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Abstract

Organic semiconductors have a huge potential for low cost, scalable, lightweight, flexible,

and semi-transparent electronic devices; which can revolutionize the semiconductor device

industry upon their technological maturity. Semiconducting properties and device per-

formances are critically dependent upon their molecular attributes such as conformation,

order, and vibronic coupling. In this respect, this thesis aims to identify the critical role

of molecular scale morphology on device performances (including efficiency and stability),

with the focus on molecular nanomorphology (includes molecular-level structures and pro-

cesses). Molecular vibrational Raman spectroscopy, photoluminescence, and several other

advanced structural/energetic probes are used extensively in conjunction with electronic

device characterizations to deduce the morphology and performance relationships in or-

ganic devices such as photovoltaics (OPVs), photodetectors (OPDs) and chemiresistors

(organic diodes) within the context of organic small molecules and conjugated polymers.

Firstly, the impact of a model polymer:fullerene nanomorphology on long term

device performances (i.e. operational stability) is investigated demonstrating that fine-

tuning the nanomorphology of the photoactive layer of OPV devices is vital not only

for power conversion efficiency but also for operational stability. The study proposes

that a thermal annealing preconditioning of a general polymer:fullerene layer below the

molecular scale phase segregation temperature (Tps) is essential to develop a stable bulk-

heterojunction (BHJ) morphology for improved operational stability whilst maintaining

optimum efficiency.

Secondly, molecular morphology and associated photophysics of highly inter-

mixed all small-molecule BHJ blend system comprising of a novel dipolar donor and

buckminsterfullerene yielding state-of-the-art OPD performances are investigated. It is

found that such highly intermixed small molecule blends morphology is poorly optimized

for OPV operation due to dominant geminate recombination and strong emissive charge-

transfer states, however, it shows high photocurrent generation for OPD operation due to

efficient field-driven dissociation of interfacial charge-transfer (CT) states. The molecular

conformation of the dipolar donor critically determines the device energetic landscape and

thus the device parameters such as dark current, CT state binding energy, and photore-
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sponse time. The study highlights key differences in ideal BHJ morphology required for

optimum OPV and OPD operations. While OPVs require a fine balance of mixed and

pure phases via optimized donor/acceptor phase segregations, OPDs can be efficient even

when entirely finely mixed.

Finally, the electronic properties of organic diodes comprising of a model π-

conjugated polymer blended with several modified ionic liquids (MIL, solid-state in room

temperature) is investigated revealing an application as chemiresistors; showing sensitive

and selective detection of polar and non-polar chemical analytes; operating at low power

(µW) and room temperature. The study proposes that molecular-level electrochemical

doping of the π-conjugated polymer by MIL is responsible for the conductivity tuning of

the diode while gas-specific interaction between the polymer and MIL results in specific

transduction of the dielectric environment into specific electronic signals.

This thesis highlights the key role of molecular properties responsible for deter-

mining the operational mechanism of the associated organic electronic devices. As such,

optimizations at the molecular scales are paramount which can include new molecular

structural designs, more compatible organic blends, or conformational optimizations at

molecular heterointerfaces.
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Chapter 1

Introduction

In the advent of 21st century, the demand for semiconductor devices offering universal

reach and versatility has exponentiated owning to the rapidly advancing technology. In

this respect, organic semiconductors offer unique advantages compared to the conven-

tional (and dominant) inorganic semiconductors (mainly Si-based), specifically: low-cost,

synthetically tunable optoelectronic property, low-temperature fabrication, fabrication

on flexible substrates, lightweight, and scalable.1–5 Organic semiconductors are solution

processible, dissolve in many common organic solvents, and allow large-area roll-to-roll

manufacture. They also offer potentials for novel organic-inorganic hybrid integrations.6

Additionally, the unique physical properties of organic electronic devices such as flexible,

lightweight, semi-transparent, and colourful have applications in niche markets including

portable gadgets and robotics.7–11

Organic semiconductors span a huge range of electronic devices including pho-

tovoltaics, photodetectors, transistors, light-emitting diodes, and chemical / biological

sensors.12–15 Initial phases of commercialization have already begun, specifically for or-

ganic photovoltaics, organic light-emitting diodes, and organic transistors; due to rapid

progress and excellent achievements in research. Concerning light energy harvesting de-

vices like organic photovoltaics (OPVs), the power conversion efficiency has improved

significantly in the last 5 years, reaching near-saturation levels at present. For instance,

while OPV efficiency beyond 12% was difficult to achieve circa 2015,16 recently, studies

21
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have reported certified efficiency of beyond 17% even for OPV utilizing a single-junction

bulk-heterojunction structure (as of early 2020).17 OPVs are tending towards achiev-

ing third-generation photovoltaic technology (characterized by high-efficiency and low-

cost),18,19 however, major bottlenecks has been the limitations in operational stability.

On the other hand, organic photodetectors (OPDs) have been attractive to industries

due to the inherent ability of organic materials to be synthetically tuned or blended for

required narrowband or broadband detection in the UV-Vis-IR spectral regions. OPDs

have even surpassed inorganic based (mainly Si and Ge) photodetectors in terms of certain

figure-of-merits such as dark currents, detectivity, and photoresponse times.20 Likewise,

concerning organic sensors, the organic molecules offer unique intermolecular interactions

with the specific analyte (based on the functional units of its molecular structures), yield-

ing inherently high levels of selective detection; making them very attractive to practical

sensing applications. Thus, organic electronic devices have huge potential, however, crit-

ical research is still required to realize the true potential of organic semiconductors and

achieve technological maturity. Some of the major drawbacks are material complexity

(due to a huge selection of organic molecules), lower device performance (such as power

conversion efficiency, charge transports, and responses), and low stability.

1.1 Thesis Outline

The device performance of organic semiconductors is defined by their molecular-level prop-

erties (including structures and processes), mainly due to the molecular nature of their

electronic structures. Our study adds on the current understanding of connecting molec-

ular nanomorphology with device performances of the organic electronic devices, with

emphasis given on the experimental observations in-situ device operations via advanced

structural probes (such as molecular vibrational spectroscopy). We study a range of de-

vices, mainly, organic photovoltaics (OPVs), organic photodetectors (OPDs), and organic

chemiresistors (OCs, two-terminal diodes); all centrally connected by the investigation of

molecular nanomorphology and subsequent device function within the context of organic

small molecules and conjugated polymers. The outline of this thesis is presented below.
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Firstly, Chapter 2: Literature Review gives a brief overview of organic semi-

conductors, highlighting bulk-heterojunction structure and molecular nanomorphology.

A background to OPV, OPD, and OC is provided with discussions of the research in-

terests relevant to our study (including current understanding and information gaps).

Then, Chapter 3: Experimental Methods gives details of all the experiments and device

fabrications performed in our study, after which the results chapters are presented.

Chapter 4 investigates the impact of fine-tuning the nanomorphology of the

photoactive layer of OPV on the operational stability, by utilizing a model conjugated

polymer:fullerene bulk-heterojunction blend. We use thermal annealing as a tool to tune

the morphology into different initial states and study the impacts on device efficiency

and operational stability. Here, Raman signatures of device degradations offer direct

evidence of molecular origins of degradation processes. Chapter 5 performs a study of

molecular morphology and associated photophysics of a high-performance OPD utilizing

all small-molecule bulk-heterojunction blend. We identify a link between the molecular

conformation of the small-molecule and their energetics which consequently impact their

macroscopic device properties such as faster photoresponse times. Chapter 6 investigates

the electrical properties of a typical π-conjugated polymer, where conductivity tuning by

orders of magnitude is shown by blending with modified ionic liquids (MIL, i.e. ionic

liquids in solid-state). Such blends show the ability for sensitive and selective detection of

chemical analytes via distinct current responses. Here, Raman signatures during device

operation offer direct evidence of molecular-level operational mechanisms.

Finally, Chapter 7: Conclusions and Further Works summarizes the most im-

portant findings of our study along with the details of further works that can be followed

based on the results obtained.



Chapter 2

Literature Review

In this chapter, some of the essential reviews on organic semiconductors, including bulk

heterojunction (BHJ) structures (and functions) are presented. An overview of organic

electronic devices is laid out with a brief background on the operational principles of the de-

vices, all of which are centrally connected by investigations of the molecular nanomorphol-

ogy (molecular-level structural properties and processes). Emphasis is given on structure-

property-performance investigations of the organic semiconductors. Areas of research in-

terests (relevant to this thesis) are highlighted with current understanding and information

gaps in the literature. Towards the end, a brief theoretical background and literature review

on Raman spectroscopy (the molecular vibrational spectroscopy used exhaustively through-

out this thesis to investigate the relationships between molecular structures and device

performances) are presented.

24
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2.1 Organic semiconductors

Organic semiconductors are carbon-based small molecules or polymers with semiconduct-

ing property due to their π-conjugation, which arises from the alternation of carbon-

carbon single (C-C) and double (C=C) bonds. Origin of their semiconducting property

is well understood,21–23 and at the fundamental level, is due to the sp2-hybridization of

atomic orbitals when a double bond forms between two carbon atoms as illustrated in

Figure 2.1a. The sp2-hybridized orbitals of adjacent carbon atoms form a strong σ bond,

however, it is the overlapping of the unhybridized pz orbitals forming weaker π-bonds

(located above and below the σ bond) that are responsible for producing the semicon-

ducting property as shown in Figure 2.1b. Such interatomic overlapping of pz orbitals

can interact in-phase (constructive overlaps) and out-of-phase (destructive overlaps) to

produce π bonding and π* antibonding molecular orbitals respectively, which forms the

lowest-energy gap (Eg) between the occupied and unoccupied molecular orbitals.

Figure 2.1: (a) sp2 hybridization in carbon atom. (b) Schematics of sp2 hybridization

in ethene (C2H4). (c) Schematics of energy levels of atomic and molecular orbitals of

π-conjugation in carbon chains with different lengths n. Eg represents the electronic

bandgap.

Figure 2.1c shows the effect on the electronic structure of the molecule when

the number of carbon atoms (n) is increased to form a chain. Here, n sp2-hybridizations
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occur forming n molecular orbitals and concomitantly a range of in-phase and out-of-

phase overlaps occur, extending across the whole conjugated chain. As n becomes larger

(tending to infinity), the π and π* molecular orbitals form quasi-continuous energy levels

analogous to the band picture in inorganic semiconductors. The frontiers of such en-

ergy levels: valance and conduction bands are termed highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) respectively in case of organic

semiconductors. Increase in n leads to further splitting of π and π* orbitals resulting in

smaller Eg (= ELUMO - EHOMO). As such, Eg can be tuned as required between 1.1 - 3.0

eV, thus producing semiconducting property essential for required optoelectronic applica-

tions. The π-conjugated system of real organic semiconductors comprises of alternating

C-C and C=C instead of the non-dimerized chain of equidistant C-C (see Figure 2.1c). In

such cases of dimerized chains, the electronic bandgap is distorted and correctly calculated

by Peierl’s transition.24

Attraction of organic semiconductors.

The abundance of carbon, their chemical property allowing huge synthetic freedom for

energetic tuning, and their unique physical / mechanical properties make organic semi-

conductors very attractive in technological fields expanding photovoltaics, light-emitting

diodes, transistors, and sensors.12–15 One of the main advantages of organic semicon-

ductors is the low-cost, owing to solution processability (dissolves in common organic

solvents), making them viable for standardized roll-to-roll device fabrications, large-scale

production, and use of low-cost substrates.25–28 The materials cost of organic semiconduc-

tors are dependent on their synthesis protocol,29 but generally, the cost decreases rapidly

as the chemical processes are scaled up with demands. Likewise, the extrinsic factors to

cost such as device fabrications, transportation, installation, and repair all contribute to

high prices for traditional inorganic based semiconductors, while, organic semiconductors

excel in these areas due to properties like light-weight, flexible, and ease of integration

with other electronic devices.

As an outline of the potential low cost of organic semiconductors, we can consider

the market based on organic photovoltaics (OPVs). Photovoltaic (PV) technology is

projected to deliver a considerable portion (16%) of global electricity by 2050,30,31 amongst

the growing need to supplement the fossil fuels industry and decarbonize the energy
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economy.32 Presently, PV technology is dominated by crystalline Si (c-Si), over 90%, and

remarkably huge capital is invested in reducing the material cost33,34, making them cost-

competitive with commercial electricity markets. In this respect, OPVs are emerging

PV technology beyond c-Si and are tending to achieve true third-generation photovoltaic

technology that offers thin films and significant reductions in cost per Watt (≈ 20% of $

1/W level of second-generation PVs).19 These are all due to the aforementioned unique

properties of organic semiconductors, including the cost contribution due to the extrinsic

factors (Balance of Systems, BOS).29,30,35 Thin film approach is intrinsic to OPVs due to

inherent strong absorption coefficients (> 105 cm−1),36 allowing novel applications such

as integration in buildings.

In addition to low-cost, organic semiconductors offer the potential for novel inte-

grations and applications. Researches in organic-inorganic hybrid devices are gaining trac-

tion where the optoelectronic properties complement one another.6 Moreover, the unique

property such as flexibility, semi-transparent, colorful, etc. make organic semiconductors

versatile for numerous applications,7,8 including niche markets such as electronic gadgets

and robotics.9–11 However, being an emerging technology, organic semiconductors are still

in the research phase. Currently, the major criteria for research are device efficiency and

stability. The electronic and optical properties of organic semiconductors are entirely de-

termined by their molecular property, as such, this thesis is dedicated to understanding

the molecular-level properties like morphology and device performance relationships.

2.1.1 Molecular nature of electronic structure

The electronic structures of organic semiconductors are due to individual molecules as

opposed to the dominant crystalline inorganic semiconductors whose electronic structures

are due to the crystal lattice, thus, there are major consequences in the nature of charges,

their generation, and transport in organic semiconductors. The excited species (excitons,

polarons) are localized to the molecule and the transports are limited by hopping between

molecular states, thus, the optoelectronic property is critically determined by molecular

morphology (such as structures, conformations, order, and packing).
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Figure 2.2: Schematics showing the frontier energy levels HOMO and LUMO comparing

ground state (GS) and excited states: Singlet exciton (S), Triplet exciton (T), electron

polaron (e− P), and hole polaron (h+ P).

Neutral excited states: Excitons

A photon of energy greater than the optical bandgap of the organic semiconductor can

excite an electron from HOMO to LUMO and form an electron-hole pair called exciton

(refer to Figure 2.2).37 The inherently low dielectric constant of organic semiconductors

(ε of 2 - 4), electron-lattice interaction, and electron-electron interaction render a weak

screening of the Coulombic attractive force between the electron-hole pair resulting in

large binding energies of 0.3-0.5 eV.38–40 These excitons are localized within a radius of

≈ 10 Å, normally onto a single molecule or across adjacent molecules.41 Such strongly

bound and molecularly localized excitons are termed Frenkel type excitons.42 The normal

room-temperature thermal energy of ≈ 0.025 eV is not sufficient to dissociate these exci-

tons. In contrast, inorganic semiconductors have Mott-Wannier type excitons which are

delocalized across the crystalline lattice; the low binding energy (≈ 0.05 eV) of which is

due to large dielectric constants (> 10).43,44 The molecularly localized excitons in organic

semiconductors are often associated with molecular lattice rearrangements to accommo-

date the local charge imbalances (electron-phonon coupling). As such, the relaxation of

molecular lattice to stabilize the exciton results in shifting of the energy levels into the

bandgap compared to the ground state (refer to Figure 2.2).

As discussed above, excitons are localized within a small radius, typically onto

a single molecule or across adjacent molecules. Regarding the latter case, intermolecular
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excitations on π-conjugated polymers are possible, which can form excimers (electron-hole

pair formed across same molecular species) or exciplexes (electron-hole pair formed across

different molecular species).45 These species have charge-transfer nature where electron

and hole are delocalized spatially across inter molecules. Exciplexes can also form at

the intermolecular heterojunctions following a change separation process of an exciton

from one molecule to another, in which case a geminate electron-hole pair collapse into

exciplex.46,47 Likewise, charge-transfer like intramolecular excitons can also form, typi-

cally in donor-acceptor type π-conjugated co-polymers.39 These charge-transfer natures

of excitons have a direct impact on the generation of free charge carriers mainly owing to

reduced Coulombic attraction due to the spatially delocalized state. They are generally

characterized by frequency red-shifts in the absorption and emission spectra.

Excitons can also form by the introduction of oppositely charged particles via

contact-electrodes (as opposed to optical transitions), where the injected charges diffuse

through the semiconductor bulk to find the opposite pair. The difference lies in the spin

states, where both singlet and triplet states are possible for electrically injected species

while only singlet excitons are formed by optical transitions. Electrically injected charge

carriers are primarily introduced into the frontier energy levels while the optical tran-

sitions are normally higher than the bandgap threshold where excitons thermalize in

sub-picoseconds to reach the low-energy configuration depending on the physical charac-

teristics such as the morphology of the organic semiconductor.39 Such discrepancy between

optically and electrically introduced excitons are generally investigated by comparing elec-

troluminescence and photoluminescence (the processes of photon generation from charge

carriers).

Charged excited states: Polarons.

Charged species can form in organic semiconductors upon oxidation / reduction (for in-

stance via chemical dopants), dissociation of excitons into free charge carriers, or injection

of charge carriers from contact electrodes. For organic semiconductors, these charge carri-

ers (electrons or holes) are coupled with molecular lattice distortion, the combined quasi-

particle is termed polarons (electron polaron or hole polaron as shown in Figure 2.2).48

Similar to excitons, the lattice distortion created by electron-phonon coupling stabilizes

the polaron resulting in shifting the HOMO and LUMO levels into the bandgap com-
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pared to the ground state. Thus, polarons are generally identified by strongly red-shifted

absorption bands in the near-IR regions.49

Charge transport in organic semiconductors.

Charge transport for organic semiconductors is characterized as “hopping transport” (i.e.

a sequence of non-coherent charge transfer from one localized energetic site to another),

resulting in inherently low charge transfer rates (thus, low charge carrier mobilities) com-

pared to “band transport” (i.e. a coherent charge transport within a band of states

constructed from frontier energy levels) present in inorganic semiconductors.50–52 For in-

organic semiconductors, due to high ordered lattices, the intersite interaction energy due

to strong electronic interactions dominate over other energies due to static or dynamic

disorders, thus, charge carriers delocalize over the transport band and can propagate via

scattering within lattice vibrations.50,53,54 In contrast, organic semiconducting materials

are characterized by disorder, including static (morphological structures, intermolecular

distances) and dynamic (electron-phonon coupling).50 Such disorders create molecularly

localized energetic sites rather than delocalized transport bands.

The transport of excited states in organic semiconductors involves intersite hop-

ping together with distortion of the molecule and its environment, thus, reorganization

energy (λ) plays a major role. λ consists of summation of two parameters: inner (λi)

and outer (λo) reorganization energies. λi refers to energy associated with intramolecular

distortion (e.g. bond lengths, dihedral angles) when an electronic charge is added into the

molecule, whereas, λo refers to intermolecular displacements and polarization of surround-

ing medium.42,55 As discussed previously, the strong electron-phonon coupling results in

strong molecular lattice distortions in organic semiconductors for both excitons and po-

larons. For the neutral excited species: excitons, the intersite hopping transport occurs

via energy-transfer processes (defined by Forster and Dexter energy transfers).42,55 These

excitons can migrate into an interface where electron transfer can occur that dissociates

the excitons and forms charged excited species: polarons (electron and hole polarons).

These polarons also transport via intersite hopping (transport involving thermal activa-

tion or tunneling) called polaronic transport. The rates of transfer (both energy and

charge) can generally be described by similar mathematical treatments as they are driven

by similar electron-electron and electron-vibration couplings.55 The well-accepted treat-
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ment is via Marcus theory of electron transport, which depends on the reorganization

energy (λ), electronic transfer integral (affected by disorders in configurations such as

molecular packing), and the energy difference between initial and final state (affected by

disorders in conjugation lengths, defects, and electrostatic interactions).55

Polaronic transport occurs when the dynamic disorder (related to the strength

of electron-phonon coupling) is dominant.42 For the cases where static disorder (related

to morphological structures, intermolecular distances) is dominant, the hopping transport

is generally described as disorder-controlled transport, where the well-accepted descrip-

tion of the hopping rate is by Miller-Abrahams model.51,52 The morphology of organic

semiconductors range from polycrystalline, semi-crystalline and amorphous.56,57 Inherent

disorders in organic semiconducting materials are due to factors such as disorder in the

molecular structure and conformations, distribution of molecular weights (for polymers),

and a range of physical and chemical defects. Such disorders lead to a distribution of intra-

band energy states located between the frontier levels (conduction and valance bands),

termed tail states, which are generally modeled by Gaussian distributions.58,59 Such tail

states are detrimental to charge transport.60 Generally, the hopping mobility (µ) is de-

duced by µ = v/F , where, v is the velocity (determined by hopping rate Rij between

two sites i and j) and F is the field associated with the driving force.

2.1.2 Bulk-heterojunction structure

One of the main structures investigated throughout this thesis is the bulk heterojunc-

tion (BHJ) blends of various organic semiconductors (polymers and small molecules).

As discussed previously, the strongly bound excitons do not dissociate readily at nor-

mal room-temperature thermal energy, instead, they have short lifetime leading to short

diffusion lengths (< 20 nm for a typical polymer).61 Thus, typically an organic-organic

molecular heterointerface (see Figure 2.3) is introduced for efficient dissociation of ex-

citons into free charge carriers, utilized in light energy harvesting devices like organic

photovoltaics (OPVs) and photodetectors (OPDs). Herein, we provide a brief overview

of the BHJ structure.
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Figure 2.3: (a) Type-2 heterojunction between two different organic semiconductors

with energetic offset ∆E. (b) Bilayer heterojunction structure, effective only within ≈

20 nm interface thickness (c) An idealized comb-like heterojunction for optimum exciton

dissociations and free charge carrier transports. (d) Bulk-heterojunction that offers a

practical balance between the bilayer and the idealized structure.

Brief History.

The concepts of heterojunction were first initiated in the 1950s with experiments such

as sensitization of semiconductors by dyes.62,63 However, it was only around the 1980s

when organic electronic devices, specifically, organic photovoltaics (OPVs) were realized

to be of potential technological significance with researchers such as Tang et al. achieving

1% power conversion efficiency using bilayer organic devices (where the heterojunction

between electron donor and acceptor is formed at the interface between two layers, see

Figure 2.3b).64 The operational mechanism was understood to be an exciton diffusion and

dissociation at the heterointerfaces allowing free charge carriers generation, which are ex-

tracted by the contact-electrodes. Around the 1990s, the concepts of bulk-heterojunction

(BHJ) were realized, which involves a mix of the donors and acceptors across the whole

bulk of the layer thus forming an organic blend system.63,65–67 As shown in Figure 2.3d, the

BHJ structure ensures that excitons formed in the bulk can readily find a heterointerface,

meaning, sufficient thicknesses > 100 nm are possible. To this day, the BHJ morphology

has proved to be the state-of-the-art structure, for instance, single-junction BHJ OPVs

are approaching an unprecedented 18% efficiency mark as of early 2020.17
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BHJ morphology optimizations.

