenes
9 Core Phenyl � antisymmetric
10 Flank Carbonyl

Tab. C.2: Description of NFA Raman modes assigned in Figure C.4.
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Fig. C.1: Absorption spectra of fresh and aged PBDB-T:NFA blends exposed to a white
LED light source. The dashed square on SeOutMe spectra highlights the red
shift of PBDB-T peak.
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Fig. C.2: Raman spectra of fresh and aged PBDB-T:NFA blend �lms. The top left graph
relative to SeIn blend shows the peak assignment to the relevant vibrational
modes as detailed in Figure 4.7.

Fig. C.3: Assignment of Raman modes of PBDB-T, indicated on its chemical structure,
with R = 2-ethylhexyl.
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Fig. C.4: Assignment of the NFA Raman modes, comparing experimental data with DFT
simulations. The labels are referred to the detailed description provided in Ta-
ble C.2. The same colour is used for peaks involving the same molecular bonds.
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Fig. C.5: DFT-simulated Raman spectra of the four NFAs with di�erent core-end dihe-
drals. The peaks at ∼1325 and ∼1600 cm−1 are highlighted and show decreasing
intensity with increasing twisting angle.
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Fig. C.6: Raman spectra of fresh and aged neat NFAs exposed to a white LED light source,
probed by 514 nm laser, normalised with respect to the alkene peak (∼1550
cm−1).
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Fig. C.7: PL spectra of fresh and aged PBDB-T:NFA blends exposed to a white LED light
source.



D | Light-Intensity-Dependent

Photoresponse Time of Organic

Photodetectors and its

Molecular Origin - Supporting

Material

Fig. D.1: Comparison of experimental and DFT simulated Raman spectra for NP-SA (a)
and MPTA (b), with the peak assignment illustrated in the respective molecular
structures.
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Peaks (±1 cm−1) NP-SA - Vibrational Assignments
H (1240) C-N stretch; selenophene C=C stretch

Core Group

G (1310) Selenophene C=C; C-N and alkene stretch
F (1341) H-wagging of selenophene and alkene stretch
E (1428) Selenophene C-C intraunit; neighbouring C-N and C-C interunit

End Group

D (1563) Naphthalene intraunit stretch; strong alkene stretch
C (1594) Phenyl intraunit stretch, interunit C-N; C-C stretch in A unit
B (1656) C=O, antisymmetric stretch
A (1697) C=O, symmetric stretch

Peaks (±1 cm−1) MPTA - Vibrational Assignments
H (1246) C-N stretch; selenophene C=C and neighbouring C-C, C-N

Core Group

G (1304) C-N stretch; H-wagging of thiophene, D unit and alkene
F (1325) H-wagging of thiophene and alkene; D unit C-C
E (1445) Thiophene C=C; D unit C=C and alkene stretch

End Group

D (1567) D unit phenyl stretch; alkene and A unit C-C, C=C stretch
C (1594) A unit C-C, C=C stretch; alkene and D unit phenyl stretch
B (1662) C=O, antisymmetric stretch
A (1697) C=O, symmetric stretch

Tab. D.1: Detailed assignment of Raman vibrational modes of NP-SA and MPTA, referred
to Figure D.1.
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Supplementary Note - Calculation of CT-State Binding

Energy in PM6:Y6 Bulk Heterojunctions

For the calculation of CT state binding energies, the e�ciency of CT dissocia-

tion at room temperature and null applied bias is expressed as

kd0
k0 + kd0

= EQE0V,RT , (E.1)

Where kd0 is the room temperature CT dissociation rate, k0 the CT-to-ground re-

combination rate, and the 0 V EQE is obtained from the peak assigned to Y6 in

Figure 6.5. The total CT decay rate k0 + kd0 is extracted from transient absorption

data as half-life of low energy species (Figure 6.14c,d, at 12µJ cm−2), so that k0 can

be calculated from Equation E.1.

Considering a thermally-activated CT dissociation, PL is measured during a

heating cycle up to 200 ◦C (Figure E.1a,b) and temperature-dependent PL quench-

ing e�ciency PLQET is calculated as (PLRT -PLT )/PLRT , where PLRT is the room
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Fig. E.1: Temperature-dependent absolute PL for (a) 1:1.2 and (b) 1:0.1 PM6:Y6 blends.
(c) Temperature-dependent PL quenching e�ciency. (d) CT state binding en-
ergy of PM6:Y6 blends calculated at di�erent temperatures, with average values
indicated as dashed lines.

temperature PL and PLRT the PL at a temperature T (see Figure E.1c). As such,

the temperature-dependent CT dissociation yield a can be expressed as

a = 1− [(1− EQE0V,RT )(1− PLQET )] =
kd

k0 + kd
, (E.2)

So that the CT dissociation rate at a speci�c temperature kd can be calculated from

Equation E.1 and Equation E.2. Finally, the CT binding energy EB is the activation

energy of CT dissociation with rate kd, modelled by the Arrhenius equation

kd = Ae
− EB

kBT , (E.3)

With A a pre-exponential frequency factor. Therefore, the ratio kd/kd0 allows to

extract EB by Equation E.3. Values of EB for di�erent temperatures are shown in

Figure E.1d, from where an average value and its statistical error can be calculated.