As shown in Figure 2.3a, a type-2 heterojunction comprises of electron donor and electron

acceptor materials, where the electron affinity of the acceptor material is relatively larger

(i.e. electron acceptor has deeper LUMO), and, hole affinity of the donor material is

relatively larger (i.e. electron donor has shallower HOMO). Here, the energetic off-set

(∆E) at the heterointerface favors the dissociation of excitons into electrons and holes,

which is generally required to be of comparable magnitude to the exciton binding energy

(0.3-0.5 eV).68–70 However, recent studies have shown efficient charge generations even

in bulk-heterojunctions with minimal ∆E.71 BHJ morphology optimizations are one of

the forefront research fields, with a multitude of strategies developed to fine-tune the

morphology for the sole aim of improving charge generation efficiency. A three-phase

morphology is generally desired for an efficient OPV operation, where the BHJ blend

system comprises of a well-intermixed phase (where excitons can dissociate efficiently) and

two pure domains (where dissociated free carriers are efficiently transported to respective

contact-electrodes).57,72

Difficulties associated with BHJ structure.

Given a multitude of organic blend systems, strategies of achieving the correct nanomor-

phology is intensive and the sheer complexity renders empirical determinations the only

the practical solution to control the BHJ morphology in thin films. Some of the well-

established techniques involve blend ratio manipulation, solvent formulations, chemical

additives, films deposition and drying techniques, solvent treatments and thermal an-

nealing.4,5,73–76 Organic semiconductors are soft materials and held by weak Van der

Waal intermolecular forces as opposed to strong covalent bonds in inorganic semiconduc-

tors. Additionally, the blend mixes are always thermodynamically favored to segregate

/ demix, often termed spinodal decomposition. Due to all the aforementioned factors,

developments of nanomorphology are complicated and may not scale up, a particular

problem when moving from lab-based to industrial-scale research. Likewise, some novel

approach like co-evaporation of organic blends have high reproducibility and attractive

to nano-device industries, however, the necessary three-phase morphology is very difficult

to achieve, where instead a well-intermixed system is naturally formed.77 For cases like

this, researches are focussing on other structures like multiple single cascading layered de-
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vices.78,79 The BHJ morphology is susceptible to morphological degradations and strongly

impacted by environmental factors like temperature, light, oxygen, and humidity.80–85

2.1.3 Charge-transfer states

As discussed previously, free charge carrier generation requires dissociation of the strongly

bound excitons which can be assisted by intermolecular heterojunctions. Excitons diffuse

through the semiconductor and if they reach a type-1 heterojunction, a straddling gap

(i.e. favors both electrons and holes, see Figure 2.4a), then an exciton transfer process

occurs, termed energy transfer. Such processes are associated with energy losses during the

transfer whist the excitons are still strongly bound in the molecule. However, if excitons

reach a type-2 heterojunction as illustrated in Figure 2.4b, a large fraction of an electronic

charge is transferred from an electron donor molecule to the electron acceptor molecule,

forming a lower energy neutral-intermediate called charge transfer (CT) state.86,87 The

energy loss is a necessary sacrifice to be made at the heterojunction, however now, the

CT state is spread across donor-acceptor molecule yielding lower binding energy, allowing

effective dissociation into free charge carriers.

Figure 2.4: (a) Type-1 heterojunction (straddling gap). (b) Charge-transfer (CT) state

located at the Type-2 heterojunction. (c) Schematics of different pathways involved in the

formation of charge-separated (CS) states. D* is optically excited donor molecules and

k is the rate constants for various processes: thermal relaxation, direct charge separation

from excited state (*cs) and CT state (cs). b is adapted from literature.88
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The nature of interfacial CT states and their influence on free-carrier generations

are strongly dependent on the material blend system. Some studies suggest that the main

pathway of free charge formation is from high energy excited CT states, where excess en-

ergy transferred from singlet exciton assists in CT state dissociation into free carriers.89–91

Other studies suggest that low energy thermalized CT states (CT1) are the main precursor

for free charge formation, where the nature of the CT manifold (strongly or weakly bound)

determines the efficiency of CT state dissociation.88,92,93 Formation of either bound or un-

bound CT states are strongly determined by the local microstructure, where factors such

as CT state de-/localization and stabilizations of free charge carriers after CT state disso-

ciation are critical.94–96 The activation energy (Ea) of CT states for organic-based blends

are strongly dependent on the material systems and experimental measurement tech-

niques; where typical values range between tens and hundreds of meVs.92,97–101 However,

efficient polymer:fullerene systems (with optimized phase-segregation and delocalized CT

states) have Ea comparable to or below room-temperature thermal energy, leading to

field-independent photogeneration of charge carriers. Strongly bound and strongly local-

ized CT states limit separation and dominantly geminately recombine, a loss mechanism

to charge photogeneration.

The characterization of charge-transfer electronic states has been built upon the

foundation of a two-state model involving charge-transfer state and ground state, how-

ever recently, a three-state vibronic model is gaining traction that can reliably explain

the CT optical features and avoid erroneous interpretations.102 This three-state vibronic

model considers electronic and vibrational couplings with the lowest local donor or ac-

ceptor excitonic states and rationalizes the hybridization between local-excitonic state

and charge-transfer state.103–105 Studies have identified that the low energetic offsets be-

tween the donor and acceptor states result in such hybridizations between excitonic and

charge-transfer state directly leading to strong suppression of non-radiative voltage losses,

explaining the high power conversion efficiencies shown by these low energetic offsets bulk-

heterojunction devices.102,106 However, these hybridizations also lead to increases in the

CT state emissions (a radiative loss route) suggesting that acquiring low non-radiative

losses comes with the cost of high radiative losses,107 as such, a balance is always required

that is highly dependent on the material blend system.
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2.1.4 Overview: Molecular nanomorphology

In the context of this thesis, an explicitly stated “Molecular nanomorphology” means the

structure and conformation of the organic molecules (here, π-conjugated polymers and

small-molecules), which evidently determines all its intramolecular properties as well as

intermolecular order, packing, and orientation (with respect to each other or substrates).

As discussed in the previous sections, the optoelectronic property (absorption, emission,

charge generation, charge transport, etc.) of organic semiconductors is critically deter-

mined by the molecular nanomorphology, primarily owing to the molecular nature of the

electronic structures.

The structure-property-performance are intricately related, and many studies are

dedicated to understanding their link in regards to various organic semiconductor devices

such as photovoltaics (OPVs), photodetectors (OPDs), field-effect transistors (OFETs),

and diodes (ODs).3,108–110 Utilization of blends of two or more materials is common for

organic devices like OPVs and OPDs for efficient generation of charges. In such cases,

control of relative blend morphology in sub-micron scales is critical and many studies

have identified the direct relation between the blend morphology and performances like

power conversion efficiency or mobility.4,75,111,112 Studies have developed many strategies

for optimizing the sub-micron scales morphology (single layer or blend) to achieve best

performances such as substrate templating, thermal / solvent annealing, surface passi-

vation, use of chemical additives, and trialing with different fabrication protocols.4,5,73–76

Currently, however, there is a growing interest in the understanding of molecular-level

properties and processes. Due to the advent of advanced structural and molecular vi-

brational probes (which allow non-invasive measurements in-situ operating devices), the

understanding of the molecular origin of device operations has become a highlight for

many studies. In this respect, our thesis deals with molecular nanomorphology and their

relationship with device performances.

In the following sections, we discuss the main organic electronic devices studied

in this thesis: organic photovoltaics (OPVs), organic photodetectors (OPDs) and organic

chemiresistors (OC, two-terminal organic diodes), all of which are centrally connected by

investigations of the molecular nanomorphology, specifically, molecular-level structural
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properties and processes. Specific research interests (relevant to this thesis) regarding the

molecular nanomorphology are reviewed, where, the current understanding, information

gaps, and the importance of performing molecular-level studies are highlighted.

2.2 Organic photovoltaics

Organic photovoltaics (OPVs) are light energy harvesting devices employing organic semi-

conductors as the photoactive material. With inherently high absorption coefficients in

the visible spectrum (maximum of ≈ 105 cm−1), the organic semiconductors can harvest

a large fraction of light even at thin films of < 100 nm, thus allowing thin-film tech-

nologies which are very attractive to industries.36 Researches are focused on OPVs for

outdoor applications (at ≈ 1 sun intensity, i.e. 100 mW cm−2), and due to their unique

physical properties, OPVs can be integrated into building windows (semi-transparent

and colorful), roofs (lightweight), vehicles, and accessories including gadgets (flexible and

nano-scalable). Studies have also shown OPVs for indoor applications at low light inten-

sities (< 1000 lux) particularly used for powering low energy-grade devices.113,114 With all

these applications and a great potential for low-cost energy harvesting technology, OPVs

play an integral role in both environment and economy.

2.2.1 Structure and operation

OPVs are generally fabricated in a layer-by-layer structure, where the photoactive layer

is sandwiched between two electrodes with some additional interlayers to assist charge

extractions or block opposite charges.115 To allow the light into the device, one electrode

is transparent; generally metal oxides (of transparencies > 80% and high conductivities)

like indium tin oxide (ITO) or fluorine-doped tin oxide (FTO). As discussed in the above

sections, the BHJ blends of photoactive layers are generally used. The capping electrodes

are generally metals (such as Ag, Au, Al), with strong optical reflectivity to ensure a

second pass back into the device.
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Figure 2.5: (a) Typical current-voltage (JV) characteristics of an organic photovoltaic

diode showing scans under dark and light at ≈ 1 sun intensity. The square represents

maximum extractable power (Pmax) and gives measure of FF = Jmax·Vmax

Jsc·Voc . (b) An equiv-

alent circuit diagram of a real solar cell where series resistance (Rs) and shunt resistance

(Rsh) represent parasitic resistances associated to loss pathways in a real device.

Device efficiency.

Device operation follows 4 major steps:39 (1) exciton formation by absorbed photons,

(2) free-charge formation by exciton dissociation generally at the heterointerfaces, (3)

transport of charge carriers to respective electrodes and (4) extractions of charge carriers.

Majority of researches are dedicated to understanding and improving the efficiencies of

these 4 methods, the final performance of which are generally tested by the current-voltage

(JV) characteristics. Device JV under illumination can deduce the power conversion

efficiency (PCE) and given by:

PCE =
Pmax
Pi

=
Jsc · Voc · FF

Pi
(2.1)

where Pmax and Pi are maximum power output and incident power respectively, Jsc is

the short-circuit current density, Voc is the open circuit voltage and FF is the fill factor.

FF reflects the ideality factor of the JV curve and is the ratio of maximum power to

theoretical power, i.e. FF = (Jmax · Vmax) / (Jsc · Voc). Figure 2.5a shows a typical JV

curve of ≈ 7% efficient polymer:fullerene OPV in dark and light at 1 sun (i.e. 100 mW

cm2) incident intensity. The efficiency of extracted current density (J) with respect to

the incident photon flux is quantified by external quantum efficiency (EQE) and given
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by:

EQE =
J

e φph
(2.2)

where e is the elementary charge and φph is the incident photon flux density.

Current-voltage characteristics.

Real solar cells are electrically represented by the equivalent circuit as shown in Figure

2.5b, which considers the power losses due to resistances at contacts or current leakages

through the bulks. Thus, the current-voltage (JV) relation in a real device is defined by

a modification to the ideal Shockley diode equation as follows:116,117

Jdark = Jo

[
exp

(
e(V − JARs)

nikBT

)
− 1

]
− V + JARs

Rsh

(2.3)

where, Jdark is the dark current density, Jo is the reverse bias dark saturation current, A

is the device area through which the current flows, V is the voltage, Rs and Rsh are series

and shunt resistance respectively (also called parasitic resistances), ni is the ideality fac-

tor, T is the temperature, kB is the Boltzmann’s constant and e is the elementary charge.

When photocurrents (Jph) are generated by illumination, they can be implemented into

the equation giving Jlight = Jdark − Jph. Rs is generally associated with semiconductor

conductivity and contact resistances, while, Rsh is generally associated with leakage cur-

rents due to physical defects.117 Both Rs and Rsh determines the shape of the JV curve

and thus directly contribute to FF . For an optimized device, a minimum Rs and a large

Rsh is essential as can be seen in Equation 2.3. The ideality factor (ni) measures the

deviation of voltage dependence of the real diode from the ideal case and is generally

determined by the charge recombinations in the device.118

As discussed previously, studies have shown that current density (J) of devices

is directly linked to the BHJ morphology, where a balance between well-mixed and pure

domains of the blend moieties are necessary. Likewise, Voc, which is the measure of quasi-

Fermi level splitting at near-flat bands, is mainly limited by the interfacial energy gap

between the HOMO of donor and LUMO of the acceptor, the recombination dynamics at

the interfaces and energetic alignments at interlayer contacts.119 FF , on the other hand,

is not well understood and comprise of a mix of effects; linking with current densities,

voltages, and parasitic resistances.120
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2.2.2 OPV Research Interests relevant to our study

There are three main branches of research focus concerning OPVs: efficiency, stabil-

ity, and processing.121 From the National Renewable Energy Laboratory (NREL) chart

for research-cell efficiencies,16 we can see that until 2015, the efficiency mark of beyond

12% was difficult to achieve, however, as of early 2020, the efficiency has achieved the

18%17 level by a single-junction BHJ OPV. OPV efficiencies have almost achieved near-

saturation. Since last 10 years, the research focus on the stability of OPV are gaining

significant attention.83,121–123 The low-cost of OPV technology (including fabrication costs

and balance of system costs) means that industries can reach a break-even point with

decent efficiency provided good stability. However, understanding stability is very com-

plicated and the difficulty is exponentiated owing to lack of standardizations of testing

across different research groups. The milestone for stability research was achieved in 2011

at the International Summit on OPV stability (ISOS) where stability testing standard-

ization was defined.124 Reviewing the achievements regarding stability, the Ts80 (time for

efficiency to reach 80% of the initial stabilized levels) for various OPVs has improved from

just under a few days in the early 2000s to over a few years in last five years.125,126 In com-

parison, the inorganic crystalline Si-based solar cells have over 25 years of stability. Weak

intermolecular forces holding the blend system, susceptible to photo-oxidations, and ther-

modynamic nature of mixed materials to phase-segregate are some of the main reasons for

unstable organic-based photoactive layers, thus, environmental factors like temperature,

light, oxygen, and humidity; all contribute to degradations.80–85 The research is in no way

as extensive as in the field of efficiency, however, is growing rapidly with the advent of

new materials, better stability rigs and novel in-situ probing techniques.

Burn-in degradation is a hot topic in OPV stability, which was formally intro-

duced around the last decade to better understand the complicated PCE degradation

profiles of OPVs.125,127–130 Analyzing the huge database of empirically obtained degra-

dation profiles of a multitude of OPV systems, researchers identified a general pattern

of degradation: a typical degradation profile comprised of an initial rapid (almost expo-

nential) degradation phase followed by a stabilization (i.e. slow linear) phase.125,127 The

initial rapid degradation phase was defined to be the “burn-in” degradation. Burn-in
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degradations are normally few to hundreds of hours and contribute to > 20% loss of the

initial PCE, the extents of which are very dependent on the specific material systems.

Importance of understanding device stability at molecular levels.

One of the interesting prospects is the ongoing debate on the molecular origins of burn-in

degradation together with strategies for remedy. Literature has identified multiple origins

of burn-in degradations, some of which are discussed below.

One of the well-established origins is the light-induced traps, whose character-

istics depend on the molecular properties of organic materials. Heumueller et al. found

that such light-induced traps are located at the bulk of the photoactive layer and cor-

relate with burn-in losses of Voc for photoactive blends utilizing amorphous donor poly-

mers (in contrast, crystalline polymers were resistant to Voc losses even in the presence

of light-induced trap states).131 On the other hand, Kong et al. found that there are

inherent energetic traps on polymers due to polydispersity leading to spread of molec-

ular weights, where low and medium molecular weight species contribute to traps even

before light-induced effects.132 They isolated the high molecular weights and showed sub-

stantially improved stability in the burn-in phase. Reports have associated photoinduced

oligomerization of C60 or photoinduced dimerization of PC60BM with burn-in degradation,

generally observed via losses in Jsc.
133–135 In such cases, studies have shown considerably

reduced burn-in degradation upon replacing the PC60BM with bis-substituted PC60BM or

PC70BM (these molecules are known to be resistant against such photoinduced dimeriza-

tion).134,135 However, in contrast, some reports have shown the dimerization of PC60BM

(either via light treatments or chemically synthesized dimers) improves the morphological

stabilities and hence the device lifetimes.136–139 This highlights that burn-in degradations

are highly dependent on the material system where both active layers, as well as interlay-

ers, play an important role. Regarding comparison with non-fullerene acceptors, Cha et

al. showed that certain non-fullerene acceptors with planar conformations (like IDTBR)

show burn-in free degradation, while in comparison, OPVs using PC70BM acceptors show

strong burn-in losses attributed to photo-induced degradation of PC70BM (rather than

dimerization).140 Luke et al. showed that the initially conformationally planar acceptor

molecules (like IDTBR) are inherently more stable than the initially conformationally

twisted (like IDFBR).141 Many studies have shown that the burn-in degradation of non-
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fullerene acceptors based OPVs are directly related to their chemical structures (molec-

ular conformations and side chains).111,123,141,142 In this regard, the molecular-structure

and device stability is intricately related.123,143

Burn-in degradation is also connected to the morphology of the photoactive

blend microstructure. Li et al. have identified that spinodal donor-acceptor demixing

causes abnormally strong burn-in degradation in highly efficient OPVs, mainly observed

through the degradations in Jsc and FF.144 Such effect was attributed to the inherently

low miscibility of the organic molecules which causes immediate degradation at the initial

phase. Likewise, Du et al. showed that photo-aging leads to the breaking of conjuga-

tion and the side-chain modifications influence morphological stability.142 Studies have

revealed that small differences in microstructure critically determines the photo and ther-

mal stabilities.112,145 On the other hand, traps at the interlayer interfaces are also linked

to burn-in degradation. Kam et al. showed that surface modifications of the electron

transport interlayer ZnO improve the burn-in losses of Voc.
146

In summary, the burn-in degradation of OPVs has puzzled both the scientific

and industrial community, mainly owning to blend system dependence and involvements

of many environmental factors such as light, temperature, humidity, and oxygen. To bet-

ter understand this phenomenon, molecular origins need to be deduced by using direct

experimental measurements in-situ operating conditions. Chapter 4 of our study deals

with the utilization of molecular vibrational spectroscopy to understand the mechanics of

degradation from molecular view-point and experimental observation of molecular degra-

dation signatures. Here, we also develop a strategy to improve the burn-in degradation

phase by utilizing a thermal annealing preconditioning below a certain temperature limit

determined by molecular-level phase segregation temperature (Tps).
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2.3 Organic photodetectors

Organic photodetectors (OPDs) are photon-to-electron converting devices and operate in

the same principle as the OPVs (discussed above in Section 2.2.1). The critical differences

lie in the operational regime and application. While OPVs operate at the forward-bias

regime, mainly between the Jsc and Voc, OPDs operate under applied reverse biases, i.e.

high internal electric fields,20 as shown in Figure 2.6a. While OPVs generally operate at

high light intensities (≈ 1 sun intensity), OPD generally operates at low light intensities

(fractions of 1 sun).147,148

2.3.1 Structure and operation

Photon detection is the primary focus of OPDs, where, depending on the application

requirements, identification of the spectral resolution and detection of very low light

intensities are vital. The same modified Shockley diode equation (Equation 2.3) for Jdark

also applies to OPDs. However, due to the requirement of detecting low light levels, the

resolution between light and dark is the critical performance metric as opposed to PCE

for OPVs (where Jlight is several orders of magnitude higher than Jdark), as such photon

detectivity and responsivity are the key figures of merit.

Detectivity and Responsivity.

Specific detectivity (D∗) strongly depends on the dark current density (Jdark) and is given

by:108,149

D∗ =
R√

2 e Jdark
(2.4)

where, R is the responsivity and e is the elementary charge. This equation is simplified

from a more fundamental definition of detectivity D, which is the reciprocal of noise

equivalent power (NEP, the signal optical power yielding a signal to noise ratio of 1) and

given by:20,150 NEP = Snoise
√

∆f
R

, where Snoise is the spectral density of noise and ∆f is

the detection bandwidth (a reciprocal of carrier transit time across the device). Equation

2.4 considers the dominant noise source to be the shot noise only, while neglecting other

noise sources like Johnson noise, dielectric noise and flicker noise.20 The responsivity (R)
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is the photoresponse of the organic material, given by:20,149

R = (EQE)

(
e

Eph

)
(2.5)

where, Eph is the incident photon energy and EQE is the external quantum efficiency

(discussed previously in Equation 2.2).

Figure 2.6: (a) Current-voltage (JV) characteristics of an organic diode under dark

and light at ≈ 1 sun intensity. The points marked in the dark scans represent various

processes: (1) short circuit condition, (2) reverse bias and strong internal electric fields

applied against the direction of majority charge carriers, (3) flat-band condition at forward

bias which also lies at Voc and (4) strong forward bias above flat-bands causing strong

injections of majority charge carriers into the device. (b) A typical photocurrent light-off

characteristic of an organic photodetector, where the transient decay half-life is around

tens of µs.

Current density: Dark and Light.

Strong internal electric fields, as illustrated in Figure 2.6a (under reverse bias), are used

in OPDs to ensure an efficient charge extraction. OPDs aim to acquire lowest possible

Jdark and to date, the best records are around a tenth of nA cm−2, shown by polymer

and small-molecule systems.20 The origin of dark currents are not yet clearly understood

and studies have linked it with the photoactive layer morphology and energetic injection

barriers at semiconductors and contact electrode interfaces.147,151–154 Analogous to OPVs,

the photogenerated carriers can either be collected at electrodes or undergo recombination.

For organic semiconductors, a typical approach of defining the current density (J) is via

drift current (Jdrift).
50 Here, Jdrift = nsc e µ F , where, nsc is the charge carrier density, e
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is the elementary charge, µ is the carrier mobility and F is the applied electric field that is

responsible for the drift force. F is approximated by ∆V/∆L, where ∆V is the potential

difference and L is the length across the device). Photogenerated charge carriers have a

limited lifetime τ , which is determined by the non-geminate recombinations in the blends

(which depends on various factors such as mobility, temperature, electric field, charge

carrier density, and traps).155–157 Efficient extraction of photogenerated charges is only

possible if carriers are collected before recombination (i.e. L/µF < τ), thus, one of the

reasons why OPDs are operated under strong internal fields (F ).

Photoresponse time, LDR, and spectral resolution.

The photocurrent on/off response time is another critical parameter and very attractive

to industries investing in high frames-per-seconds image detections. The photoresponse

speed requirements are dependent on their application and normally range from few ms

to sub-µs, with some polymer-based OPDs showing ns response speeds (on-par with the

inorganic photodetectors).20,149 Photocurrent decay transients (as shown in Figure 2.6b)

are very sensitive to the trap states, particularly due to the low light operations producing

low charge carrier density. Studies have correlated the limitations in photocurrent decay

transients to hole or electron traps located either in photoactive layers themselves or at

interlayer interfaces.20 Linear dynamic range (LDR) gives the measure of the photocurrent

linearity across several light intensities and relates to OPD ideality factor and operational

regime. Likewise, another figure of merit is the spectral resolution which varies from

broad-band (across the whole visible and near-IR spectrum) to narrow-band detection.20

2.3.2 OPD Research Interests relevant to our study

The research field of organic photodetectors is rapidly advancing towards applications

in image sensors, radiation detection, artificial eyes in robotics, biological sensors and

optical communications.149,150,158–161 As such, a fundamental understanding of the photon-

to-electron conversion mechanism in OPDs is paramount to implement effective design

rules such as molecule choices, active layer morphology / blend-distributions, interlayer

engineering, and device architectures.
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For an effective full-color photodetection, researches are specializing from spec-

trally broadband detection towards wavelength-selective narrowband (≈ 100 nm full-width

at half-maximum, FWHM) detection; which allows for filterless, low-noise, architecturally

simple and high pixel density photodetectors.162–164 Major successful strategies involve:

(1) design of narrowband organic chromophores158,163,165–168, (2) optical spacing for selec-

tive absorption164,169 and (3) selective charge collection from volume-generated photocar-

riers at blend junction (also referred as charge collection narrowing, CCN162). Among

these strategies, designing narrowband organic chromophores has proved to be the most

straightforward approach without probable drawbacks of other methods on device ar-

chitecture designs. However, new molecular designs with optimizations in all aspects

such as narrowband, low dark currents, and high charge transport are difficult, requiring

sacrifices in some parameters.163 Therefore, it is important to understand the interplay

between materials’ molecular structures and corresponding efficient operation for narrow-

band photodetection to comprehend their ultimate performance limits and develop new

strategies for further improvements. On another note, as industries are realizing the ex-

ceptional potential of OPDs due to their unique physical properties, the application on

cutting edge high-frequency image detections are gaining traction. The ongoing problem

has been to understand and improve the photoresponse time, where, the off-decay is par-

ticularly problematic as signals are needed to fall back to null-levels, as such, even a few

leftover charges create detectable delays leading to image-lags.170,171

Chapter 5 of our study focuses on the performance of an efficient OPD in terms of

the process of photocurrent generation and its direct link with the molecular morphology

of the organic blend. We propose that the design rule on the nanoscale morphology for

optimum OPD performance is different from that for optimum OPV even though both

use BHJ structure, mainly due to the differences in the operational conditions (OPDs

operate under high internal electric field and generally under low irradiance). Here, we

also develop a strategy to further improve the OPD properties like dark currents and

photoresponse times.
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2.4 Organic chemiresistors

Organic chemiresistors are devices employing organic semiconductors that show variations

in their electrical conductivities upon exposure to chemical gas environments.172,173 This

phenomenon can be utilized to detect specific chemical gases, meaning, organic semicon-

ductors can be applied as organic chemical gas sensors.174 Generally, intrinsic organic

semiconductors have poor electrical conductivities, mainly limited by charge carrier mo-

bilities, reported for most π-conjugated polymers to be between 10−1-10−5 cm2V−1s−1,

compared to ≈ 103 cm2V−1s−1 for crystalline silicon.175 However, the interesting property

of organic semiconductors is the ability to tune its conductivity by a range of 10 orders of

magnitudes.176–178 In this respect, moderately low levels of conductivity can be achieved

in the organic electronic devices (via chemical modifications or controlled doping) such

that the effect of additional charges injected due to the interactions with chemical an-

alytes are efficiently detected.176,179–181 In contrast, insulator-like materials do not allow

any injection of charges (and mainly, the electrical response cannot be reliably detected

via conventional cost-effective electronic circuits), while, highly conductive materials like

metals would show negligible electrical response upon a small injection of the additional

charges, producing poor sensing metrics.173 Thus, investigation in the electrical properties

of organic semiconductors is a key requirement for realizing applications in this novel field

of organic gas sensors.

2.4.1 Structure and operation

Conjugated polymers can transduce given chemical analytes in a number of ways includ-

ing electrical (conductance, impedance, potentiometry, and amperometry) or optical (ab-

sorption, fluorescence, Raman) responses depending on the influences such as oxidation /

reduction, protonation / deprotonation or conformational changes in the polymers.176,182

For the chemiresistors, the transduction route is via electrical conductivity responses of

the devices, where the changes in conductivity are expected upon physical and / or chem-

ical interaction between the semiconductor and the chemical gases.179,183 In general, the

structure of organic chemiresistor is a lateral two-terminal diode (source and drain, formed
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of metal electrodes) with a large exposed surface area of the semiconducting channel typ-

ically created by interdigitation of the electrodes as shown in Figure 2.7a.184 The contact

electrodes are usually near-ohmic and the channel conductivity is the main measurement

parameter. One of the most common performance metrics is time-dependent current or

resistance at a given source-drain voltage upon periodic exposure (gas-on) and removal

(gas-off) of the chemical analytes (an example of such exposure is shown in Figure 2.7b).

The percentage gas response (S) is measured as: S =
Rf−Ri

Ri
, where Ri is the device

resistance initially before gas exposure and Rf is the resistance after the gas exposure.

Figure 2.7: (a) Structure of a chemiresistor employing organic semiconductor as the

gas-sensitive material which changes its electrical properties upon interaction with the

target gas molecules. (b) A typical electrical resistance (R) response of a chemiresistor

upon application and removal of various concentrations of specific gaseous environment.

The response has a good signal-to-noise ratio, response times of minutes and is reliable

upon multiple cycles.

The sensitivity of the chemical analytes is critical, where a given concentration of

chemical gas should give measurable increases (S > 0) or decreases (S < 0) of resistances.

The concentration of detection of effective organic-based sensors normally varies between

parts-per-millions (ppm) and parts-per-billions (ppb) levels depending on the chemical

analytes;174,185–187, however, is generally lower than inorganic counterparts (mostly based

on metal oxides).188–191 In practice, the chemiresistors are required to detect the specific

chemical analytes in a mixture of gas (amongst other similar analytes and humidity), as

such, selectivity is paramount and generally investigated together with sensitivity.192–195
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The reliability of detection is performed via multiple cycles of gas exposures. In most

cases, gradual baseline current drifts are observed, which can be baseline-corrected, while

in some cases, there are no spontaneous signal recovery upon gas-off (associated with

chemical interactions commonly present with aggressive chemical analytes such as Cl2

or NO2).196–199 Reliability of detection is generally checked together with the detection

response times, which are normally in the scales of secs-mins for effective organic detec-

tors.174

2.4.2 OC Research Interests relevant to our study

One of the novel application of chemical gas sensors is in the medical fields concerning

early and non-invasive diagnosis of diseases through detection of specific volatile organic

compounds (VOCs) from an exhaled human breath.200,201 An exhaled human breath con-

tains more than 900 different VOCs due to the products of metabolism.173,202 Studies have

identified that specific concentrations of VOCs from an exhaled breath are biomarkers to

early signs of major diseases like lung cancers, asthma, renal diseases, and diabetes.203–206

Traditionally, large stand-alone analytical systems such as gas-chromatograms (GC), GC

combined with mass spectrometers (GC-MS), and infrared spectrometers are used for

identification of specific biomarkers.207–209 The major drawbacks to these systems are

cost, high level of expertise required for operating / analysing the systems, and long time

required for diagnostics. Due to the ever-growing and readily accessible technology, there

is a growing demand for portable sensors with a quick and reliable detection of these

biomarkers. Organic chemiresistors offer a low-cost, scalable, portable, easy integration

with other electronic devices, and non-invasive diagnostic potentials.174,176,210 For practical

use, the identifications of a few hundred ppb levels of representative VOCs from a mixture

are required, i.e. both high sensitivity and selectivity. The dominant semiconductor gas

sensors utilize porous metallic oxides such as SnO2, ZnO, and WO3, which are already at

the stage of commercialization.211–214 However, such devices require complex fabrication

protocols, have a limitation due to inherent shortages of porous metallic oxides for selective

gas sensing, have limitations in device designs due to rigid substrate choices, and typi-

cally operate at very high temperatures (> 200 ◦C); all of which also makes it difficult to
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integrate with other electronic devices.188,191,215 The alternative material approach is the

utilization of metal nanoparticles (such as Au and Pt), which have advantages to operate

at room temperatures inherently, however, still have drawbacks in terms of fabrications,

limitation in selectivity (due to surface-sensitive measurements being highly susceptible to

false positives) and high noise (caused by intrinsic processes mainly thermal noise).216 In

this respect, the organic semiconductors have great potential due to inherent advantages

such as low-cost, printability, room temperature operation, unique physical attributes like

light-weight, and flexibility allowing freedom in device designs with easy integration with

other electronic devices (e.g. portable gadgets and human-machine interface electronics).

Importance of deducing molecular origins of conductivity and selectivity.

Despite many advantages of organic semiconductors as chemical gas sensors, their true

potential has not yet been realized for successful commercialization. Organic gas sen-

sors are limited in sensitivity and stability compared to other technologies, however, are

compatible with well-established solution processing methods, offer tuneable molecular

structures (like pi-conjugated backbone, functionalized end groups, and side chains) for

selective gas responses, and can also be combined with other inorganic based sensors (fur-

ther improving sensitivity, selectivity and response times).217 The main drawback of such

limitations for organic chemiresistors is their inherently low conductivity, amplified by the

limited understanding of the molecular origins of conductivity responses with chemical

gases. Some of the identified mechanism include gas adsorption induced charge dop-

ing, proton doping / de-doping, and structural changes of the molecules (conformation

or orientation).174,217 So, in order to realize the solution based organic gas sensors into

real-world application, major researches dedicated to the molecular-level understanding

of the conductivity and their interactions with chemical vapors are essential. Chapter 6 of

this thesis is dedicated to understanding the electrical properties (and current responses

to specific chemical vapors) of a typical donor-acceptor copolymer, introducing a novel

polymer and solid-state ionic liquid blend system for high sensitivity and selectivity.

Many studies have found creative ways to tune conductivity of the organic semi-

conductors for improvements in sensitivity including modifications of chemical structures

or gate-voltage induced doping (in a three-terminal transistor architecture). In general,

p-type organic molecules (hole-dominating transport) dominate the gas sensing appli-
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cations which include phthalocyanine, pentacene, thiophene and other π-conjugated co-

polymers.174,217 Li et al. performed various synthetic modifications on polythiophene

(P3HT) polymers (primary and secondary side chains, end groups, etc.) and showed dis-

tinct patterns which enhanced the sensor’s capability for discrimination of the VOCs (like

benzenes, acetone, toluene, and various alcohols).180,185 The selectivity was speculated

to arise due to van der Waals interaction between the VOCs and benzyl end groups on

polythiophene, based on response differences between different structural modifications,

however, detailed investigation of the operational mechanism was not explored. Likewise,

Tiwariet al. showed ppb levels of ammonia (NH3) detection by the π-conjugated polymer

P3HT.218,219 Such detections were attributed to the electrostatic interaction between lone

pairs of NH3 and P3HT.

Recently, π-conjugated co-polymers based on diketopyrrolopyrrole (DPP) are

gaining traction due to superior morphology control and selectivity (owing to the donor-

acceptor copolymer backbone). Khim et al. utilized ultrathin films of DPP based con-

jugated polymer to produce nanoribbons, whose conductivity was tuned via gate-voltage

induced doping, showing a range of ppm levels of VOC detection.186 The sensing mecha-

nism was ascribed to physical or chemical interactions such as dipole-charge interaction

or de-/doping between chemical analytes and semiconducting channel.186,220 Zhang et al.

developed nanoporous morphology of the DPP derived polymers in a field-effect transistor

architecture for ppb level detection of reducing chemical vapor NH3.221 They hypothesized

that the porous structures exposed the highly reactive sites originally buried in the con-

ducting channel, where, charge transfer reactions between the chemical analyte and the

conjugated polymer occurred. Likewise, Yang et al. performed side-chains modification

on DPP based polymer to show high sensitivities of volatile amines, where, a -COOH

functional group in the side chain was critical for detection.222 In terms of molecular-level

investigations via density functional theory (DFT) calculations, Haick’s group showed that

the changes in the electronic structure of the polymer resulted in clear discrimination of

the three structurally similar isomers of xylene, studied on DPP-based polymers.223

The field-effect transistor (OFET) architecture is common for organic-based sen-

sors.220,224 In such architecture, however, the active conductive channel is buried and lies

in the interlayer interface between the semiconductor and the dielectric medium. The
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chemical analytes are required to diffuse into the channel and reach the buried interfaces

for current responses, as such, the transistor geometry suffers from intrinsically low sen-

sitivity and response speeds. Studies have utilized porous structures or ultrathin films to

remedy this issue.186,221 As an alternative, the simple two-terminal approach of chemire-

sistor can effectively detect the chemical gas analytes via surface interactions, thus, can

show high sensitivity and response speeds. The problem, however, lies in the inherently

low conductivity of the π-conjugated polymers, and unlike OFETs, the gate-voltage in-

duced conductivity tuning is not possible. Our approach for tuning the conductivity in the

chemiresistor is to utilize a blend of the attractive DPP based co-polymer and solid-state

ionic liquid (in Chapter 6). A good understanding of the sensing mechanism is critically

required if we are to envision the solution-processable organic semiconductors for practi-

cal use. The main research focus of our study is thus to deduce the molecular origin of

chemical gas sensing by the organic chemiresistors. As discussed above in the previous

paragraphs, studies have identified different operational mechanisms such as physical ad-

sorption, electrostatic interactions (dipole-charge, dipole-dipole), charge-transfer between

analyte and polymers, and chemical interactions (including de-/doping). However, many

of these deductions are speculative and indirect, which are instead based on analyzing

the difference between multiple variants of the organic polymer properties (like side-chain

modifications, thickness variations, and morphology changes) or DFT simulations. In

this respect, experimental observations in-situ operations are more important for direct

evidence of operational mechanisms. Chapter 6, focuses on experimental evidence in-situ

device operation utilizing molecular structural probes (mainly, vibrational spectroscopy)

to determine the molecular origin of chemical gas sensing.
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2.5 Raman spectroscopy

Brief History.

Raman spectroscopy belongs in the group of molecular vibrational spectroscopy and is

based on the light-matter interaction. The “Raman effect” or “Raman scattering” refers

to the inelastic scattering of photons upon interaction with a vibrating molecule. The

effect was discovered by C.V. Raman in 1921, when he noticed an interesting optical scat-

tering phenomenon where the scattered photons were higher in energy than the incident

photons (i.e. anti-Stokes Raman scattering).225,226 However, the research impacts and

applications of Raman spectroscopy stayed limited for several decades as the signals were

very weak (typically only one in ≈ 107 photons are scattered inelastically) and excitation

source was limited to sunlight.227 Major advancements in Raman started with the de-

velopments in laser systems that offered monochromatic and large intensities excitations

and the specializations in instrumentations such as developments of advanced holographic

notch filters and sensitive charge-coupled devices (CCDs).227,228 At present, many vari-

ants of Raman system are available from far-field (e.g. resonance, angle-resolved and

transmission Raman) to near-field (surface-enhanced resonance, tip-enhanced and surface

plasmon polariton enhanced Raman) which include steady-state, time-resolved, linear,

and non-linear Raman spectroscopy.229–231 Raman as an investigative tool in research and

industry has covered a huge field and is ever-expanding. As of early 2020, the Mars 2020

rover is being developed by the National Aeronautics and Space Administration (NASA)

which employs a Raman spectrophotometer as one of its molecular identification tools;232

a first Raman system to be used in outer space.

2.5.1 Theoretical background

We discuss Raman in respect to its classical description. A classical light-matter interac-

tion can be implemented to derive the analytical expression for Raman spectroscopy and

the following classical derivation is adapted from literature.227,233,234 Light, an electromag-

netic wave, can be represented by its oscillating electric field component (E) which is the

dominant component that interacts with the electronic structure of the target molecule.
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So, E = Eo cos(ωot), where Eo is the electric field amplitude, ωo is the frequency and t is

the time period. This electric field can induce a dipole moment (µ) in the target molecule

and is given by: µ = α ·E, where α is the polarizability tensor which describes the ease of

forming molecular dipoles upon interaction with the oscillating E. The polarizability (α)

is a function of molecular vibrations and thus can be expanded with respect to a collective

vibrational coordinate (Q) to give the expression for dipole moment (µ) as follows:

µ = α · E =

[
αo +

(
∂α

∂Q

)
0

Qo cos(ωνt) + . . .

]
· Eo cos(ωot) (2.6)

where αo is the polarizability of molecule at equilibrium,
(
∂α
∂Q

)
0

is the first order differen-

tiation of polarizability with respect to Q. Due to extremely small vibrational amplitudes,

the higher order differentials are ignored. The collective vibrational coordinate (Q) can be

simplified to represent a simple harmonic oscillator and is expanded to Q = Qo cos(ωνt),

where Qo is the vibrational amplitude and ων is the vibrational frequency. Thus, the

Equation 2.6 can be expressed as sum of cosines, giving:

µ = αo · Eo cos(ωot) +

(
∂α

∂Q

)
0

·
(

Eo

2

)(
cos(ωo + ων)t+ cos(ωo − ων)t

)
(2.7)

The analytical expression for Raman spectroscopy, Equation 2.7, has three terms

separated in frequencies: ωo, (ωo+ων) and (ωo−ων); termed as Rayleigh scattering (elastic

scattering), anti-Stokes Raman (inelastic scattering, energy up-conversion) and Stokes Ra-

man (inelastic scattering, energy down-conversion) respectively. As mentioned previously,

the Rayleigh scattering accounts to orders of magnitude (6 -7) higher signals compared

to Raman scattering. The classical description of Raman is limited to the explanation

of frequency shifts (also termed Raman shifts), intensity differences between Rayleigh vs

Raman scattering, and accounts to scattering by vibrating molecules only. However, a

complete picture of Raman is given by a quantum mechanical description which accounts

for Raman scattering even from vibrational ground states, intensity differences between

anti-Stokes and Stokes Raman, and scattering selection rules. An important parameter

in Equation 2.7 is
(
∂α
∂Q

)
0
, which requires to be non-zero for Raman activity. The organic

molecules with π-conjugated system have strong polarizability and large value of the dif-

ferentiation with Q, thus are ideal for Raman scattering.
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Figure 2.8: (a) A simplified Jablonski diagram illustrating instantaneous scattering

events. Si is electronic energy state and vi is vibrational energy state. (b) Jablonski

diagram of a resonant Raman (Stokes shift) scattering, where virtual states coincide with

energy gap between electronic states S0 and S1. The ground (S0) and excited (S1) states

are represented by Morse potential energy surfaces and occupy different nuclear coordinate

Q.

Raman description via Jablonski diagram.227,233

Light-matter interactions are associated with different energy states in the material which

include electronic states or motional states such as vibrational, rotational, and transla-

tional energy states. These electronic and motional states are intrinsically coupled to-

gether and often represented as vibronic states as shown in the Jablonski diagram in

Figure 2.8, where Si represents electronic states and vi represents vibrational states. The

electrons at ground state (S0) mostly occupy the lowest vibrational mode v0. Raman

is associated with electronic transitions between different energy states and often repre-

sented in a Jablonski diagram by a transition to a virtual energy state followed by an

instantaneous relaxation to a different vibrational mode indicating an inelastic scattering

process, as shown in Figure 2.8a.

The Jablonski diagram in Figure 2.8a shows the Raman scattering and concomi-

tant shifts in the frequency of the scattered photons. The virtual state is not a real

electronic state but represents a short-lived polarization of molecular electron clouds due

to interaction with the photons and its location in the energy diagram is dependent on the
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strength of the excitation source. When the virtual state is below the optical bandgap, a

non-resonant scattering occurs, where the scattering strength is inherently very low and

the Raman peaks are limited in numbers due to the scattering being dominated by a

selection rule allowing a non-zero value only for the transition between initial and final

vibrational states that differ by one quantum of energy.227,233 When excited by photons

of sufficient energy, the virtual state lies close to or within the absorption bands of the

semiconductor as shown in Figure 2.8a. This is a resonance condition and is characterized

by a strong electron-phonon coupling leading to several orders of magnitudes increase in

the Raman scattering cross-sections compared to non-resonance conditions. The resonant

enhancements are analytically determined by Frank-Condon factor that is deduced by

the overlap between the wavefunctions at the ground and excited states and is illustrated

in Figure 2.8b, where the ground and excited-state potential energy surfaces are shifted

in the nuclear coordinate by ∆Q due to reorganization of the geometry to achieve the

minimum energy.227,233 The Frank-Condon factor is non-zero only if ∆Q is non-zero sug-

gesting that the resonant Raman is critically associated with geometrical changes between

the ground and excited states.227,233 For the cases of organic semiconductors with a long

π-conjugation lengths, the geometrical reorganizations are primarily associated with the

π − π* transition of the conjugated backbone from a benzoidal to quinoidal structures,

which leads to selective enhancements in the Raman peaks associated to these vibrational

modes.235,236

2.5.2 Raman spectroscopy in literature

As indicated previously, Raman spectroscopy has huge areas of application ranging from

bioscience, analytical chemistry, solid-state physics, nanomaterials, pharmaceuticals, foren-

sic science, and high-pressure physics to archaeology.227,229–231 Application of Raman

spectroscopy is effective particularly in the field of organic semiconductors due to inher-

ently strong Raman scattering cross-sections of the organic materials and suitable energy

bandgaps to experiment with resonance / non-resonance effects within the visible and

near-IR spectral regions.234,237–239 In organic semiconductor materials, solutions, films,

and devices; some of the main applications lie in the molecular identifications, morpho-
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logical characterizations (including molecular orientations and relative chemical compo-

sitions), in-situ characterizations (such as thermal annealing, thermal and photodegrada-

tion), electrochemical processes (and degradations), and deduction of device operational

mechanisms.123,234,237,240 Raman is generally used to selectively probe the molecular con-

formation and configuration (which are particularly useful in organic blend systems),

polymer phases, and charged species. It is often used in conjunction with photolumines-

cence, transition absorption, semiconductor energetics, and electrical characterizations of

devices. Thus, it is an invaluable tool for in-situ monitoring, characterizing, and deduc-

ing the device operational mechanisms; which is ever-expanding due to improvements in

instrumentation and experimental measurement setups. We use various forms of Raman

spectroscopy in this thesis (such as resonant / non-resonant Raman, electrochemical Ra-

man, temperature-dependent Raman, and Raman acquisition in-situ operating devices),

all aimed towards further understanding the relationship between molecular morphology

and performances of organic electronic devices.



Chapter 3

Experimental Methodology

In this chapter, the experimental methodology employed from sample preparations to char-

acterizations of thin films and devices are detailed with a brief background (where neces-

sary) and experimental parameters. Theoretical computations via density functional theory

(DFT) is also outlined with particular focus on simulations of frontier molecular orbitals

and vibrational spectroscopy. Organic electronic devices are critically dependent on their

fabrication protocols, as such, the specific fabrication details of project-specific thin films

and devices are presented in the respective project-chapters themselves whilst the general

methods of sample preparation are discussed here.

58
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3.1 Sample preparation

The samples under study in this thesis comprised of thin layers (tens to hundreds of

nm) of organic semiconductors either in thin films or in electronic devices. All solution

preparation and depositions were performed in class 1000 grade cleanrooms, ensuring

contaminant-free environments whilst optical filters in the cleanrooms ensured minimiza-

tion of blue lights that could potentially degrade light-sensitive organic molecules like

fullerenes.

Substrate types.

Various substrates were used for the deposition of organic thin films depending on the

project requirements. Frequently used substrates were indium tin oxide (ITO) on glass

(purchased from Psiotec Ltd.), fluorine-doped tin oxide (FTO) on glass, fused silica

(quartz) (Spectrosil 2000, purchased from UQG Optics), SiO2 wafers and Fraunhofer

organic-field effect transistor (OFET) substrates (purchased from Fraunhofer IPMS). The

Fraunhofer-OECT substrate comprised of a highly n-doped 150 mm Si wafer base with

230 ±10 nm SiO2 layer followed by 10 nm ITO adhesion layer and 30 nm gold (Au)

electrodes. Substrate contained transistors with 2.5, 5, 10, and 20 µm channel lengths

and 2000 µm channel widths. Some substrates such as SiO2/Au were custom made by

deposition of gold of required thickness by thermal evaporation on substrate cleaned SiO2.