In particular, EB = 3±8 meV for PM6:Y6 1:1.2 blends and EB = 180±40 meV for

the 1:0.1 case.
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Supplementary Data

Fig. E.2: Energetic characterisation of PM6:Y6 BHJ thin �lms with di�erent blend ratios
by APS analysis. (a) HOMO levels of blended PM6 from photoemission cuto�,
(b) photoemission spectra, (c) original and (d) deconvoluted DOS spectra with
indicated the shift in the Y6 region. For deconvolution, the PM6 DOS is sub-
tracted from the original spectra, and the result compared with neat Y6 data.


	Introduction
	Motivation and Aims
	Outline
	Declaration of Work

	Background
	Introduction to Organic Semiconductors
	Organic Photoconversion Devices
	Organic Photovoltaics: Principle of Operations
	Organic Photodetectors: Principle of Operations

	Materials Choice for Photoconversion Devices
	Families of Nonfullerene Acceptors
	Optoelectronic Properties of High-Performance Nonfullerene Acceptors
	Choice of Donor Materials

	Efficiency Challenges
	Morphology Optimisation
	Enhancing Charge Generation
	Control of Voltage Loss

	Stability Challenges
	Chemical Stability
	Morphological Stability


	Methods
	Sample and Device Fabrication
	Raman Spectroscopy
	Fundamentals of Raman Spectroscopy
	Raman Spectroscopy in Organic Semiconductors
	Raman Experimental Details

	Energetics
	Air Photoemission Spectroscopy
	Kelvin Probe and Surface Photovoltage
	Energetics Experimental Details

	Absorption Spectroscopy
	Photoluminescence and Transient Photoluminescence
	Atomic Force Microscopy
	Computational Methods (Density Functional Theory)
	Electrical Characterisation
	Supporting Methods
	Transient Absorption Spectroscopy
	Transient Photovoltage and Charge Extraction
	Grazing Incidence X-ray Spectroscopy


	Improving Stability in Bulk Heterojunction Organic Photovoltaics via Selenium-Substituted Nonfullerene Acceptors
	Introduction
	Results and Discussion
	Device Performances and Operational Stability
	Optoelectronic and Morphological Characterisation
	Investigation of Photostability and Degradation Mechanisms

	Conclusion
	Experimental Section

	Light-Intensity-Dependent Photoresponse Time of Organic Photodetectors and its Molecular Origin
	Introduction
	Results and Discussion
	Twisted (NP-SA) and Planar (MPTA) Donor Molecules
	Responsivity and J–V Characteristics
	High-Light Device Response Time Governed by Shallow Traps
	Low-Light Device Response Time Governed by Deep Traps
	Molecular-Structure-Dependent Intermolecular Coupling
	Molecular Origins of Shallow and Deep Traps

	Conclusion
	Experimental Section

	Nonfullerene Acceptor Dilution as a Facile Strategy for Device Optimisation towards High-Efficiency Solution-Processed Bulk Heterojunction Organic Photodetectors
	Introduction
	Results and Discussion
	Impact of Acceptor Dilution on Optoelectronic Properties
	Impact of Acceptor Dilution on Photodetector Performance
	The Origin of Blend-Ratio-Dependent OPD Performance: the Nature of Electronic Species
	The Origin of Blend-Ratio-Dependent OPD Performance: Energetic Landscape upon Acceptor Dilution

	Conclusion
	Experimental Section

	Efficient Nonfullerene-Based Organic Photodetectors Enabled by Reduced Deep Traps with Highly Intermixed Evaporated Bulk Heterojunction Systems
	Introduction
	Results and Discussion
	Thickness-Dependent Optoelectronic Properties
	Organic Photodetector Performance
	Exploring the Origin of Device Performance
	Photophysics in Fullerene versus Nonfullerene-Based OPDs

	Conclusion
	Experimental Section

	Conclusion and Further Work
	Conclusion
	Further Work

	List of Publications
	Bibliography
	Appendix
	Full Chemical Names
	Nonfullerene Acceptors: a Short Review of Molecular Design
	Improving Stability in Bulk Heterojunction Organic Photovoltaics via Selenium-Substituted Nonfullerene Acceptors - Supporting Material
	Light-Intensity-Dependent Photoresponse Time of Organic Photodetectors and its Molecular Origin - Supporting Material
	Nonfullerene Acceptor Dilution as a Facile Strategy for Device Optimisation towards High-Efficiency Solution-Processed Bulk Heterojunction Organic Photodetectors - Supporting Material