Substrate cleaning.

For glass/ITO and glass/FTO substrates, the photoresist was first removed by ultra-

sonication in acetone for 5 mins. A 20 mins ultrasonication in a detergent bath (2 %

Hellmanex solution in deionized (DI) water) was performed to remove residues (if any)

on the surfaces; followed by ultrasonication in DI water (3 times for 5 mins), acetone

(10 mins) and isopropanol (10 mins). Then, the substrates were blow-dried by N2 and

oxygen plasma-treated in Emitech K1050X oxygen plasma asher for 3 mins at 80-100 W.

For quartz, SiO2 and Fraunhofer-OECTs; the substrates were thoroughly washed by DI

water, followed by sequential ultrasonication in DI water (10 mins), acetone (10 mins) and

IPA (10 mins). Then, the substrates were blow-dried by N2 and oxygen plasma treated

for 5 mins at 80-100 W.
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Solution preparation.

For solution processing of organic layers, the organic materials (and their blends) were

dissolved in suitable solvents at the required concentrations. All the solid-state organic

materials (polymers or small molecules) were weighed in a sensitive electronic balance

with a precision of ± 0.5 mg. The required solvent volume for specific concentrations was

measured by micro-pipette with a precision of ± 0.5 µL. For the case of organic blend

solutions, specific weight ratios were prepared first by making the required weight ratio

mix in solid-state followed by the addition of the required amount of the organic solvent

in a vial. Typical solution concentrations (both neat or blends) were in tens of mg mL−1

and taken in at least 0.5 mL−1 per batch to ensure higher accuracy of weight and volume

measurements. Solutions were prepared in new vials further cleaned by IPA and blow-

dried by N2. Solutions were stirred by magnetic stirrer bars (new stirrer bars further

cleaned by IPA and blow-dried by N2) and generally stirred overnight i.e. ≈ 18 hours at

various temperatures (but < 45 ◦C) in dark. In some cases, for instance, PEDOT:PSS

solution (purchased from Heraeus), a 0.45 µm polytetrafluoroethylene (PTFE) filter was

used to remove aggregates in the solutions.

Film deposition from solution.

Organic thin layers were fabricated from solutions by spin-coating technique, which was

performed in a fume hood using a spin coater (supplied by Laurell Technologies Cor-

poration). Typically, 40-50 µL (on 12×12 mm2 substrates) or 100-120 µL (on 15×15

mm2 Fraunhofer OECT substrates) were dropped on the prepared substrates and imme-

diately spun at required speeds (ranging 1000-5000 rotations per mins) for required times

(ranging 45-120 s) to produce a uniform and dry solid film of desired thickness. Refer to

the “Fabrication specifics” section of relevant chapters for the specific parameters used

for the specific material system. The quality of the films was immediately checked for

any aggregates or contaminants on the surface with a microscope and ensured to have

uniform coverage throughout the substrate. In some cases, for instance, glass/ITO (for

Kelvin probe measurements), a thin strip (≈ 2 mm) across the sample was wiped to ex-

pose the bottom ITO for better electrical contacts. The layer thicknesses of > 20 nm were

checked by Tencor Instruments AlphaStep profilometer which has a precision of ± 2.5 nm.
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Thermal evaporation deposition.

Metals including calcium (Ca), aluminum (Al), silver (Ag), and gold (Au) were de-

posited on multi-layered substrates to complete the device, for instance, glass/ ITO/

PEDOT:PSS/ photoactive layer/ Ca/ Al. Thermal evaporation of metals was performed

in evaporator chamber at high vacuum (< 10−6 mBar), where the high purity metal

pellets (all purchased from Sigma-Aldrich) were placed into respective crucible and tem-

perature controlled to achieve desired evaporation rates, ≈ 0.2 Å s−1 for Ca and ≈ 0.5-1

Å s−1 for Al, Ag, and Au. The substrate was constantly rotated at a low speed to main-

tain metal deposition homogeneity. Quartz crystal thickness monitors near the sample

and source were used to accurately estimate the thicknesses of deposition. The organic

photodetectors, employing all small-molecule blends of a novel dipolar donor and C60

acceptors, provided by Dr. Kyung-Bae Park (from Samsung Advanced Institute of Tech-

nology (SAIT), Korea) employed an all evaporation device fabrication. In this case, the

organic blend layer deposition for a given volume ratio was performed in a high vacuum

(< 10−7 mBar) evaporation chamber, by co-evaporation of the organic materials placed

at separate crucibles and temperature controlled to achieve the desired rate of deposition

(≈ 0.35 Å s−1 for good reproducibility).

3.2 Absorption spectroscopy

Steady-state absorption spectroscopy.

Thin film absorption was measured by Shimadzu UV-2600 spectrophotometer, which al-

lowed a spectral range of 220-1400 nm. Transmittance (T ) was measured and converted to

absorbance (A) via Beer-Lambert law: A = −log10(T/To) where, To is the transmittance

of the blank substrate. Thus, the absorbance does not account for reflectance, however, it

is valid for organic thin films which are typically smooth with minimal diffuse or specular

scattering effects. All samples for steady-state absorption spectroscopy employed quartz

substrates, which produced a flat transmittance profile between the required 250-1200 nm

spectral ranges for the organic samples studied in this thesis.
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Transient absorption spectroscopy.

Sub-picosecond TAS was carried out with 800 nm laser pulses (1 kHz, 90 fs) by using

a Solstice (Newport Corporation) Ti:sapphire regenerative amplifier. A part of the laser

pulse was used to generate the pump laser at 550 nm, 5-100 µJ cm−2 with a TOPAS-Prime

(light conversion) optical parametric amplifier. The spectra and decays were obtained by

a HELIOS transient absorption spectrometer (450-1450 nm) which decay to 6 ns. Samples

for TAS employed glass substrates. TAS experiments were performed by Dr. Hyojung Cha

(from Imperial College London) and used in Chapter 5 to complement the understanding

of the photophysics of highly intermixed all small-molecules blend system.

3.3 Raman spectroscopy

Figure 3.1: Schematics of the optical pathways for Raman spectroscopy in Renishaw

inVia Raman spectrophotometer.

A brief theoretical background of Raman spectroscopy is detailed in Section 2.5 of Chap-

ter: Literature Review. Raman spectroscopy was measured using Renishaw inVia Raman

spectrometer, the optics of which is illustrated in Figure 3.1. Laser excitation was fo-

cussed onto the samples through 50× objective lens (Leica DM2500M microscope), the

backscattered light was collected from which the Rayleigh scattering was filtered out by

wavelength-specific holograph notch filters (with a frequency cut-off of ≈ 100 cm−1). The

filtered light was diffracted through wavelength-specific gratings to finally resolve Stokes
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shifted photons which were detected by a sensitive charge-coupled device (CCD) photon

detector. Various laser excitations were used within the visible range to acquire Ra-

man spectra, the resonance / non-resonance conditions of which are dependent on the

absorbance of organic molecule systems under study. An argon ion laser (Modu-Laser

Stellar-REN) produced 457, 488 and 514 nm, a He-Ne laser (Renishaw RL633) produced

633 nm and a diode laser (Renishaw HPNIR785) produced 785 nm laser excitations.

Spectral calibration was performed via a reference peak of Si at 520 cm−1. The Renishaw

inVia Raman spectrometer had spectral resolution of ± 0.7-1.8 cm−1 and dependent on

the laser excitation wavelengths. Raman spectra of the organic samples were acquired in

an inert environment under low power laser excitations (< 0.1 mW) with low exposure

times (30-120 s) to prevent any laser-induced heating or photo-oxidation degradations.

Spectra were probed from a local area of the sample with a laser focus spot of 1-10 µm

diameter.

For all thin films, a Linkam THMS600 sample chamber with an air-tight cover

lid and continuous N2 purging system was used. The chamber comprised a temperature

stage with a sensitive Pt-based sensor (precision of ± 0.1 ◦C) allowing in-situ temperature-

dependent Raman investigations. For organic solar cells, the samples were contained

into an air-tight sample chamber with a quartz window, the loading of which was per-

formed inside a glove box (< 0.1 ppm H2O and O2 levels). Laser excitations were exposed

from the transparent glass/ ITO side of the device through the quartz window of the

chamber whilst the metal electrode on the other end of the device ensured a good amount

of backscattered light. As such, the spectrum was a convolution of all the Raman ac-

tive materials present in the multi-layered device. For Fraunhofer OFETs, a Linkam

HFS600E-PB4 sample chamber was used which was fitted with Au plated source-drain

probes allowing in-situ measurements of the two terminal lateral diodes under electrical

bias. Agilent B29028 power meter was used as a current / voltage source for bias de-

pendent spectroscopies (Raman and photoluminescence). For electrochemical Raman

spectroscopy (ERS), a custom made air-tight electrochemical cell was used, where laser

excitations were exposed from the transparent glass/ FTO side (Figure 3.6).

As mentioned above, the temperature-dependent Raman was performed in the

Linkam temperature stage for both thin films and devices. The protocol involved heating
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the sample at a constant rate of 10 ◦C/min until the desired temperature is achieved,

waiting for 2-5 mins at the given temperature (to ensure that thermodynamic equilibrium

is achieved), and acquiring Raman spectra. Raman peaks quenching fraction (Rq) as a

function of temperature (T) was calculated by: Rq(T ) = Rinitial T – RT

Rinitial T
where, Rinitial T

represents Raman peak intensity at initial reference temperature (normally room temper-

ature or 30 ◦C) and RT represents Raman at a given temperature (T). A similar equation

was used for Rq as a function of bias voltage.

3.4 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy was measured using the Renishaw inVia Raman

spectrometer with the same backscattering configuration as discussed in Figure 3.1 for

Raman spectroscopy and calibrated similarly with reference Si. Typically, the 514 nm

excitation probe was used and Raman shifts between 300-8000 cm−1 (with a spectral

resolution of ± 3.4 cm−1) were recorded where much of the spectrum was dominated by

the fluorescence of the organic samples under study. Raman shifts were converted into

photon wavelengths using the derived equation:

λ =
λo

1− λo ∆k
(3.1)

where λ is the shifted (or scattered) photon wavelength, λo is the incident excitation

photon wavelength, and ∆k is the Raman shift. The Raman shift of 300-8000 cm−1 at

514 nm incident photon thus corresponds to ≈ 500-875 nm photon wavelengths. Likewise,

resonant Raman spectroscopy also produced fluorescence background within the typical

300-2000 cm−1 shifts from which both the Raman peaks as well as fluorescence background

were extracted. Depending on the shape of the fluorescence background, an nth order

polynomial function was fitted to baseline the raw Raman spectra and extract the PL.

PL of the organic samples was acquired in an inert environment under low power laser

excitations (< 5 µW) with low exposure times (≈ 30 s) and probed from a local area of

the sample with laser focus spot of ≈ 1-10 µm diameter.

Temperature-dependent PL was performed in the Linkam THMS600 sample

chamber (as discussed above in Raman experiments, Section 3.3). For organic photo-
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diodes sandwiched between the semi-transparent ITO electrodes, electric bias dependent

PL was performed directly through the glass encapsulation with Agilent B29028 power

meter as a current / voltage source. The photoluminescence quenching efficiency (PLqE)

as a function of temperature (T) was calculated by: PLqE(T ) = PLinitial T – PLT

PLinitial T
where,

PLinitial T represents PL at initial temperature and PLT represents PL at a given tem-

perature (T). A similar equation is used for PLqE as a function of bias voltage.

3.5 Ambient-pressure photoemission system

Figure 3.2: Schematics of the ambient-pressure photoemission spectroscopy system

(APS04), showing the experimental setup for measurements of surface potentials, sur-

face photovoltage (SPV) and ambient photoemission spectroscopy (APS). The figure is

adapted from literature.241

The Ambient-pressure photoemission spectroscopy system (APS04, from KP Technology)

was used for the energetic characterizations of organic thin films. The system comprised of

three distinct modes: Kelvin probe (KP), surface photovoltage spectroscopy, and ambient-

pressure photoemission spectroscopy (APS), all measured via Au-plated Kelvin probe, the

experimental setup of which is illustrated in Figure 3.2. The APS04 system is developed

by Prof. Iain Baikie which employs sensitive Kelvin probe as a dual-mode current collector

tip allowing measures of sample potential (via specially developed tracking system based

on off-null signal detection) as well as photoemission.241,242 The thin films for APS04 were

measured in ambient conditions of the lab and comprised of a conductive substrate such
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as ITO on glass, Au on SiO2, or Ag on SiO2; to ensure good electrical contact between

the organic samples and the KP system. The specific substrate used for the samples is

clearly stated in the relevant chapters.

3.5.1 Scanning Kelvin probe

Figure 3.3: Schematics of energy levels of Kelvin probe tip and semiconductor sample

(a) Before and (b) After external electrical contacts. Upon electrical contact, charges flow

to align the Fermi level, forming a parallel plate capacitor between tip and sample. φt

and φs are potentials of tip and sample. Ec, Ev and Ef are conduction band, valance

band and Fermi level of semiconductor sample. Vc is the contact potential difference that

can be measured, thus, φs = φt - Vc.

Kelvin probe (KP) measures the potential difference (∆φ) between the reference metal

tip and the surface of the sample (metal or semiconductor), both of which forms a par-

allel plate capacitor with the ambient condition air as the dielectric medium when tip

and sample contact through an external circuit. A backing voltage (Vb) equal to the

contact potential difference (Vc) can be applied to nullify the potential drop across the

capacitor to give the measure of ∆φ. In APS04, a vibrating tip is used to produce a

time-dependent capacitance (C(t)). The tip amplifier system of APS04 accurately mea-

sures the time-dependent output voltage (V(t)) on the tip created due to C(t). V(t) is

linearly dependent on (Vb+Vc)
242,243 and at null-point (i.e. Vb = -Vc), the V(t) is also
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0, a low signal case which is sensitive to circuit noise, greatly limiting the measurement

accuracy. However, V(t) can be tracked at higher Vb (± 7 V, in our case) and inter-

polated to estimate Vc at null-point.243 Such estimates from high signal levels (off-null

detection) render high instrument precision of ± 3 meV.244 For organic samples, the errors

are however more dominated by experimental variations which are generally an order of

magnitude higher and approximated statistically through multiple measurements. The

APS04 system comprises of a Au plated tip (2 mm diameter) held in a three-axis µm

scanning stage. The determination of tip work function was performed by a reference

Ag (surface cleaned by fine diamond fiber paper) whose workfunction was measured by

photoemission spectroscopy at each time of calibration. The tip work function was also

periodically cross-checked by a known reference HoPG (4.65 eV).245,246

3.5.2 Surface photovoltage spectroscopy

Photovoltage in semiconductors is a measure of the quasi-Fermi level splitting when the

thermodynamic equilibrium of electron and holes are shifted into a new quasi-equilibrium

due to formations of photogenerated carriers. In particular, the photovoltaic effect oc-

curs due to charge transfer and/or redistribution within the semiconductor upon illumi-

nation.247,248 Surface photovoltage (SPV) is a type of photovoltaic effect that considers

the illumination-induced change of the surface potential.248 With the surface potential

measurement system in APS04 i.e. Kelvin probe, it is possible to measure SPV of the

semiconductor samples by illuminating and measuring the changes in the Fermi levels (φ)

from dark, i.e., SPV = e (φLight − φDark), where e is the elementary charge. In this case,

the potential of the free surface is measured while the semiconductor sample is grounded

via ohmic back contact. So, the capacitance change between the semiconductor surface

and the Kelvin probe tip upon illumination is measured as the SPV. An absorbed photon

can introduce charges by the formation of electron-hole pairs via band-to-band transitions

(by super-bandgap photons) or release captured charges by trap-to-band transitions (by

sub-bandgap photons),248 which creates redistribution of charges between the bulk and

free surface of the semiconductor as shown in Figure 3.4a. Such charge redistributions

occur due to variation in the internal electric fields created by internal band-bending or
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sub-bandgap trap states. The surface charges are thus altered upon illumination and so

is the surface potential via Poisson equation (52φ = −ρ/ε, where φ is the potential, ρ

is the charge density and ε is the dielectric of the medium).248 SPV signals are only ob-

served if the carrier generation is followed by charge redistribution.247,248 Thus, with this

contactless technique, SPV can be measured in thin films (i.e. half-devices) rather than

requiring the whole devices in other photovoltages measuring techniques (such as device

JV characteristics or transient photovoltages) allowing a study of layer-by-layer stacks.

SPV across a range of photon wavelengths produces the surface photovoltage spectroscopy

(SPS).

Figure 3.4: (a) Schematics of energy level diagram showing band-bending due to the

Fermi level alignments at the substrate / semiconductor interface. In this case, the internal

field drives photogenerated electrons towards the surface and holes towards the interface,

the potential shift of which can be measured as surface photovoltage (SPV). (b) Examples

of a temporal response of contact potential difference (CPD) shown by single and multi-

layered organic samples.

SPV is well studied in the fields of inorganic or perovskite-based semiconductors

where the origin of the quasi-Fermi level splitting are due to many factors such as surface

localized states (caused by dangling bonds in the crystalline lattice), sub-bandgap (or

super-bandgap) states, and internal electric fields caused by buried interfaces.247–249 In

general, SPV originates via charges trapped into gap states, surface space charge accu-

mulation, surface dipoles, or buried interface space charge accumulation.248 The common

theme in these origin factors is that there are band-bending in originally dark equilib-



Ch.3 Experimental Methodology 69

rium conditions creating depleted charge (either electrons or holes) regions within bulk

or at surfaces of the semiconductors.250 Upon illumination, photogenerated charges are

redistributed to counterbalance the depletion regions thus producing electron and hole

quasi-Fermi levels. Figure 3.4a shows one of the origins of SPV, where the photogenerated

electrons and holes counterbalance the internal electric field, the surface potential shifts

of which are measured as SPV. Literature has shown a close correlation between thin-film

(i.e. half-devices) SPV and full-device open-circuit voltages (Voc) for both perovskites and

organic photovoltaics.251–253 However, SPVs for organic-based semiconductors still lack de-

tailed investigations in literature, mainly due to low signals (difficult to create free charges

in single junctions) and limitations on sensitive measurement equipment. In this thesis,

SPVs on organic blend systems are studied where the heterojunction dissociates the exci-

tons and the subsequent free carriers redistribute according to the internal band-bending

thus creating quasi-Fermi level splitting. In APS04, a white Quartz-Tungsten-Halogen

(QTH) lamp with a monochromator produces light between 350-1000 nm. The maximum

white light intensity was ≈ 20 mW cm−2 with an ON-OFF response time of ≈ 0.1 s.

Figure 3.4b shows examples of transient SPV response of single-layered and multi-layered

organic semiconductors. The positive change of contact potential difference (CPD) upon

illumination is an indication of electron accumulation at the surface of the semiconductor,

which can be explained due to the band-bending at the buried substrate / semiconductor

interface as illustrated in Figure 3.4a.

3.5.3 Photoemission spectroscopy

Ambient-pressure photoemission spectroscopy (APS) is based on the principle of pho-

toelectric effect to measure the workfunction / valance band / HOMO, the schematics

of which is shown in Figure 3.5a. As opposed to alternative ultra-violet photoelectron

spectroscopy (UPS) system which requires a high vacuum, APS is advantageous as mea-

surements can be performed in ambient-pressure conditions (which are more relevant in

real devices) with low-intensity excitations (which minimizes degradations, if any). In

APS04, a deuterium UV lamp with a grating monochromator produces photon energies

between 3-7 eV which when incident on the samples can eject electrons if the incident pho-
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Figure 3.5: (a) Illustration showing measurement of ambient photoemission spectroscopy

using the Kelvin probe tip as charge collector in the APS04 system. The electrons ejected

from target sample when Ephoton > φ ionize the air molecules, which are drifted towards

positively biased tip producing photoemission signals. The figure is adapted from litera-

ture.241 (b) Examples of photoemission signal against photon energy of organic polymers.

ton energy (Eph) is greater than workfunction (φ) of metals or valence band / HOMO of

semiconductors. A cloud of ejected electrons formed just 1-3 µm above the sample surface

undergoes inelastic scattering with atmospheric molecules, which are thus ionized. The

dual-mode Kelvin probe tip is biased to collect the ions via drift force and the collected

charges induce currents in the tip which are recorded by the sensitive amplifier system

in APS04. Thus, photon wavelength-dependent photoemission currents are measured,

examples of which are shown in Figure 3.5b. Above the threshold energy, the photoemis-

sion currents scale as a square of photon energy for metals and cube of photon energy for

semiconductors (achieved empirically).254 So, a straight line can be fitted to the square

root or cube root plots of photoemission currents against energy to calculate the required

workfunction (of metals) or valance band / HOMO (of semiconductors), a methodology

implemented in literature.241,242 The uncertainty in extracted values is estimated as a

random error by multiple measurements.
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3.6 Imaging and structural probes

Optical microscopy was acquired from Leica DM2500M microscope (a part of Renishaw

inVia Raman spectrometer) with 50×magnification in a reflection mode. Polarized optical

microscopy was acquired from Olympus BX51-P polarising microscope and analyzed by

Olympus OlyVia software. Atomic force microscopy (AFM) scans were measured by

Park NX-10 atomic force microscope and the scans were processed in the dedicated XEI

software packages (provided by Parks System). Due to soft materials under investigation,

the scans were performed in non-contact mode with a moderately rigid cantilever (PPP-

NCHR provided by Parks Systems with a quoted force constant of 42 N/m) so as not to

damage either the sample or the tip. Scans showed surface features in nm scales across

µm2 spatial dimensions.

2-Dimentional Grazing-Incidence Wide-Angle X-ray Spectroscopy (GIWAXS) and

Transmission electron microscopy (TEM) were performed by Dr. Sooncheol Kwon

(from Gwangju Institute of Science and Technology, GIST) using the samples prepared

at Imperial College London. GIWAXS measurements were performed in the 3-C-SAXS1

beamline at Pohang Accelerator Laboratory using a monochromatized X-ray radiation

source of 10.5 eV and 2D charge-coupled device (CCD) detector. The samples were put

into a vacuum chamber (≈ 10−3 mBar) and angled to make 0.1◦ with the incident angle

of the X-ray beam. TEM images were acquired from Tecnai G2 F30 S-Twin microscope.

Samples comprised of thin film spin casted onto carbon-coated 200-mesh copper grids

(purchased from Electron Microscopy Sciences).

3.7 Electrochemical cell

For electrochemical Raman spectroscopy (ERS), we employed a spectroelectrochemical

cell as illustrated in Figure 3.6, the setup of which was custom-built by Dr. James

Nightingale and Dr. Jessica Wade from our research group. The cell is a three-electrode

system comprising of a working electrode (conductive FTO on glass where the polymer

films are deposited), a counter electrode (Pt coated on FTO, Pt was purchased from
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Figure 3.6: Custom-built electrochemical cell working as a three-electrode voltammetric

system. The cell is designed to fit in the Raman microscope XY stage allowing in-situ

Raman acquisitions during operation.

Platisol T, Solaronix) and a reference electrode (Ag wire, 0.5 mm diameter, purchased

from Sigma Aldrich). An inert electrolyte of 0.1 M tetrabutylammonium hexafluorophos-

phate (TBA PF6) in anhydrous acetonitrile was used in the electrochemical cell. The

working principle follows the operation of well-established three-electrode voltammetric

system.255–257 As illustrated in Figure 3.6, the potential difference at the working electrode

/ electrolyte interface is accurately controlled by applying a potential between working

and the reference electrode, whist the counter electrode carries the counter-currents away

instead of the reference electrode itself so as not to impact the potential of the reference

electrode. So, voltages at the working electrode (which contains the conjugated polymer

understudy), can be controlled precisely. Autolab PGSTAT 101 potentiostat was used

to supply potentials to electrodes as well as to measure time-dependent currents and

voltages, all of which were controlled by Nova software. The custom-built spectroelec-

trochemical cell allowed an in-situ acquisition of Raman spectroscopy during operation.

The working electrode was positioned horizontal and parallel to the Raman microscope

XY stage as shown in Figure 3.6, which allowed µm spatial controls. The electrolyte

was injected into the cell via a syringe and sealed by stopcocks. Raman acquisition of

local points within the sample was taken with minimal power and exposure time and con-

stantly moved to a different point to avoid any laser-induced degradations of the polymer

by repeated measurements.
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Figure 3.7: Examples of (a) cyclic voltammetry (CV) and (b) chronoamperometry (CA)

measurements on thin films of polymers performed in electrochemical cell (see Figure 3.6).

The electrochemical cell measured cyclic voltammetry (CV), chronoamperome-

try (CA) and allowed in-situ electrochemical Raman spectroscopy. CV characterizes the

oxidation / reduction potentials of the polymer (It is widely used for the approximations

of frontier energy levels HOMO and LUMO of the organic semiconductor). Figure 3.7a

shows an example of a repeated CV scan of an oxidation cycle of an electrochemically

stable π-conjugated copolymer. The oxidation potential is generally approximated via the

onset of the current. Figure 3.7b shows an example of CA measurement, where a time-

dependent step voltage is applied to the working electrode and the injected / extracted

current is measured. Sufficient times (≈ 30 s voltage-on and 20 s voltage-off) were given

to allow the electrochemical cell to attain steady states, where the steady-state during

voltage-on duration was long enough to acquire in-situ Raman. When an oxidation po-

tential above the oxidation threshold of the polymer is applied to the working electrode,

a large number of holes are injected into the polymer, thus, the injection current appears

in CA scan. However, the holes in the polymer are counterbalanced by mobile PF−6 an-

ions and remain in the polymer as hole polarons. As the number of oxidizable polymers

reduces, the current decays to 0 A. Likewise, hole polarons are extracted via reapplication

of 0 V creating the extraction current transients. The hole polaron density (ρh) injected

at a given potential can be approximated as follows:

ρh =
Q

e · v
(3.2)

where, Q represents the charges present in the polymer at steady-state during the voltage-
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on period, e is the elementary charge and v is the volume of the thin film. For the

estimation of Q, the integration of extraction current transients from CA scan was used

(Q =
∫
Iex · dt), where the currents are solely due to the hole polarons in the polymer.

In contrast, the injection current transients generally contain unwanted leakage currents.

Then, in-situ Raman is used to check the signatures of neutral and charged polymers,

a technique used in Chapter 6 to identify the origin of improvements in conductivity of

polymer:ionic liquid diodes.

3.8 Device characterization

Current-voltage characteristics.

JV characteristics of the devices were mainly measured by a sensitive Keithley 2400 series

SourceMeter (from Tektronix) with 10−12 A current sensitivity. For solar cells, AM1.5G

solar simulation was performed by a xenon arc lamp (filtered and temperature controlled),

distance calibrated by a reference Si-photodiode. The organic solar cells were handled

inside a glove box (< 0.1 ppm O2 and H2O) and loaded into an air-tight custom-built

sample chamber with electrical connections. Electrical characterizations of two-terminal

diodes in Fraunhofer OFET substrates were performed inside the glove box in a custom-

built stage with Au plated electrical probes.

External quantum efficiency.

EQE was measured by PVE300 EQE system (by Bentham), calibrated against a refer-

ence Si-photodiode. Electric bias dependent EQE was measured at Samsung Advanced

Institute of Technology (SAIT) under a custom-built setup. Here, monochromatic light

was generated by an optical filter from an ozone-free Xe lamp with a chopper frequency

of 50 Hz. A calibrated Si-PD (Hamamatsu S1337) was used to measure the incident

monochromatic light intensity. Electric bias was supplied by Keithley power meter.

Transient photocurrent.

TPC experiments of organic photodiodes were performed by Dr. Jiaying Wu from Imperial

College London. A ring of 12 white LEDs (Luxeon Star/O, LXHL-NWE8) with a fast-

switching metal oxide semiconductor field-effect transistor was used as an illumination
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source. The calibration to 1 sun equivalent intensity (100 mW cm−2) was performed for

a given device by matching the short-circuit current density (Jsc) of the LED with that

obtained from standard AM1.5 solar simulator. After the calibration, a range of intensities

was obtained by controlling the currents through the LEDs. In Chapter 6, we investigate

the photoresponse speeds of organic photodetectors, with a focus on the light-off decays.

In these cases, the organic photodetector device understudy was held at short circuit

under various levels of illumination, which was then switched off to record the current

decay transients back to dark current levels. The transients were acquired with a DAQ

card connected to a Tektronix TDS3032B Oscilloscope. The voltage transients obtained

from the scope (across a 50 Ω resistor) were converted into current transients using Ohms

law. The current light-off transients were integrated to obtain total charge (Q) associated

with the device at short-circuit at the given irradiance, Q =
∫
Ioff · dt. The charge

carrier density (nsc) that contribute to photocurrents at short circuit was thus calculated

by, nsc = Q
e·v , where, e is the elementary charge and v is the volume of the photoactive

layer. These charge extraction measurements at short circuit were used to approximate

the effective mobility (µ∗), which represents an averaged charge carrier mobility because

electrons or holes currents cannot be distinguished in the device.258 For a dominant drift-

driven transport in the organic semiconductor diodes understudy, the drift current (Jdrift)

can be approximated to short-circuit current density (Jsc), thus, Jsc = nsc e µ
∗ F . This

was used to approximate the effective mobility as follows:258

µ∗ =
Jsc

e nsc F
=

Jsc d

e nsc Vbi
(3.3)

where, nsc is the calculated charge carrier density where charges are in the band and

shallow tail states,117,259,260 F is the internal electric field, Vbi is the built-in potential at

short-circuit and d is the device thickness.

3.9 Device degradation setup

LED degradation experiments were performed inside a nitrogen-filled atmospheric cham-

ber with temperature regulated at 25 ◦C by a heat pump. All the devices per batch

were degraded simultaneously to ensure the environmental conditions were identical for
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Figure 3.8: Spectral emission of the white LED (Bridgelux RS Array Series) used as the

source of degradation for OPV devices.

all cases. The white LED array (purchased from Bridgelux RS Array Series) was used for

continuous illumination and its spectral emission is shown in Figure 3.8. Periodic in-situ

current-voltage characteristics of devices were acquired. 1 sun calibration for the LED

was performed by matching the Jsc of OPV samples with that from standard AM1.5 solar

simulator.

3.10 Chemical gas-sensing setup

The experimental setup for measuring the temporal response of electrical resistance of the

chemiresistors upon periodic exposure and removal of specific volatile organic compounds

(VOCs) is illustrated in Figure 3.9a; set up by Dr. Sooncheol Kwon from Gwangju

Institute of Science and Technology (GIST). As illustrated in the figure, the gas sensing

measurement setup comprised of: (1) source (dry N2 gas tanks, chemical analyte solvents),

(2) gas injection pathway (mass-flow controllers, MFCs), (3) device sample chamber, (4)

gas ejection pathway and (5) data acquisition system. A dry N2 gas was bubbled through

a sealed glass flask containing the required analyte solution (such as acetone or toluene).

The flask was maintained at 0 ◦C by an ice water bath to achieve a consistent saturated

vapor pressure (SVP). The resulting gas (carrier gas) extracted out from the flask was

expected to be at SVP of the respective chemical analyte, which was passed through an

MFC at a required volumetric flow rate (standard cubic centimeters per minute, sccm).
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Figure 3.9: (a) Schematics of the setup used for chemical gas sensing experiments. (b)

Schematics of the experimental setup allowing in-situ Raman spectroscopy of the devices

upon gas exposure. This setup allows only SVP concentration of gases and aimed to probe

the dominant interactions between VOCs and organic semiconductors. The numbered

processes are: (1) source, (2) gas injection pathway, (3) device sample chamber, (4) gas

ejection pathway and (5) data acquisition system.

It was mixed with a dry N2 gas (reference gas) coming through another MFC at a certain

flow rate. The flow rates through the two MFCs were altered, however, the total flow

rate of the mixed gas was kept constant at Vall = 1000 sccm. As such, the specific gas

concentration in the mixture was calculated as follows:261

Gas concentration =
Vvoc
Vall
· SV P
ATM

(3.4)

where, Vvoc is the volumetric flow rate of the carrier gas, SVP is the saturated vapor

pressure of the gas and ATM is the standard atmospheric pressure. The SVP of specific

gas was calculated from their Antoine coefficients at 273 K. The gas mixture was injected

into the device sample chamber through a well-sealed inlet tube, flown continuously, and

extracted through the outlet tube. Within the device chamber, time-dependent channel



Ch.3 Experimental Methodology 78

current measurements were performed on the two-terminal chemiresistor using Keithley

2400 power meter. The chemical gas-sensing setup was designed to be air-sealed with

no leakages, specifically at the injection pathways where the gas mixing was performed.

Initially, reference gas was flown for a set amount of time until a steady baseline channel

current was achieved. Then, exposures of the carrier gas and reference gas were performed

periodically, and the subsequent electrical responses of the devices were recorded.

In-situ Raman spectroscopy of the operating devices upon gas exposure was

performed by using a simplified gas exposure system as illustrated in Figure 3.9b. This

setup also comprised of: (1) source, (2) gas injection pathway, (3) device sample chamber,

(4) gas ejection pathway, and (5) data acquisition system. However, the gas mixing via

MFCs was not performed, instead, the gas at SVP was directly injected into the device

sample chamber (an airtight Linkam HFS600E-PB4 with Au plated electrical probes to

measure channel currents). Agilent B29028 power meter was used as a current / voltage

measurement system. The sample chamber was fitted into the XY translational stage of

the Raman microscope, thus, allowing in-situ acquisition of Raman spectra. The ejected

gas from the outlet of the Linkam stage was safely removed via the lab extraction system.
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3.11 Density Functional Theory simulation

Density functional theory (DFT) forms a theoretical basis for energetic and electronic

structures of molecules via quantum-chemical computations,262,263 introduced into the

scientific community circa the 1960s.264,265 At present, DFT has progressed immensely in

terms of accuracy, reach, and practicability covering diverse fields such as molecular sci-

ences, chemistry, biochemistry, molecular dynamics, and condensed matter physics.266–269

DFT is extensively used in organic small molecules and polymer systems to describe

the electronic and structural properties. The DFT approach is more computationally-

effective, reliable and has good accuracy in predicting bond lengths and vibrational fre-

quencies compared to other methods like Hartree-Fock or Moller-Plesset.270 In this the-

sis, DFT is used for energy and frequency optimizations of the organic semiconductor

molecules with particular focus on simulations of frontier molecular orbitals (i.e. HOMO

and LUMO) and non-resonant Raman spectra.

All the calculations were performed in Gaussian09 software package run by High-

Performance Computing (HPC) service at Imperial College London.271 DFT simulations

were performed on an isolated molecule in a gas phase, a valid approach for simula-

tion of intramolecular electronic transitions, molecular orbitals, and molecular vibrational

spectroscopy.272 Desired organic semiconductor molecules were constructed in GaussView

(ver. 6) (a visualization software within the Gaussian09 package). For the case of poly-

mers (which are typically beyond 50 repeat units), the DFT simulation is mainly limited

by computational times, especially, during the structural optimization process where the

long repeat units and relatively flexible side chains (if any) offer huge freedom of vari-

ation (due to simulation of an isolated molecule) and complexity in finding the global

minimum energy. So, to balance the computation time and accuracy, a given polymer

was represented by a symmetric oligomer (of 2-5 repeat units), while, any long alkyl side

chains extending out from the main π-conjugated backbone of the polymer were replaced

by methyl groups. Replacing by the small methyl units is valid because the majority

of the electron density (the input parameter for DFT calculation) is located in the pi-

conjugated backbone of the polymer. In this work, all DFT calculations used a hybrid

functional B3LYP, a well-established and commonly used functional for approximations
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of the energy associated with all the electrons correlation and exchange.273–275 Specific

basis-set was used with the B3LYP hybrid functional, which calculates the molecular or-

bitals by the linear combination of atomic orbitals (LCAO) approach. For the conjugated

organic molecules comprising of elements with moderate atomic weights (up to sulphur),

a split-valance double-zeta basis-set, 6-31G(d,p) was used for sufficient accuracy.276,277 For

the organic molecules with heavier atoms like selenium, the hybrid functional B3LYP was

used with a triple-zeta split-valence basis-set of 6-311G(d,p) to accommodate the heavier

atoms.278–280

In all cases, the molecular structures were optimized to the lowest-energy config-

uration in the gas phase. The molecule was constructed with reasonable initial structure

and multiple structural variations were scanned through to ensure that global minimum

energy was achieved. Estimates of the molecular energy levels, orbitals’ visualizations,

and electrostatic surface potentials (ESP) were obtained from the energy optimizations.

For ESP contours, a test -ve or +ve charge was brought in close proximity to the energy-

optimized structure and a self-consisted field (SCF) matrix was used to generate the

surface potential plots. The frequency optimizations of the energy-optimized structures

produced the simulation of vibrational spectroscopies (IR and Raman). Such simulations

were limited to just the identification of vibrational modes associated with the Raman

peaks, while, relative peak intensities, peak widths, or resonance effects could not be sim-

ulated. The frequency of the DFT calculated Raman spectra were scaled by a factor of ≈

0.97, an empirically determined value dependent on the method used for the DFT.281,282

Assignments of Raman peaks to their corresponding vibrational modes in molecules were

performed by visualizations in GaussView software, alongside consultation with litera-

ture (Refer to relevant chapters for the details). For the cases of simulating the effects

of molecular structure changes via dihedral angles on the energetics or Raman, energy

optimizations were performed by freezing the specific dihedral angle under investigation

to different values. Relevant chapters are provided with the specific molecular structures

constructed for DFT simulations and the specific methods used.



Chapter 4

Impact of initial conjugated

polymer:fullerene nanomorphology

on operational stability of devices

Fine-tuning the bulk-heterojunction (BHJ) morphology of the photoactive blend of electron-

donor and electron-acceptor molecules in organic photovoltaic (OPV) devices is critical

for power conservation efficiency (PCE). Yet, the impacts of such different BHJ mor-

phologies on long-term performances, specifically operational stability, is still poorly un-

derstood. This is primarily due to limitations in measurement techniques allowing direct

in-situ monitoring of device degradations at molecular levels. In this chapter, we utilize

thermal annealing preconditioning during device fabrication to tune the morphology of

model polymer:fullerene BHJ devices and investigate the impacts on efficiency and opera-

tional stability via molecular vibrational spectroscopy. In-situ spectroscopic studies reveal

a molecular-scale phase segregation temperature (Tps) which critically determines the up-

per limit for high efficiency and long operational stability. Under long-term operation and

continuous illumination, initially well-mixed blend morphology (no annealing) shows in-

stability in the hole-extracting interlayer. However, initially phase-segregated morphology

at molecular-level (annealed just above Tps) shows instability in the photoactive layer via

further micro-scale phase segregation coupled with fullerene photodegradation. Our re-

sults show that thermal annealing the polymer:fullerene blends below Tps develops a stable

81
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morphology for improved operational stability while maintaining optimized efficiency.

The work reported in this chapter was done in collaboration with Dr. Alexander Doust

from Cambridge Display Technology (CDT) Ltd. It was published as Advanced Materials

Interfaces 6, 1801763 (2019),145 with permission from the journal for reproduction in this

thesis (refer to Appendix-B: Permissions). The industrial research polymer used in this

work was provided by CDT.

4.1 Motivations and aims

BHJ blend of electron-donor (D) and electron-acceptor (A) molecules as photo-harvesting

layers is typically employed in OPV devices to maximize efficiency, where the desired

morphology requires a well-mixed D-A phase for efficient dissociation of strongly bound

photogenerated excitons and pure phases of both D and A for efficient transport of pho-

togenerated charges to respective electrodes.283,284 Refer to Section 2.1.2 in Chapter 2:

Literature Review for the details of BHJ morphology. Strategies for fine-tuning the BHJ

morphology to achieve maximized PCE include a multitude of methods depending on

the blend system such as blend ratios, solvent formulations, chemical additives, film de-

position/drying techniques, and solvent/thermal annealing.4,5,73–76 However, the impact

on device operational stability due to such fine-tuning of BHJ morphologies is not well

investigated.

Device stability is one of the major bottlenecks towards successful commercial-

ization and technological maturity in the field of OPVs.121,122 Organic molecules are vul-

nerable to photo-induced degradations either by chemical decompositions or photooxi-

dations.80–82 Weak intermolecular attractive forces between organic molecules render the

BHJ blend susceptible to morphological degradations, thus, strongly affected by temper-

ature and humidity.83–85 Stability is also limited due to the intrinsic nature of organic

materials to demix from a blend (molecular incompatibility).127,144 Regarding the burn-

in degradation of OPV (initial exponential degradation of PCE, generally followed by a

much slower linear degradation), there is a huge debate on its origins such as polymer

molecular weight, crystallinity, fullerene dimerization/degradation, and interlayer inter-



Ch.4 Morphology and Stability 83

faces.131,132,134,140,146,285 Studies are focussed on deducing the molecular origins of burn-in

degradation as well as strategies to improve. Refer to Section 2.2.2 of Chapter 2: Litera-

ture Review for the discussion about the stability of OPV including burn-in degradation.

Thus, the field of OPV stability is complex due to many variables responsible for degra-

dations, limitations in experiments, and in-situ experimental probes.

In this chapter, we utilize thermal annealing preconditioning as a tool to tune

the BHJ morphology into different initial states to investigate the impacts of such differ-

ent BHJ morphologies on efficiency and operational stability, thus a comprehensive study

of BHJ OPVs unifying efficiency and operational stability. Thermal annealing precondi-

tioning here means a thermodynamic reorganization of BHJ morphology by treating the

blend films at various temperatures before metal electrode deposition; refer to Section

4.3 for the details of thermal annealing preconditioning approach utilized during device

fabrication. Thin film morphology in blends in terms of molecular vibrations and op-

tical properties; their evolution with thermal annealing and device operation is probed

with combined resonant Raman and photoluminescence (PL) spectroscopy. The in-situ

spectroscopic probes are used to identify key parameters responsible for improvements of

device stability and further investigations on the origins of device degradations.

4.2 Materials and device choices

In this work, a copolymer F12TBT was blended with fullerene PC70BM to represent a

model polymer:fullerene BHJ system, which was employed as a solution-processed pho-

toactive layer in a conventional OPV device architecture. The full chemical names are

provided in Chapter: Abbreviations. Figure 4.1 shows the chemical structure of F12TBT

and PC70BM along with their energy levels. F12TBT is a typical push-pull copolymer

that functions as an electron-donating or hole-transporting molecule when blended with

PC70BM which functions as an electron-accepting molecule. F12TBT used here is an

industrial-grade research polymer (supplied by Cambridge Display Technology (CDT)

Ltd.) with well-optimized synthetic formulations and good potential for cost-effective

scale-up. Likewise, fullerene as an electron acceptor is chosen because they are univer-
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Figure 4.1: Chemical structures of F12TBT polymer (electron donor) and PC70BM

(electron acceptor) used as a photoactive layer in the photovoltaic devices, along with

HOMO (measured by air photoelectron spectroscopy) and LUMO (calculated by adding

the optical bandgap to HOMO) energy levels of the two materials in thin films. Also

shown is the conventional OPV device architecture.

sally compatible with a multitude of polymers with good solubility with different organic

solvents.283,286–288 High purity F12TBT polymer was synthesized by Sumitomo Chemical

Co., Ltd. with a number-averaged molecular weight (Mn) of 10.5 kg mol−1, weight-

averaged molecular weight (Mw) of 24.7 kg mol−1 and polydispersity index (PDI) of

2.35. PC70BM with a 99% purity rating was obtained from Solenne BV products. The

conventional architecture of OPV device employed PEDOT:PSS as the hole transporting

interlayer. PEDOT:PSS is industrially viable particularly due to effective and high-quality

films fabrication from simple solution processing.289 Indium tin oxide (ITO) was used as

a semi-transparent electrode for hole extraction and Ca/Al (calcium/aluminum) as the

electron extracting metal electrode. The OPV structure hence was: ITO/ PEDOT:PSS/

F12TBT:PC70BM/ Ca/ Al) as illustrated in Figure 4.1.

4.3 Fabrication specifics

Device Fabrication. BHJ OPVs were fabricated in conventional geometry: Glass/ ITO/

PEDOT:PSS/ F12TBT:PC70BM (1:3)/ Ca/ Al. 12 × 12 mm2 glass substrate patterned

with ITO (purchased from Psiotec Ltd.) was solvent cleaned and oxygen plasma treated.
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PEDOT:PSS solution (purchased from Heraeus) was filtered through 0.45 µm filter and

spun at 3500 rotations per minute (rpm) for 35 s at an acceleration of 104 rpm s−1 and

baked at 140 ◦C for 20 mins to obtain ≈ 30 nm films. F12TBT:PC70BM blend solution

was prepared with 1,2-dichlorobenzene solvent at a total concentration of 26.5 mg mL−1

and left stirring overnight at room temperature. The blend solution was spun over ITO/

PEDOT:PSS substrate at 1500 rpm for 60 s at an acceleration of 104 rpm s−1 to obtain

a thickness of ≈ 80 nm. Thermal annealing preconditioning was performed at this point

using a hot plate for 20 mins and allowed to cool down normally back to room temperature

before the metal electrode deposition. Ca (20 nm) and Al (100 nm) were deposited via

evaporation in high vacuum (< 5 × 10−6 mBar) to yield a 0.045 cm2 active area. Refer to

Section 3.1 in Chapter 3: Experimental Methodology for the details of solvent cleaning,

solution preparations, and thermal evaporation of metals.

Thin films Fabrication. Neat and blend thin films of F12TBT and PC70BM were

fabricated by spin coating on solvent-cleaned 12 × 12 mm2 quartz (purchased from Spec-

trosil 2000, UQG Ltd.) or solvent-cleaned 12 × 12 mm2 glass substrate patterned with

ITO (purchased from Psiotec Ltd.) using the same solvents, solution concentrations and

spin conditions as prepared for devices. Quartz based thin films were used for absorption

measurements while ITO based thin films were used for Raman, PL, and photoemission

spectroscopy measurements.

4.4 BHJ morphology of photoactive layer

Spin casting to produce F12TBT:PC70BM (1:3) blend films develop a homogeneous and

well-mixed morphology as shown by the atomic force microscopy (AFM) scans and micro-

graphs in Figure 4.2. AFM scan of the as-cast blend film shows a smooth surface morphol-

ogy with root-mean-square roughness (Rq) of 1.0 nm. Thin film morphology of the as-cast

blend observed via microscope is homogeneous and shows no features of micro-scale phase

segregation of the two moieties F12TBT and PC70BM. However, thermal annealing the

blend films at high temperatures, 180 ◦C here, clearly shows strong micro-scale phase

segregation, indicating a transition from a homogeneous and well-mixed morphology to
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Figure 4.2: Atomic force microscopy (AFM) scan of as-cast F12TBT:PC70BM (1:3)

blend film. Also shown are micrographs of as-cast and annealed (180 ◦C) blend films.

Scale (black bar) in microscope images is 10 µm.

Figure 4.3: (a) Micrograph of a phase-segregated state of F12TBT:PC70BM (1:3) film

obtained after thermal annealing at 180 ◦C. (b) Raman mapping of the microaggregate.

(c) A typical Raman spectrum obtained during Raman mapping, where the asterisked

peak representing PC70BM peak (1567 cm−1) is tracked with respect to polymer peak 2

(1542 cm−1). Scale (black bar) in microscope images is 10 µm.

phase-segregated morphology. Micro-scale aggregates observed in the micrographs in Fig-

ure 4.2 are aggregates of PC70BM which is confirmed by Raman spectroscopy mapping

of the microaggregate as shown in Figure 4.3. The Raman mapping also indicates that

the aggregates are formed by PC70BM diffusing out from the surrounding well-mixed do-

mains, leaving out distinctive PC70BM deprived regions (blue shades) surrounding the

microaggregate. Thus, it is possible to tune the BHJ blend morphology into different

states between these two extremes (well-mixed and phase-segregated) via thermal an-

nealing preconditioning at various temperatures to investigate their impacts on device

efficiency and operational stability.
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4.5 Vibrational spectroscopy for molecular analysis

Figure 4.4: (a) Normalized absorbance of F12TBT, PC70BM and F12TBT:PC70BM

(1:3) films. (b) Resonant Raman spectra (via 514 nm excitation) of F12TBT and

F12TBT:PC70BM (1:3) films, marked by peaks 1-6 representing polymer specific peaks

and asterisked peaks representing PC70BM specific peaks. Also shown is the Raman peaks

assignment to their corresponding vibrational modes in F12TBT polymer. Refer to Table

4.1 for detailed assignments.

N
Position

(±1 cm−1)
Vibrational Mode Assignments

Group 1: Single-units Vibrations

1 1606 Benzene quadrant stretching of F unit

2 1542 Stretching of fused rings of BT unit

3 1445 C=C stretching of T unit

6 1272 Benzene C-H wagging mode of F unit

Group 2: Coupled Vibrations, involves T-BT-T units

4 1373 Antisymmetric C=C mode of BT unit coupled to C-C mode of T unit

5 1349 Symmetric C=C mode of BT unit coupled to C-C mode of T unit

Table 4.1: Assignments of Raman peaks 1-6 to their corresponding vibrational modes

in F12TBT polymer obtained via DFT calculations.

To study the morphology (in both micro- and molecular-scales) of the photoactive BHJ

blend, we fabricated neat and blend films of F12TBT and PC70BM. As shown in Figure

4.4a, F12TBT exhibit the characteristic camel-back absorption spectrum typical to the
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absorption of donor-acceptor push-pull type copolymer where the high-energy absorption

band (350-450 nm here) corresponds to π-π* optical transition delocalized along the π-

conjugated backbone of the F12TBT polymer whilst low-energy absorption band (450-700

nm here) corresponds to intraunit charge-transfer (CT) optical transition from delocalized

HOMO to electron-accepting benzothiadiazole (BT) unit.290,291 The electron-accepting

nature of BT is also highlighted by the observation of LUMO localized in the BT units of

F12TBT as shown in Figure 4.5b. Inclusion of PC70BM complements the absorption gap

between 400-500 nm as shown by the absorption spectrum of F12TBT:PC70BM blend

in Figure 4.4a, thus, creates a broadband absorption of the solar spectrum. Raman

spectroscopy was used to probe the changes in nanomorphology and the impacts on the

π-conjugated backbone planarity of the polymer upon blending with PC70BM and thermal

annealing.

Figure 4.5: (a) Molecular structure of F12TBT oligomer used for DFT energy and fre-

quency optimization calculations. Visualizations of (b) LUMO and (c) HOMO performed

on the energy optimized structures (shown in (a)).

Symmetric F12TBT oligomer as shown in Figure 4.5a was constructed in Gaus-

sian 09 program, where a methyl group was used to replace long alkyl side chains in

fluorene units to reduce the computational times (whilst maintaining enough accuracy).

In all cases, the energy optimizations and frequency calculations were performed using
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B3LYP hybrid functional with 6-31G(d,p) basis-set. The energy-optimized geometry of

the F12TBT oligomer was not completely planer and comprised of interunit dihedral

twists ≈ 20◦. The resulting vibrational mode assignments to their respective polymer

peaks 1-6 are shown in Figure 4.4b and Table 4.1. These assignments are consistent with

literature assignments on analogous polymers.292,293 Refer to Section 3.11 of Chapter 3:

Experimental Methodology for further details on DFT simulations. As indicated in Table

4.1, the vibrational modes in the F12TBT polymer can be categorized into two distinct

groups: single-unit and coupled vibrations. Single-unit vibrations represent vibrational

modes mainly localized to the ring stretching modes of individual units of the monomer:

peaks 1 (1606 cm−1, fluorene (F) unit), 2 (1542 cm−1, fused-rings of benzothiadiazole

(BT) unit), 3 (1445 cm−1, C=C of thiophene (T) unit) and 6 (1272 cm−1, C-H wagging

mode of F unit). In contrast, coupled vibrations represent vibrational modes delocalized

over several different units: peaks 4 (1373 cm−1) and 5 (1349 cm−1) which are assigned

to antisymmetric and symmetric forms of C=C stretches of BT coupled to C-C stretches

of T respectively. Refer to Section 8.1 in Chapter 8 for the wavelength-dependent Raman

spectroscopy of F12TBT polymer, which complements the vibrational mode assignments.

4.6 Blending and thermal annealing

Loading PC70BM on neat F12TBT and thermal annealing, both are found to impact the

molecular conformation of the polymer as observed by the Raman spectra shown in Figure

4.6a, where selective peak changes are observed for the T-BT-T coupled vibrational peaks

(4 and 5) with respect to the donor F (peak 1), i.e. increase or decrease of IT+BT

IF
, which

is an indication of preferential conformational changes on the π-conjugated backbone

of the F12TBT polymer. According to the reported studies on analogous copolymers

F8BT and F8TBT, the selective quenching of the BT unit with respect to the to F ring

stretching mode is recognized to be due to an increased interunit dihedral torsion angle

between F and BT unit against the π-conjugated backbone.292,294,295 The subtle changes

in intramolecular planarity of the polymer have major consequences in the intermolecular

packing and hence, the charge transport properties. Donley et al. reported that the

larger interunit dihedral torsion angle (i.e. twisted π-conjugated conformation) drives the
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Figure 4.6: (a) Raman spectrum of films acquired by 457 nm excitation, comparing as-

cast F12TBT film with thermally annealed (180 ◦C) and PC70BM loaded films. Raman

spectra are normalized to peak-1 (1606 cm−1, specific to F unit) (not shown). (b) Raman

peaks intensity ratio, peak 5 / peak 1, of as-cast F12TBT films against PC70BM contents.

Thermally annealed at 180 ◦C are also shown by red triangles.

intermolecular chains to stack co-facially such that the neighboring BT units are adjacent,

which consequently improves the intermolecular electron transport due to better overlap

between the LUMO orbitals (based on F8BT polymer).295 Note that although the more

planar structure is associated with increased delocalization of HOMO, the LUMO remains

strongly localized in BT unit regardless.294 As shown in Figure 4.6a, for the case of loading

PC70BM on neat F12TBT, IT+BT

IF
decreases, while, for the case of thermal annealing

the neat F12TBT, IT+BT

IF
increases. Thus in our case, the π-conjugated backbone of

the F12TBT polymer becomes more twisted (via larger interunit dihedral torsion angle

between F and T-BT-T) than its original conformation in neat films upon blending with

PC70BM. We can understand that the small fullerene molecules find spaces near T-BT-T

unit of the polymer to intercalate, resulting in an increase of torsion angle between the

F and T-BT-T units due to steric hindrance. Such twisted conformation can promote

co-facial packing and improve intermolecular electron transport. In contrast, thermal

annealing the neat F12TBT improves the planarity of the π-conjugated backbone; an

opposite effect compared to the case of blending with fullerene.

Figure 4.6b quantifies the effect of blending and thermal annealing on the poly-

mer conformation, particularly the torsion angle between F and T-BT-T, where higher
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Raman peaks intensity ratio ( IT+BT

IF
) represents an increase in the polymer backbone pla-

narity. Intense thermal annealing (180 ◦C) shows the highest planarity whilst blending at

50 wt% of PC70BM shows the highest torsion angle. The twisting of polymer backbone

due to fullerene addition shows saturation around 25 wt% of PC70BM, indicating the

upper limit of fullerene loading that can physically intercalate and alter the polymer con-

formation. The morphology in molecular scales of such blends with > 25 wt% of PC70BM

is, therefore, a well-mixed phase with saturated intercalation of fullerenes near T-BT-T

unit between the two bulky F units of the polymer. Raman peaks intensity ratio is com-

pletely recovered upon thermal annealing for 75 wt% of PC70BM (8.7 compared to 8.6 for

annealed neat F12TBT), implying that thermal annealing of the blend improves polymer

conformation with no restraints by the large amount of coexisting PC70BM molecules.

At this stage, large micro-aggregates of PC70BM are observed as shown in Figure 4.2

(discussed previously in Section 4.4) indicating significant phase-segregation of fullerene

diffused out from well-mixed polymer:fullerene phases.

4.7 In-situ thermal annealing

A detailed study of the BHJ nanomorphology of the blend films upon thermal annealing

was investigated by in-situ temperature-dependent Raman spectroscopy as shown in Fig-

ure 4.7 (refer to Section 3.3 in Chapter 3: Experimental Methodology for experimental

details). Figure 4.7a shows the evolution of Raman spectra upon heating; acquired by

514 nm excitation resonant to the low-energy absorption band of F12TBT (450-700 nm,

refer to Figure 4.4a), as such, photoluminescence (PL) can also be extracted from the

fluorescence background (a methodology well implemented in literatures237,296,297). The

PL is due to polymer in the range of 535-570 nm (Raman shift of 800-1800 cm−1). This

is clarified by the comparative Raman spectrum of as-cast thin films of neat F12TBT,

neat PC70BM and F12TBT:PC70BM blend in Figure 4.9, where the strong fluorescence

background exhibited only by neat F12TBT is completely quenched in the blend indicat-

ing efficient charge transfer from polymer (electron donor) to fullerene (electron acceptor)

signifying well-mixed nanomorphology, consistent with the morphological observations

discussed previously in Section 4.4. The observation of gradual increase of PL upon
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Figure 4.7: In-situ temperature dependent resonant Raman spectra (via 514 nm exci-

tation) of F12TBT:PC70BM (1:3) films acquired during heating phase with (a) showing

absolute Raman spectra and (b) showing baseline corrected Raman spectra normalized

to peak 1 (1606 cm−1, specific to F12 unit). (c) Photoluminescence (PL) intensities of

F12TBT:PC70BM (1:3) films (extracted PL background from (a) and normalized by the

maximum at 180 ◦C). (d) Raman peak intensity of PC70BM peak (1567 cm−1) with respect

to F12 peak (peak 1) during the heating cycle.

Figure 4.8: Micrographs of F12TBT:PC70BM (1:3) films obtained in-situ at the specified

temperature during the heating/cooling experiment (performed in Figure 4.7). Scale

(black bar) in microscope images is 10 µm.
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Figure 4.9: Raman spectra of the thin films between Raman shifts of 800-1700 cm−1

which corresponds to the photon scattering within ≈ 535-570 nm.

heating the F12TBT:PC70BM blend in Figure 4.7a is an indication of morphological reor-

ganization and gradual phase segregation starting from the molecular level and reaching

to micro-scale segregations at sufficiently high temperatures.

Figure 4.7b shows the background-corrected Raman spectra normalized to the

F unit (peak 1), with the asterisk marking the PC70BM specific Raman peak at 1567

cm−1. The relative Raman intensity of PC70BM peaks with respect to polymer peaks,

i.e.
Ipcbm
IF

, is a measure of relative chemical compositions of the two moieties within

the laser focus (≈ 10×10 µm2) used to acquire the Raman spectrum. Polymer peaks,

for instance, peak 2 (1542 cm−1, localized to BT unit) is ≈ 2.5× stronger than the

maximum PC70BM peak (at 1567 cm−1) although the chemical composition of PC70BM

is 3× more than polymer due to stronger Raman cross-section of the polymer at 514 nm

resonant excitation. Probing multiple areas of the as-cast F12TBT:PC70BM blend film

shows very similar Raman spectra, indicating a good homogeneity of chemical composition

throughout the whole sample. During the heating phase, the increase of PL is strongly

coupled to the decrease of PC70BM peak (
Ipcbm
IF

) as shown in Figure 4.7a and b respectively.

We observe a gradual frequency downshift of the Raman peaks by 2.5 cm−1 from 30 to 180

◦C, which is a reversible thermal effect and recovers completely upon cooling as shown

by the 30 ◦C (Cooled) spectrum in Figure 4.7b. The irreversible thermal effects after
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the heating/cooling cycle, however, are the PL and PC70BM peak quenching as shown in

Figure 4.7c and d respectively, an indication of permanent morphological changes. Figure

4.7c shows a monotonic increase of PL upon heating from 25 to 45% of the maximum

PL between 30 and 130 ◦C, beyond which the PL increases significantly and achieves the

maximum value at 180 ◦C, clearly indicating a phase transition point. Similarly,
Ipcbm
IF

is ≈

1 until 140 ◦C, beyond which it decreases significantly (reaching 0.5 at 180 ◦C). Thus, the

inflection point ≈ 130 ◦C indicates a critical transition temperature for phase separation

(Tps) of F12TBT:PC70BM (1:3) BHJ blend at a molecular level.

The micrographs acquired during the in-situ heating/cooling experiment are

shown in Figure 4.8. The F12TBT:PC70BM blend film is homogeneous in microscales until

180 ◦C, after which microscale aggregates of PC70BM develop due to the out-diffusion of

PC70BM from well-mixed phases to form phase-separated and disconnected pure PC70BM

domains. However, the nucleation sites in molecular scales for the disconnected phase

separation should initiate at a temperature below 180 ◦C, which is identified by the in-situ

temperature-dependent resonant Raman spectroscopy to be at a much lower temperature

of Tps ≈ 130 ◦C. This is again consistent with the argument that the observed transition

temperature Tps is associated with phase separation at a molecular level in the well-mixed

phases of the blend.

Figure 4.10: Atomic force microscopy (AFM) scan of F12TBT:PC70BM (1:3) blends

comparing as-cast (Rq = 1.0 nm), 100 ◦C annealed (Rq = 1.1 nm) and 140 ◦C annealed

(Rq = 0.7 nm) films. The samples were half devices: ITO/PEDOT:PSS/photoactive layer.

The PL increase and Raman
Ipcbm
IF

decrease observed in Figure 4.7c and d can be

explained by exploring the process of phase segregation. The gradual increase of PL of the
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polymer up to 45% at 130 ◦C signifies minor morphology optimizations in molecular scales,

note that the in-situ micrographs (Figure 4.8) or ex-situ AFM (Figure 4.10) do not show

much difference, thus, complementing our claim that the morphology optimizations are in

molecular scales. Above Tps, the strong increase in PL is due to reduced D-A interfacial

area (polymer PL quenching sites) created by the initiation of phase separation of poly-

mer and PC70BM from the well-mixed phases of the BHJ blend. Likewise, the decrease

of Raman
Ipcbm
IF

is due to the out-diffusion of PC70BM (in our case, out-diffusion from the

local laser spot) creating a decrease in the local chemical composition of PC70BM with

respect to polymer F12TBT within the laser spot used to acquire Raman spectrum. The

mechanics of segregation at the molecular level can be understood from the polymer con-

formational changes discussions in Section 4.6. The initially well-mixed morphology with

saturated intercalation of fullerenes has twisted π-conjugated backbone via dihedral angle

between T-BT-T and F units, which upon thermal annealing planarizes as the fullerene

diffuses out from the well-mixed phases. In this respect, the thermal energy serves as the

driving force for both planarization of the polymer π-conjugated backbone and diffusion

of PC70BM out from well-mixed phases. Such mechanics of fullerene out-diffusion from

well-mixed phases and the concomitant effect on polymer π-conjugated backbone is also

reported previously in other semi-crystalline polymer and range of fullerene blend sys-

tems.296,298 Morphology variations between well-mixed and phase-segregated determine

the charge transport and extraction efficiency in devices,57,299 as-such, the OPV device

parameters of the different morphologies are investigated next followed by operational

stabilities.

4.8 Device efficiency and operational stability

The BHJ nanomorphology was tuned via thermal annealing preconditioning to achieve

morphologies between the two extremes: well-mixed and phase-segregated; and the ef-

fects on device efficiency and operational stability were studied in conventional BHJ OPV

device architecture: ITO/ PEDOT:PSS/ F12TBT:PC70BM (1:3)/ Ca/ Al and detailed

in Table 4.2. Refer to Section 4.3 for the details of the device fabrications and thermal

annealing preconditioning approach. The selected annealing temperatures were: room
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temperature (RT, no annealing, well-mixed morphology exclusively formed kinetically via

spin coating); 70 and 100 ◦C (mild-temperature annealing with T < Tps, minor morpho-

logical optimizations at nanoscales but still well-mixed); and 140 ◦C (high-temperature

annealing with T > Tps, molecular-scale phase segregation but no optically or topologi-

cally measurable PC70BM aggregates).

Samples
Voc

(V)
FF

Jsc
(mA

cm2)

PCE

(%)

Voc

Fresh
[Aged]

FF
Fresh
[Aged]

Jsc
Fresh
[Aged]

PCE
Fresh
[Aged]

RT, 22 ◦C
1.01
± 0.01

0.52
± 0.02

6.44
± 0.27

3.34
± 0.22

0.99

[0.96]

0.54

[0.52]

6.47

[5.33]

3.46

[2.66]

70 ◦C
1.01
± 0.01

0.51
± 0.01

6.62
± 0.25

3.41
± 0.15

1.00

[0.98]

0.52

[0.51]

6.72

[6.46]

3.50

[3.22]

100 ◦C
1.02
± 0.00

0.50
± 0.02

5.98
± 0.21

3.08
± 0.15

1.01

[0.99]

0.50

[0.48]

6.53

[6.30]

3.30

[3.02]

140 ◦C
1.03
± 0.02

0.41
± 0.01

4.63
± 0.17

1.95
± 0.10

1.01

[0.97]

0.41

[0.38]

5.11

[4.80]

2.11

[1.79]

Table 4.2: Photovoltaic parameters of F12TBT:PC70BM (1:3) devices fabricated at dif-

ferent thermal annealing preconditioning temperatures along with values: before (Fresh)

and after (Aged) LED degradation. The parameters were averaged over 12 devices.

The effects of different BHJ nanomorphology tuned via thermal annealing the

photoactive blends on the J-V characteristics of the OPV devices are shown in Figure 4.11a

and Table 4.2. As shown in Figure 4.11b, the power conversion efficiency (PCE) at RT

(here, ≈ 22 ◦C) is the optimized value, which is retained at mild annealing temperatures,

however, decreases considerably at 140 ◦C by ≈ 40% from an average value of 3.34 to

1.95%. The trend of PCE against thermal annealing reveals a transition temperature just

below 140 ◦C above which PCE loss is observed. Correlating this trend with the BHJ

blend morphology discussed in Section 4.7, the 140 ◦C (T > Tps) has molecular scale phase

segregation where the nucleation points for PC70BM segregation is already initiated in

nanoscales, indicating that the phase-segregated BHJ morphology is not ideal for PCE, in

particular, for effective charge generation due to reduced number of D-A heterointerfaces

resulting in a reduction of short-circuit photocurrent density (Jsc) and fill factor (FF). As
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Figure 4.11: (a) Representative J-V scans of F12TBT:PC70BM (1:3) OPV devices fabri-

cated at different thermal annealing preconditioning temperatures. (b) Power conversion

efficiency (PCE) of the devices at different thermal annealing preconditioning temper-

atures. Also shown is the PCE of these devices before (Fresh) and after (LED Aged)

continuous white LED degradation for ≈ 3500 mins. Refer to Table 4.2 for further de-

tails. Long-term effects on (c) normalized PCE and (d) normalized Jsc due to continuous

LED illumination on the aforementioned devices.

quantified in Table 4.2, the dominant losses are Jsc (loss of ≈ 30% from 6.4 at RT to 4.6

mA cm2 at 140 ◦C) and FF (loss of ≈ 20% from 0.5 at RT to 0.4 at 140 ◦C). Interestingly,

open-circuit voltage (Voc) show minimum changes (≈ 2% increase from RT to 140 ◦C).

A clear effect of thermal annealing on the device operational stability is observed

as shown in Figure 4.11c, where the devices are operated under continuous white light-

emitting diode (LED) illumination at 1 sun intensity inside the temperature-controlled

inert atmospheric chamber. Refer to Section 3.9 of Chapter 3: Experimental Methodology

for details of LED degradation procedure. Non-annealed device (RT) shows > 20% PCE
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Figure 4.12: LED degradation profiles of F12TBT:PC70BM (1:3) devices fabricated at

different thermal annealing preconditioning temperatures showing the absolute decays of

(a) PCE, (b) Jsc, (c) Voc and (d) FF.

degradation mainly due to > 15% Jsc loss (Figure 4.11d). The stability improves by

more than 50% when some minor morphology optimizations are introduced by mild-

temperature annealing (i.e. 70 and 100 ◦C), which shows only 5-7% PCE degradation

mainly due to ≈ 5% Jsc reduction. Critically, this stability improvement is in the initial

burn-in phase122,127 (here, first 3500 mins), thus, we have introduced a thermal annealing

approach to reduce the burn-in degradation. Here, thermal annealing has alleviated some

specific factors contributing to burn-in degradation, the details of which are discussed

later in Section 4.9. Note, however, that the stability deteriorates upon high-temperature

annealing (see 140 ◦C devices). So, there is an annealing temperature limit i.e. T < Tps,

for optimization of both efficiency and operational stability.

Figure 4.12 shows the absolute decays of the main device parameters (PCE, Jsc,

Voc, and FF). We can see that a small sacrifice in the initial PCE of fresh devices due
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to mild-temperature annealing (for instance, 3.46% optimum PCE at RT and 3.30% at

100 ◦C) is more effective in the long term (RT degrades to 2.66% and 100 ◦C degrades

to 3.02%). As stated previously, the dominant degradation parameter is Jsc for all cases,

while, losses in Voc and FF are comparatively minimal (≈ 2 and 4% respectively). So, the

improved stability in the burn-in phase shown by mild-temperature annealing is primarily

via stabilization of Jsc. Thus, the critical point of our study is that mild-temperature

thermal annealing is required to achieve good stability whilst maintaining optimum PCE.

The degradation mechanism involved for well-mixed (RT) and phase-segregated (140 ◦C)

is explored next.

4.9 Mechanism of degradation

Raman spectroscopy in-situ OPV devices were employed to deduce the origin of PCE

degradation by comparing the fresh and LED aged devices. Two unstable cases, morpho-

logically representing the extremes of the variable under investigation i.e. RT (initially

well-mixed) and 140 ◦C (initially phase segregated in molecular scale), are contrasted as

shown by the representative resonant Raman spectra in Figure 4.13a. Unlike thin films,

the Raman spectrum of OPV devices is a convolution of all the Raman active organic

molecules present in the multi-layered OPV device, herein, F12TBT, PC70BM, and PE-

DOT:PSS; where an appearance of any new peaks is a signature of degradation. The

reference spectra of these organic molecules in a single layered film is shown in Figure

4.14. Figure 4.13a shows a common LED degradation signature for both RT and 140 ◦C

cases by the appearance of a new peak at 1624 cm−1. The vibrational mode associated

with this new peak is not obvious as it is not observed in any of the reference Raman

spectra of the single-layer Raman active organic molecules. However, as shown in Fig-

ure 4.15, we observe a weak appearance of this peak in multilayer film: PEDOT:PSS/

F12TBT:PC70BM, implying that this peak originates from some chemical interactions at

the interfaces between photoactive blend and PEDOT:PSS, which enhances upon device

degradation. Nevertheless, this degradation signature is common for both unstable cases

and not specific to the thermal annealing control.
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Figure 4.13: (a) Raman spectra acquired in-situ multi-layered devices (via 457 nm exci-

tation) comparing the spectral signatures before (Fresh) and after (LED Aged) continuous

white LED degradation of the two unstable cases: room temperature (RT, i.e. no thermal

annealing) and 140 ◦C annealed devices. (b) Raman difference spectrum (LED Aged -

Fresh) of the two cases. Numbered peaks 1-6 belong to F12TBT polymer and asterisked

peaks belong to PC70BM.

Figure 4.14: Raman spectra of single layered films on quartz substrates. Asterisked

peaks belong to PC70BM.

For the case of RT in Figure 4.13a, the PC70BM specific Raman peaks (asterisked

peaks) are unchanged after degradation indicating that the local relative chemical com-

position in the blend is unchanged. However, a range of peaks between 1400 to 1500 cm−1

are selectively enhanced. As shown in Figure 4.14, this peak range comprise of a convolu-

tion of polymer peak 3 (1445 cm−1, C=C in T unit), PC70BM (1430 and 1468 cm−1) and
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Figure 4.15: (a) Observation of 1624 cm−1 peak in Quartz/ PEDOT:PSS/

F12TBT:PC70BM multi-layered case. Enhancement of 1624 cm−1 peak upon LED degra-

dation of (b) RT and (c) 140 ◦C annealed devices.

PEDOT:PSS (1447 cm−1). The Raman difference spectra in Figure 4.13b for RT device

obtained by the difference between aged and fresh spectra (i.e. LED Aged - Fresh) shows

the emergence of the peak at 1447 cm−1. This peak is associated with PEDOT:PSS and

assigned to the symmetric C=C intraunit stretching mode of PEDOT in literature.300

Studies have identified that the intensity of this peak increases upon de-doping of PE-

DOT:PSS.301,302 Such selective increase of the 1447 cm−1 PEDOT:PSS peak is observed

upon de-doping because it decreases the PEDOT:PSS polaronic absorption band in near

IR region (< 700 nm) whilst correspondingly increases the ground-state optical absorption

in the visible range (≈ 630 nm), which is now more resonant with the visible excitation

used for our Raman measurements.301 Thus, the selectively enhanced PEDOT:PSS peak

in RT devices after LED degradation indicates de-doping of PEDOT:PSS, which is ex-

pected to increase the sheet resistance of the layer, thus reduces the hole-transporting

property, lowering Jsc and hence PCE of the device (as discussed previously in Figure

4.11).

For the case of 140 ◦C annealed devices in Figure 4.13a, the intensities of all

PC70BM specific Raman peaks are decreased with respect to the polymer peak indicating

further phase segregation between the polymer and PC70BM resulting in changes in the
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local chemical compositions of the blend within the probed laser focus. The Raman

difference spectrum in Figure 4.13b for 140 ◦C device shows the quenching of all PC70BM

peaks, however, the quenching is non-uniform. The 1567 cm−1 peak is strongly quenched

compared to 1468 cm−1. In literatures, these major vibrational peaks: 1567 and 1468 cm−1

are assigned to particular symmetry groups as A′1 and E′′2 respectively.303 For PC70BM,

1567 cm−1 peak corresponds to the five degenerate vibrations localized to the C5 / C6

rings of the C70 cluster and 1468 cm−1 corresponds to group vibration of the whole

fullerene cluster.303,304 Frequency downshift of the peaks, particularly 1567 cm−1 peak,

is a signature of fullerene cage dimerization305,306, which is not observed in our case.

This is expected as such dimerization is often dominant only in C60 cages as opposed to

C70.133,285,307 The selective strong quenching of the C5 / C6 rings localized vibration (peak

1567 cm−1) with respect to the group vibration of the whole fullerene cluster (peak 1468

cm−1) is instead indicative of localized degradations or cleavages, here, induced by light

and creating chemical bond disruptions specifically at the site of solubilizing side group

attachment of the C70 cage (refer to the chemical structure of PC70BM in Figure 4.1).

This is an indication of chemical degradations of fullerene induced by light. On the other

hand, Figure 4.13b also shows that for 140 ◦C annealed devices, we do not observe the

selective increase of PEDOT:PSS peak in the range of 1400 to 1500 cm−1, indicating no

significant changes in the electronic property of the hole-transporting layer upon device

degradation.

Based on the device performances, LED degradations, and spectroscopic signa-

tures of device degradations, we propose two different BHJ OPV degradation mechanisms

depending on the nanomorphology tuned by thermal annealing as illustrated in Figure

4.16. Non-annealed devices with well-mixed polymer:fullerene morphology produces op-

timized PCE, however, suffers from poor stability due to de-doping of PEDOT:PSS in-

terlayer and thus PCE decreases via loss in Jsc. We speculate the reason of interlayer

degradation to be due to remnants of trapped solvents (no thermal annealing) together

with the ingress of H2O into the interlayer (unstable interfaces between the photoactive

layer and the hole-transporting interlayer due to no thermal annealing); both of which can

mediate a permanent PEDOT:PSS de-doping301 affecting specifically the initial burn-in

phase of device degradation. Note that the degradation is not due to the initial photoac-
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tive layer morphology, rather, due to the lack of thermal annealing process itself. On the

other hand, mild-temperature annealing (T < Tps) improves device stability mainly by

stabilization of Jsc. It is plausible that the minor morphology optimizations due to the

thermal application also improves the interlayer interfaces together with partial removal

of any trapped solvents.

Figure 4.16: Schematic illustration of the proposed degradation mechanism where the

device stability is determined by thermal annealing of photoactive layer during device

fabrications. Scale (black bar) in microscope images is 10 µm.

The upper limit of annealing temperature to maintain improved stability is the

phase segregation temperature in molecular-scales (Tps) of the BHJ blend. The high-

temperature annealing (T > Tps) creates a non-ideal photoactive morphology where the

poor device stability is attributed to further phase segregation and fullerene photodegra-

dation. In this case, the trapped solvents are removed due to the thermal annealing, and

the multilayer is allowed to thermodynamically settle to create better interfacial contacts

thus protecting the PEDOT:PSS interlayer degradation, thus alleviating the instability

originated from PEDOT:PSS de-doping. However, nucleation sites for phase segregation

in nanoscales are already present due to the initial high-temperature annealing as es-

tablished previously in BHJ morphology studies in Section 4.7. This promotes further

phase segregation (i.e. demixing) leading to PCE decreases via loss in Jsc in the burn-in

phase. Studies have identified relatively longer timescales for morphological rearrange-

ment of the BHJ blend due to thermal stress, for instance, ≈30 mins for PCBM diffusion

and aggregation.308,309 Likewise, macroscopic phase segregation over larger distances has
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also been identified as a contributor to burn-in degradation for various polymer:fullerene

systems.122,144,310,311 In our case, as shown in Figure 4.16, the micrograph of LED aged

140 ◦C devices show macroscale PC70BM aggregates which is consistent with the argu-

ment of further phase segregation in the blends derived from the Raman studies in-situ

devices (Figure 4.13). An interesting aspect of our observation via Raman signatures is

the photodegradation of fullerene. We suspect that the micro-aggregated PC70BM is now

susceptible to photodegradation as discussed previously in Figure 4.13b. Thus, although

dominant losses in Jsc is responsible for PCE degradation for both unstable cases (RT

and 140 ◦C), the mechanism of such degradations are very different.

4.10 Conclusion

Fine-tuning the nanomorphology of polymer:fullerene BHJ layer in OPV devices is vi-

tal not only for efficiency but also for long-term performances, specifically, operational

stability. In this work, morphological tuning of the model F12TBT:PC70BM BHJ via

thermal annealing is successfully performed, where a range between well-mixed and phase-

segregated morphologies is achieved. Such morphological tuning has clear impacts on both

the efficiency and the operational stability of the devices.

The morphology studies on thin films via molecular vibrational spectroscopy

show a planarization of the π-conjugated backbone of F12TBT polymer upon thermal

annealing the neat films as well as blends (with PC70BM). In contrast, the loading of

PC70BM onto F12TBT produces more twisted conformations via interunit dihedral angle

between F and T-BT-T units. We observed that the BHJ morphology in molecular scales

of the blends with > 25 wt% of PC70BM contains well-mixed phases with saturated inter-

calation of the fullerenes near T-BT-T unit between the two bulky F units of the polymer.

Upon thermal annealing, a molecular scale phase segregation temperature Tps of ≈ 130 ◦C

is observed by combined in-situ Raman and PL measurements, above which the planariza-

tion of polymer π-conjugated backbone and concomitant out-diffusion of PC70BM from

well-mixed phases occur. BHJ morphology developed via mild-temperature thermal an-

nealing (T < Tps) maintains optimum OPV device efficiency and improves the operational
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stability, specifically, in the initial burn-in phase by almost 50% compared to non-annealed

well-mixed morphology. The initially well-mixed polymer:fullerene morphology with no

thermal annealing render poor operational stability mainly at the interlayer interfaces

via de-doping of the hole transport layer PEDOT:PSS that was used in the conventional

device architecture. Such de-doping leads to a dominant loss in the device Jsc due to a

decrease in the conductivity of the hole transport layer. On the other hand, the initially

phase-segregated morphology in molecular-scales (annealing T above Tps) shows instabil-

ity intrinsic to the photoactive layer itself where further phase segregation in micro-scales,

as well as fullerene photodegradation, are observed. Such degradations also contribute to

loss in device efficiency via dominant loss in the device Jsc, however, due to a completely

different origin compared to the non-annealed well-mixed morphology. So, initially phase-

segregated (in molecular-scales) morphology of photoactive layer are inherently unstable

which promotes further phase segregation (in micro-scales) and fullerene photodegrada-

tion upon long term operation against continuous LED illumination.

Based on these results, we conclude that the thermal annealing preconditioning

of the photoactive layer of a general polymer:fullerene device is essential for improved

operational stability, in particular, annealing below Tps is critical to developing a stable

morphology for improved operational stability while maintaining optimum efficiency.



Chapter 5

Efficient field-driven dissociation of

charge-transfer states yielding

high-performance organic

bulk-heterojunction photodetectors

Organic photodetectors (OPDs) employing bulk-heterojunction (BHJ) morphology have

clear parallels to organic photovoltaics (OPVs) in terms of photon-to-electron conversion,

however, the critical differences in operational conditions (e.g. high internal electric-field,

low-light intensity, photocurrent rather than photovoltage) create a different design rule

for optimum morphology. Herein, the process of photocurrent generation is addressed in

high performing OPDs employing BHJ photoactive layers of co-evaporated blends of novel

dipolar donor and C60 acceptor. Such BHJ blend is entirely highly intermixed with exciton

separation in < 1 ps and forms bound, highly emissive charge-transfer (CT) states (an

indication of poorly optimized OPV) which are readily dissociated by both temperature

and applied electric field; have sizes of ≈ 0.9 nm (localized within one donor/acceptor

unit) and binding energy of ≈ 135 meV. The field-dependent dissociation of CT states

explains the field-dependent external quantum efficiency. 160 ◦C annealing yields optimum

performances by aiding CT state dissociation, photoresponse times, and dark currents; the

improvements of which originate from molecular morphology changes via conformational

106
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twisting of the donor in the blends (which is still well-mixed in sub-micron length scales).

Our results highlight not only parallels but also key differences between OPDs and OPVs

in terms of device design strategies. While OPVs require a fine balance of mixed and pure

phases via optimized donor/acceptor phase segregations, OPDs can be efficient even when

entirely finely mixed.

The work reported in this chapter was done in collaboration with Dr. Yongwan Jin

from Samsung Advanced Institute of Technology (SAIT), Korea. The novel p-type donor

material was synthesized by Dr. Seon-Jeong Lim in SAIT. All the devices and thin

films were provided by Dr. Kyung-Bae Park through fabrications at SAIT. Transient

photocurrents were measured by Dr. Jiaying Wu and transient absorption spectroscopies

were measured by Dr. Hyojung Cha (both are from Prof. James Durrant’s group at

Imperial College London). The manuscript for this work is submitted and under review.

5.1 Motivations and aims

OPDs employing organic semiconductor blends as the photoactive materials are currently

attracting significant research and commercial interests in the fields of image sensors,

radiation detection, artificial eyes in robotics, biological sensors, and optical communi-

cations.149,150,158–161 Refer to Section 2.3 in Chapter 2: Literature Review for the details

of OPDs and their applications. For an efficient photogeneration, both OPVs and OPDs

typically employ BHJ blend morphology.283,312,313 The key design strategies for BHJ mor-

phology are discussed in Section 2.1.2 in Chapter 2: Literature Review. Critical differ-

ences between OPVs and OPDs lie in the operational regime where OPVs operate at near

flat-band conditions across an applied external load while OPDs operate under reverse

bias thus has strong internal electric fields driving charge transport and extractions.20,108

Such strong internal fields can also assist interfacial charge-transfer (CT) state dissocia-

tion.92,314,315 Refer to Section 2.1.3 in Chapter 2: Literature Review for the details of CT

states in BHJ morphology. CT states requiring field-driven dissociation is a detrimental

loss mechanism for OPV operation86,87 whereas the impacts on OPD operation are yet to

be investigated. OPDs normally operate at much lower photocurrents than OPVs (due to
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low-light intensity operation), as-such, the dark current levels are of more significance and

the photophysics is sensitive to even low densities of shallow trap states impeding charge

transports and extractions.20 Likewise, OPDs require efficient photocurrent generation

rather than photovoltages. So, while BHJ OPDs and OPVs have clear parallels in the

overall device function of photon-to-electron conversion, the design requirements of their

BHJ structures for optimal performances are expected to differ considerably.

The photocurrent generation efficiency of BHJ morphology critically depends

on the donor and acceptor nanomorphology within the blend, which has been studied in

depth in OPV devices283,284,313, however, received relatively less attention in OPDs. In this

chapter, we investigate the process of photocurrent generation in the state-of-the-art OPD

with a particular focus on molecular morphology and the effects of thermal annealing the

blends. The nature and characteristics of the CT states in the blends and their impact

on charge generation and transport are investigated by sensitive spectroscopies in-situ

devices. We aim to identify the conditions required for an efficient OPD device function

and highlight the key differences in BHJ morphology ideal for OPD operation compared

to OPVs.

5.2 Materials and device choices

A novel green-light selective dipolar small molecule IDDSe (full chemical name is provided

in Chapter: Abbreviations) was employed as the electron donor and C60 as the electron

acceptor (the chemical structures of both are shown in Figure 5.1). The BHJ blend sys-

tem using similar molecular systems has been reported previously to show state-of-the-art

OPD device performances in terms of dark current densities (at nA cm−2) and photode-

tectivities (at 1013 cm Hz1/2 W−1) however with limited investigations on photophysics

and BHJ morphology.163,168,316–318 IDDSe was synthesized by Samsung Advanced Institute

of Technology (SAIT), the synthesis protocol of which is reported in literature.163,168 C60

at > 99.5% purity was purchased from Sigma-Aldrich.

A simple diode architecture as shown in Figure 5.1 was used where the 100 nm

photoactive BHJ blend of IDDSe and C60 in 1:1 (v/v) ratio was deposited by thermal co-
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Figure 5.1: Chemical structures of IDDSe (electron donor) and C60 (electron acceptor)

used as the photoactive materials in OPD. Also shown is the OPD device structure and

measured energy levels (via Kelvin probe, thin film on SiO2/Ag substrate).

evaporation, sandwiched between two semi-transparent indium tin oxide (ITO) electrodes.

A thin hole-extraction interlayer (5 nm) inserted at the bottom ITO electrode created a

rectifying junction for diode characteristics. An all-evaporation fabrication methodology

was used due to the stable and reproducible production of thin films, which is highly

attractive to industries working on nanodevices. The energy levels in Figure 5.1 shows

that there is sufficient energetic off-set (> 0.75 eV) between the p-type IDDSe and n-type

C60 for exciton dissociation at the interface, along with strong built-in potential at short

circuit . In this chapter, the impact of thermal annealing the devices are also investigated.

5.3 Fabrication specifics

The organic small molecules were first purified via sublimation under a high vacuum

(< 10−6 mBar). OPDs were fabricated on ITO-coated glass substrates by sequential

depositions of the hole-extraction layer (5 nm), the organic BHJ layer of IDDSe:C60 (100

nm) and an ITO electrode (10 nm) under high vacuum (< 10−7 mBar). For all devices and

thin films used in this study, the blend ratio of 1:1 (v/v) was implemented exclusively.

The capping ITO electrodes were evaporated by magnetron sputter before the devices

were finally encapsulated with glass (with 95% transmittance). The active pixel size,

defined by the orthogonal overlap of the two electrodes was 0.04 cm2. Likewise, thin films
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were fabricated via thermal evaporation under a high vacuum (< 10−7 mBar) at a rate

of 0.35 Å s−1 on cleaned glass or quartz substrates. Refer to Section 3.1 of Chapter 3:

Experimental Methodology for further details of substrate cleaning protocol and thermal

evaporation deposition. Thermal annealing post-fabrication of thin films and devices was

performed at desired temperatures over a hot plate for 3 hours and allowed to cool down

normally back to room temperature.

5.4 Thermal annealing and OPD performances

IDDSe:C60 devices have low dark currents (< 10−8 A cm−2) as shown in Figure 5.2a and

selective green light detection (535 nm peak with ≈ 100 nm full-width at half maximum,

FWHM) as shown in Figure 5.2b. The photocurrent external quantum efficiency (EQE)

is only ≈ 28% at short-circuit, which increases substantially to saturation of ≈ 70% at

-7 V applied reverse bias. This strong electric-field dependence of EQE is either due

to strong field-dependent charge photogeneration and/or collection in the devices, the

details of which will be investigated later. Figure 5.2 also shows that thermal annealing

impacts the device performances with 160 ◦C annealed devices yielding optimum values.

Upon 160 ◦C annealing, the dark current density is further reduced to 10−10-10−9 A cm−2

within -5 V reverse bias. Such ultra-low dark currents even at high reverse biases (> -4

V) are among the best values to date.20,147,319 Note that the reverse saturation currents

(i.e. dark current near short-circuit) are similar for all the thermally annealed cases and

the improvements in dark currents are due to improvements in the leakage currents as

visible at higher reverse biases, implying such improvements to be linked with the blend

morphology. Likewise, thermal annealing at higher temperatures (≥ 160 ◦C) shows clear

improvements in the dark current injections especially at low forward biases around 1 V,

implying an impact on the energy levels of the organic semiconductors resulting reductions

in the injection barriers. The short-circuit EQE improves to ≈ 33% and shows slightly

lower field dependency compared to as-fabricated devices (inset of Figure 5.2b). High

EQE whilst maintaining low dark currents at reverse biases for 160 ◦C annealed devices

give high detectivity (D) with a peak value of 2 × 1013 cm Hz1/2 W−1 at -5 V.
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Figure 5.2: (a) Dark current-voltage (JV) characteristics of devices subjected to different

thermal annealing conditions. (b) External quantum efficiency (EQE) against applied

reverse bias for as-fabricated IDDSe:C60 device. (Inset) EQE maximum as a function of

applied reverse bias voltage comparing as-fabricated with annealed (160 ◦C) devices.

The photocurrent response times of OPDs upon light on/off are necessary for

high-frequency (frames per second) image sensors, where the fast light off decays are

critical to avoid image-lags. Figure 5.3a shows the photocurrent extraction transients of

IDDSe:C60 devices with different annealing temperatures obtained at short-circuit from

steady-state and nearly similar amounts of initial photocurrents (2.3-2.6 × 10−5 A cm−2).

The light-off decay timescales of all devices are in µs, which are among the best values for

small molecules based OPDs in literature.20,149 The fastest transients are shown by 160 ◦C

annealed devices with a decay half-life of 15 µs. There is a clear improvement in transients

upon thermal annealing, however over annealing temperatures at 170 ◦C prolongs the

decay timescales by 4 times, which are detrimental to high-frequency operations.

The photocurrent extraction transients in Figure 5.3a can be integrated, which

gives the measure of steady-state charge carrier density accumulated in the devices before

extractions as shown in Figure 5.3b for a range of light intensities. We observe that the

faster decay transients of optimized devices (160 ◦C annealing) and much slower decay

transients of over annealing devices (170 ◦C) are present throughout the range of incident

light intensities (1-100% of 1 sun equivalent LED illumination). The short-circuit current

density (Jsc) against light intensity in Figure 5.3c shows linearity under low intensity (≤
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Figure 5.3: (a) Photocurrent transients of IDDSe:C60 devices with different thermal

annealing temperatures measured at short-circuit and similar initial photocurrent (2.3-

2.6 × 10−5 A cm−2). (Inset) Same data in log-log plot. (b) Charge carrier density of

IDDSe:C60 devices extracted from the photocurrent decay transients at different light

intensities. (c) Jsc as a function of light intensity for the same devices. (d) Effective

carrier mobility of the devices determined from a drift-model using the measured charge

carrier densities.

10 mW cm2) and strong sub-linearity under high intensity (> 10 mW cm2). Such non-

linearity upon high light intensity suggests strong bimolecular recombination, not suitable

for OPV operation (circa 1 sun). However, the Jsc linearity in low light intensity regime

suggests minor bimolecular recombination losses during extraction, which is expected due

to an order of magnitude lower charge carrier densities generated by the lower intensity

photoexcitation. Such low light operational conditions are more relevant for OPD opera-

tion, where the implication of minor bimolecular recombination losses during extraction
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Figure 5.4: Transmission electron microscopy (TEM) and optical microscopy images of

as-fabricated and 160 ◦C annealed IDDSe:C60 devices. Scale in TEM and optical images

are 100 nm and 10 µm respectively.

suggests that the strong field dependence of EQE (discussed previously in Figure 5.2b,

measured under low-intensity photoexcitation) is not primarily due to the field-dependent

charge collection efficiency.320–322

The charge carrier density (n) and Jsc at a given incident light intensity can

be used to approximate the effective carrier mobility (µ) through the photoactive bulk

by considering a drift-driven transport, where the charge accumulation at short-circuit is

primarily in the photoactive layer of the organic semiconductor device. Refer to Section

3.8 of Chapter 3: Experimental Methodology for the protocol of calculating the effective

carrier mobility (µ). The calculated µ for IDDSe:C60 devices upon different annealing

temperatures for a range of carrier densities (obtained at different light intensities) is

shown in Figure 5.3d. A similar approach for calculations µ is also reported for other

organic blend systems.258,323,324 As expected, the effective carrier mobility of the 160

◦C devices is the highest, with a two-fold increase compared to as-fabricated devices

increasing from 5 × 10−6 to 1 × 10−5 cm2 V−1 s−1. This two-fold increase in µ is in a
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good quantitative agreement with the two-fold decrease in extraction times as measured

directly from extraction decays (in Figure 5.3a).

IDDSe:C60 devices show state-of-the-art performance metrics for organic photo-

diodes in terms of dark currents, EQE, detectivity, and photoresponse times;319,325 where

the optimum performances are achieved by thermal annealing at 160 ◦C. The IDDSe:C60

blends which are fabricated via co-evaporation show highly intermixed and amorphous

BHJ morphology with no measurable sub-micron length scale phase segregation even

after thermal annealing at the optimized temperature of 160 ◦C as observed by trans-

mission emission microscopy and optical microscopy shown in Figure 5.4, indicating that

the blend is entirely well intermixed even after thermal annealing (up to 160 ◦C). So, the

improvements in device performances upon thermal annealing are likely due to changes in

BHJ morphology on a molecular-scale, which will be investigated by molecular vibrational

spectroscopies in later sections.

5.5 Interfacial charge-transfer (CT) states

Figure 5.5a shows the absorption and photoluminescence (PL) spectrum of the neat and

blend films of IDDSe and C60 (all as-fabricated). Consistent with the EQE spectrum

(discussed previously in Figure 5.2b), the IDDSe absorbs in the green region with a peak

at 535 nm and FWHM of ≈ 100 nm, while, C60 absorbs in blue and near-UV regions

(peak at 360 nm). Neat IDDSe film shows PL peak at ≈ 650 nm which represents

the singlet exciton emission. Neat C60 film shows a relatively weak PL at ≈ 750 nm,

which is consistent with PL of C60 observed in literature.326–328. Interestingly, the PL of

IDDSe:C60 blend exhibits a strong PL peak ≈ 860 nm, red-shifted from the PL peaks of

both IDDSe and C60; a clear indication of interfacial charge-transfer (CT) states which are

extensively reported in organic donor-acceptor blends.92,103,329 Such strong CT emission

and the complete quenching of the singlet exciton emission in the IDDSe:C60 blends are

an indication of an efficient exciton separation in the blends, which are expected in the

highly intermixed BHJ structures (as discussed previously in Figure 5.4).

Figure 5.5b shows the impact of thermal annealing the IDDSe:C60 devices at the
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Figure 5.5: (a) Absorbance and photoluminescence (PL) of IDDSe, C60 and blend (1:1,

v/v) films (all as-fabricated). (b) PL of as-fabricated and annealed (160 ◦C) IDDSe:C60

films in-situ devices. PL is obtained via 514 nm laser excitation.

optimized temperature of 160 ◦C on the PL. Upon thermal annealing, there is an increase

in the emission of the high-energy band (here, emission < 700 nm) which represents the

excitonic emission of neat IDDSe (refer to Figure 5.5a); and concomitant reduction in

the intensity of the 860 nm CT state emission. These changes in PL of the blends upon

thermal annealing are an indication of some degree of thermally induced phase-segregation

between IDDSe and C60 creating aggregations, but, in molecular-scale which are not large

enough to be visible in TEM images discussed previously (in Figure 5.4). The detailed

investigation of thermal annealing on blends is performed in Section 5.8.

The exciton separation process in the IDDSe:C60 blends was investigated by

ultrafast transient absorption spectroscopy (TAS). Figure 5.6a and b show the differential

absorption transients (upon 570 nm laser excitation) as a function of time delay for neat

IDDSe and C60 films. Neat IDDSe film shows a broad near-IR photoinduced absorption

with peaks < 900 nm, which is due to the excitons in IDDSe. Neat C60 film does not

show similar photoinduced absorption peaking due to the 570 nm selective excitation

used in the experiments. For the blend (Figure 5.6c), we observe a completely different

photoinduced absorption band compared to both neat films with peaks at 1070 nm; a

signature of charge generation. The spectral differences between neat and blend films

appear within 1 ps, thus, suggests an ultrafast exciton separation and concomitant charge
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Figure 5.6: Femto-seconds transient absorption (fs-TAS) spectra of (a) neat IDDSe, (b)

neat C60 and (c) IDDSe:C60 blend films. (d) Decay dynamics at 1070 nm as a function of

excitation density for as-fabricated IDDSe:C60 blend film. Fs-TAS was acquired by 570

nm excitation with 50 µJ cm−2 fluence.

generation. The ultrafast exciton separation corroborates with the observation of almost

complete exciton PL quenching in the blend films (discussed previously in Figure 5.5a).

Figure 5.6d shows the decay dynamics of the photogenerated charges in IDDSe:C60

blends, probed at 1070 nm, as a function of pulsed laser excitation intensity and plotted

for time delays > 20 ps (i.e. after complete exciton decay). The plot reveals fast decay

kinetics of the photogenerated charges with fluence-dependent decay half-lives ≈ 800 ps,

understood to be due to charge recombination to ground state. These decay dynamics

are independent of excitation density at low fluences (< 12.5 µJ cm−2), which are more

relevant operational conditions of OPDs. Such behavior implies a monomolecular decay

of the photogenerated charges and thus must represent geminate recombination of bound
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CT states. Such inference is based on published reports on analogous kinetics in other

organic BHJ systems.94,330–333 However, the decay dynamics accelerate at high fluences (>

50 µJ cm−2), indicating ultrafast bimolecular recombination at high laser intensities.330–332

Such behavior at high light intensities is expected in a highly intermixed BHJ morphology

(discussed previously in Figure 5.4) and is consistent with the Jsc non-linearity at high

light intensities (discussed previously in Figure 5.3c). Note that these strong bimolecu-

lar losses, however, are not relevant for the low light intensity operational conditions in

photodetectors. The ultrafast (< 1 ps) exciton separation and monomolecular CT state

recombination (at low excitations) are in good agreement with the strong CT emission ob-

served in the well intermixed IDDSe:C60 blends (discussed previously in Figure 5.5). The

strong magnitude of this CT state recombination (over 70% of photogenerated charges

decaying within 6 ns as shown in Figure 5.6d) indicates that it is likely the dominant loss

pathway limiting photocurrent generation in these devices.

5.6 CT state dissociation

The dominant CT state recombination discussed in Section 5.5 is unfavorable for an

efficient photocurrent generation for OPV operation. However, these CT states are readily

dissociated by electric field or temperature as shown in Figure 5.7, indicating that the

photocurrent generation can still be efficient for OPD where operations are typically under

a high internal electric field. Figure 5.7a and b show that upon increasing reverse bias, the

CT state emission at ≈ 860 nm quenches monotonically while the neat IDDSe emission

band (< 700 nm) is relatively unchanged (more clearly observed for 160 ◦C annealed

devices). Such CT state emission quenching is thus attributed to being due to field-

driven CT state dissociation. Note that this field-dependent quenching of CT state PL is

fully reversible as shown by the retraced spectra for as-fabricated devices in Figure 5.7a.

Similar behavior of the CT state PL quenching is also observed upon heating the devices

as shown in Figure 5.7c. Here, the temperatures up to 150 ◦C are used because above this

temperature, the appearance of the neat IDDSe emission band (< 700 nm) is observed

in the blend (refer to Figure 5.5b), which is linked to molecular-scale phase segregations

(discussed in detail in Section 5.8). In contrast, PL of neat IDDSe films (control data)
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do not exhibit thermally induced quenching as shown in Figure 5.8 and instead shows

an increase in PL above 110 ◦C; indicating that temperature-dependent quenching of CT

state PL in blends is in fact due to temperature-driven CT state dissociation.

Figure 5.7: (a) Reverse bias dependent photoluminescence (PL) of (a) as-fabricated and

(b) annealed (160 ◦C) IDDSe:C60 devices. Also shown for as-fabricated is the PL upon

retrace back to 0 V. (c) Temperature dependent PL of as-fabricated device at open circuit.

(d) PL quenching efficiency (PLqE) of CT emission (extracted at 860 nm) against reverse

bias (with respect to emission at 0 V) and temperature (with respect to emission at 30

◦C). PL is obtained via 514 nm laser excitation.

PL quenching efficiency (PLqE) of the CT states against the applied electric

field at room temperature for the as-fabricated and the optimized (i.e. 160 ◦C annealed)

IDDSe:C60 devices are shown in Figure 5.7d. The measured CT state PLqE under reverse

bias is correlated with the field-dependent EQE (discussed previously in Figure 5.2b),

where for instance, ≈ 56% CT state quenching at -5 V leads to an almost two-fold increase

in EQE for the as-fabricated devices. Note that the 160 ◦C annealed devices have higher
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Figure 5.8: (a) Photoluminescence (PL) of as-fabricated and annealed (160 ◦C) neat

IDDSe. (b) In-situ temperature dependent PL of annealed (160 ◦C) neat IDDSe. PL is

obtained via 514 nm laser excitation.

EQE at short-circuit indicating a greater proportion of free carrier generation in the

annealed morphology. The field dependence of the CT state PLqE is stronger for as-

fabricated compared to 160 ◦C annealed devices (e.g. ≈ 56% compared to ≈ 41% at -5

V respectively), which is consistent with the field dependence of EQE shown by these

devices. The close correlation between CT state PLqE and EQE is an indication that the

field-dependent EQE is due to field-dependent charge generation via dissociation of CT

states. This also agrees with the conclusion from device Jsc linearity and charge extraction

measurements at different light intensity (discussed previously in Figure 5.3) that strong

field-dependent EQE is not primarily due to the field-dependent collection efficiency, but

rather, field-dependent charge generation via CT state dissociation.

The relatively modest applied fields and temperatures being able to drive an

efficient CT state dissociation leads us to expect relatively weakly bound CT states. The

binding energy of these CT states can be approximated by implementing a simple kinetic

model of charge generation in our IDDSe:C60 blends, illustrated in Figure 5.9a. Here, the

field and temperature-dependent CT state dissociation constant kd is assumed to be in

kinetic competition with CT state recombination to ground state ko (which is independent

of field and temperature). Estimates of kd and ko are performed by considering that the

CT state dissociation efficiency is determined by EQE, where bimolecular recombination is

negligible. Refer to Supporting Note 1 in Section 8.2 of Chapter 8: Supporting Information
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Figure 5.9: (a) Illustration of the kinetic model of CT state dissociation in IDDSe:C60

heterojunction, where kd is the CT dissociation rate dependent on electric field and tem-

perature. (b) Experimentally measured PLqE as a function of temperature compared

with analytically calculated PLqE using the CT state activation energy (Ea) of 135 meV.

Refer to Supporting Notes in Section 8.2 of Chapter 8: Supporting Information for further

details.

for the estimations of these dissociation constants. The temperature-dependent CT state

quenching are implemented into the Arrhenius equation using kd ∝ exp(−Ea/kBT ), where

the activation energy Ea is the CT state binding energy. Refer to Supporting Note 2 in

Section 8.2 of Chapter 8: Supporting Information for the estimations of Ea for a range

of temperatures, which shows that Ea lies in the range of 100-170 meV with the average

value of 135 meV. This value is within the range of CT state binding energies reported

in OPVs (note that the large variations of values between tens to several hundreds of

meV in literature are strongly dependent on the experimental methodology and materials

systems).92,97–100

The estimated value for Ea can be used to analytically calculate the temperature-

dependent CT state quenching efficiency as shown in Figure 5.9b, which closely recreates

the experimentally measured temperature-dependent PLqE. Refer to Supporting Note

3 in Section 8.2 of Chapter 8: Supporting Information for the analytical equations of

temperature-dependent PLqE. This rather small CT state binding energy is consistent

with the strong field dependence of CT state dissociation and EQE. The field-dependent
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CT state quenching can also be utilized to estimate the size of the bound CT state by

considering a model where the applied field is assumed to reduce the CT state binding

energy by ∆Ea = eFa, where e is the elementary charge, F is the electric field magnitude

and a is the radius of CT state. Refer to Supporting Note 4 in Section 8.2 of Chapter

8: Supporting Information for the implementation of this model which estimates the

CT state radius to be ≈ 0.9 nm. This small radius indicates a relatively localized CT

state that extends over just one donor/acceptor molecule, which is expected in the highly

intermixed blend morphology.

5.7 Surface Photovoltage

Figure 5.10: (a) Schematics of energy levels of IDDSe:C60 blend film on a SiO2/ Ag

substrate for measurement of surface photovoltage (SPV) via Kelvin probe. (b) Time

dependent contact potential difference (CPD) between Kelvin probe tip and sample upon

periodic exposure of white light at 20 mW cm2 intensity.

The photoresponse of IDDSe:C60 blend films were also investigated by surface

photovoltage (SPV) measurements as shown in Figure 5.10, which is the measure of

changes in the Fermi levels from dark to light. Figure 5.10b shows SPV of ≈ 300 meV for

the blend films. Notice that the light-on response of contact potential difference (CPD)

shows a positive change from its initial dark CPD levels. CPD is related to potentials of

Kelvin probe tip (φt) and sample (φs) via φs = φt - CPD (refer to Section 3.5.1 of Chapter
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3: Experimental Methodology). So, a positive change in CPD decreases φs (i.e. makes

the workfunction shallower), thus, it is an indication of accumulation of electrons at the

surface of the sample. This is consistent with our sample configuration as illustrated in

Figure 5.10a. Here, upon illumination and subsequent photogeneration of charge carri-

ers, the electrons are driven towards C60, while the holes towards IDDSe. The strong

electron blocking interlayer ensures strong accumulation of electrons in the photoactive

layer, whist the holes are easily extracted from the Ag substrate. As shown in Figure

5.10b, the SPV of annealed (160 ◦C) film is slightly higher than as-fabricated (330 meV

for annealed compared to 315 meV for as-fabricated), indicating a higher photogenera-

tion which agrees with the slightly larger EQE observed at short-circuit in the devices

(discussed previously in Figure 5.2). The light-off SPV decay transient is attributed to

the ground state decay of the accumulated surface electrons. We observe a complete neu-

tralization of surface electrons for as-fabricated blends, however, 160 ◦C annealed blends

show holes accumulation upon light-off (indicated by the negative CPD), which can be

understood to be due to the hole accumulation in the nanoaggregates of IDDSe, which

are formed in molecular-scale via thermal annealing. This observation is consistent with

the PL measurements of devices (discussed previously in Figure 5.5), where signatures of

weak neat IDDSe emission is observed in the blends upon thermal annealing at 160 ◦C

induced by molecular-scale phase-segregation of the blends.

5.8 BHJ morphology of photoactive layer

Until now, we have identified the kinetics of charge generation from interfacial CT states

in highly intermixed IDDSe:C60 BHJ blends and the transport of charge carriers for OPD

operations. Thermal annealing at 160 ◦C yields optimum OPD performance which is

still an intermixed morphology with no sub-micron phase segregations, however, it clearly

shows some element of smaller scales (molecular-scale) phase segregations via sensitive PL

and SPV measurements. Such subtle molecular level morphology changes are attributed

to improvements on OPD device parameters including dark current densities and effec-

tive carrier mobilities. To further investigate the thermal effects on BHJ morphology of

IDDSe:C60 blends, an in-situ temperature-dependent PL of the devices are performed.
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Figure 5.11: Temperature dependent PL (obtained by 514 nm) of as-fabricated

IDDSe:C60 device at open circuit showing (a) Heating and (b) Cooling phases. (c) PL

quenching efficiency (PLqE) of CT emission (extracted at 860 nm) and (d) IDDSe exci-

tonic emission (extracted at 600 nm) against temperature (with respect to initial emission

at 30 ◦C).

Figure 5.11a and d clearly show that the high-energy IDDSe exciton emission band (<

700 nm) appears in the blend just above 160 ◦C during thermal annealing, while there is

a concomitant reduction of the CT state emission (emission band circa 860 nm). Upon

cooling, as shown in Figure 5.11b, there is a recovery of the CT state emission band. The

non-reversible thermally induced morphological changes are highlighted by the presence

of the high energy IDDSe exciton emission band which is preserved even after cooling.

So, there exists a transition temperature circa 160 ◦C, where phase segregation of the

well intermixed IDDSe:C60 blend is initiated, first from a molecular level. It is apparent

that at the optimized annealing temperature (i.e. 160 ◦C), there is just the initiation

of molecular level phase segregations, as such, molecular conformation changes of IDDSe
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molecule is expected, while comparatively larger sub-micron scale aggregations are not

present. This observation is consistent with the PL of as-fabricated and annealed (160

◦C) devices (ex-situ thermal annealing) discussed previously in Figure 5.5b.

Figure 5.12: (a) Normalized PL (obtained by 514 nm) of IDDSe:C60 blend taken at 30

◦C showing the effect of high-temperature annealing (at 190 ◦C). (b) Micrographs of the

two mentioned cases. Scale (black dash) in optical images is 10 µm.

Thermal over annealing, as shown in Figure 5.12 by annealing at 190 ◦C, induces

optically distinguishable micro-scale phase-segregations between IDDSe and C60 in the

blends which are expected due to the inherent property of the blend moieties to demix

thermodynamically. The microscale aggregates observed through micrographs in Figure

5.12b show a completely different PL, where the CT emission peak circa 860 nm disappears

and instead two new emission bands appear from both donor and acceptor aggregated

phases as shown in Figure 5.12a. The microscale phase segregation in the BHJ blend is

detrimental to devices because the reduced interfaces between donor and acceptor imply

less charge generation. Moreover, the performance losses in dark currents (decreased by

an order of magnitude) and effective carrier mobilities (decreased four folds) are already

quite significant in 170 ◦C annealing as discussed in Section 5.4 where micro-scale phase

segregations are developing. So, the ideal BHJ morphology for high OPD performances

requires molecular-scale phase segregation between the donor and acceptor molecules (not

optically visible), which is a fine level of molecular morphology tuning and different to

the comparatively larger sub-micron scale phase segregations.
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5.9 Vibrational spectroscopy for molecular analysis

The molecular-scale phase segregations can be investigated further to associate it with

structural changes of the molecules via molecular vibrational (resonant Raman) spec-

troscopy. For this, the Raman peaks assignments are discussed first which was performed

via DFT simulations. An isolated IDDSe molecule in a gas phase was constructed in

Gaussian 09 program and optimized to the lowest energy structure as shown in Figure

5.14a. DFT was performed using the B3LYP hybrid functional. A triple-zeta split valence

basis-set of 6-311G(d,p) was used in all cases to accommodate for the heavier selenium

atom.278–280 Refer to Section 3.11 in Chapter 3: Experimental Methodology for further

details of the energy and frequency optimizations via DFT simulations. As shown in

Figure 5.14, the p-type green-selective dipolar IDDSe molecule comprises of an electron-

accepting fused-heterocycle connected to a selenophene unit, which in turn is linked to a

tertiary amine with two bulky electron-rich aryls (phenyl and naphthalene). The electron-

accepting segment of the molecule forms a planar structure with interunit dihedral angles

< 1◦ (θ and α, indicated in Figure 5.14a). This planarity is assisted by the hydrogen

bonding between selenium (of selenophene unit) and oxygen (of the fused-heterocycle).

In contrast, the bulky electron-rich aryl groups extend out from the plane of the electron-

accepting segment of the molecule, with large interunit dihedral angles (Refer to Section

8.2 of Chapter 8: Supporting Information for the details of the optimized geometry). As

shown in Figure 5.14b and c, HOMO of energy-optimized IDDSe structure is delocalized

across the whole π-conjugation while LUMO is slightly more localized in the electron-

accepting heterocycle, which is expected in the dipolar molecule.

As shown in Figure 5.13b, the most important IDDSe related Raman peaks are

labeled A-H, the assignments of which are performed via DFT simulation (as shown in

Figure 5.13c) and consultation with literature.334,335 We notice that the four prominent

high-frequency peaks A (1707 cm−1), B (1656 cm−1), C (1595 cm−1), and D (1569 cm−1)

are attributed to various vibrational modes primarily at either end of the molecule (color-

coded by green shades in Figure 5.13d), also refer to Table 5.1. Peaks within 1300-1500

cm−1 generally represent the central core units (color-coded by red shades in Figure 5.13d),

which mainly includes selenophene together with the interunit bonds. Such distinction of
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Figure 5.13: (a) Absorption spectrum of IDDSe:C60 film. (b) Wavelength-dependent

Raman spectra of IDDSe:C60 film showing resonant (457, 488 and 514 nm) and non-

resonant (633 nm) conditions. Peaks A-H belong to IDDSe and asterisked peak belongs

to C60. (c) Experimental (488 nm) and DFT simulated Raman spectra. (d) Raman

peaks assignments, with colour-coded highlights indicating the core (red) and end (green)

groups of IDDSe (refer to Table 5.1).

Figure 5.14: DFT optimized lowest potential energy structure of IDDSe molecule show-

ing a planar main π-conjugated backbone with dihedral angles θ = 0.4◦ and α = 0.9◦. (b)

HOMO and (c) LUMO visualizations of the optimized structure.
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N
Position

(±1 cm−1)
Vibrational Modes’ Assignments

H 1239 C-N stretch

G 1326 Whole π-conjugated backbone including fused benzene rings

F 1339 H-wagging modes of selenophene and alkene

E 1417
C-C (intraunit) of selenophene and neighbouring C-N and C-C (in-

terunit)

D 1569 Naphthalene (intraunit) (also includes strong alkene stretch)

C 1595 Phenyl quadrant stretching mode

B 1656 C=O, anti-symmetric stretch

A 1707 C=O, symmetric stretch

Table 5.1: Assignments of Raman peaks A-H to their corresponding vibrational modes

in IDDSe molecule. Refer to Figure 5.13.

the end and core groups of IDDSe molecule is useful in investigating the molecular level

structural changes in the molecule, which is expected to occur during thermal annealing,

indicating a possible origin behind the OPD performance improvements.

5.10 Molecular morphology of neat IDDSe

In-situ temperature-dependent Raman spectra of neat IDDSe is shown in Figure 5.15a for

thermal annealing up to 180 ◦C. As discussed previously in Figure 5.13, the red and green

highlights involve the vibrational modes of core (peaks E, F, G) and end (A, B, C, D)

groups of the IDDSe molecule respectively. Figure 5.15b shows selective increases in peak

intensity of both core and end groups with respect to peak H (1239 cm−1, the C-N stretch).

The selective increase/decrease of Raman peaks is a clear signature of structural changes

in the molecule,141,145,237,296 and in this case, is a temperature-induced structural change of

IDDSe molecules. Monitoring the thermal evolution of core and end group representative

peaks, E (1417 cm−1, C-C intraunit stretch in selenophene including neighboring interunit

C-N and C-C) and D (1569 cm−1, localized to naphthalene unit and also involving strong

alkene stretch) respectively, yields an estimate of the activation temperatures for these

structural changes as shown in Figure 5.15c. Both core and end groups show a transition

point at 110 ◦C, above which a steep gradient of the increase in peak intensity is observed.
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Figure 5.15: (a) In-situ temperature-dependent resonant Raman spectroscopy (via 488

nm laser excitation) of neat IDDSe showing (a) Absolute and (b) Normalized (to peak-

H) spectra. Colour-coded highlights indicate 2 groups: ends (green) and core (red) of

IDDSe molecule. (c) Evolution of Raman peak intensity ratios: D(end-groups)/H and

E(core-groups)/H, against temperature (extracted from (b)). Hollow symbols represent

cooled-back data. (d) Normalized Raman of neat IDDSe taken at 30 ◦C (before heating

and after cooling) showing the non-reversible effects of thermal annealing.

This transition point also coincides with the temperature-dependent PL of neat IDDSe

film (as discussed previously in Figure 5.8b), indicating that such structural changes are

associated with an increase in excitonic emission of the neat TT; an aggregation-induced

emission (also note that only neat TT shows PL increase with temperature, in contrast,

blends show PL quenching with temperature which is attributed to temperature-induced

CT state dissociation). Figure 5.15c shows that large fractions of the structural changes

are recovered upon cooling, however, there is significant hysteresis with > 15% permanent
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Figure 5.16: (a) Total energy difference (with respect to the minimum value, here at θ ≈

0◦) as a function of dihedral angle θ (shown inset) obtained via DFT energy optimizations

of the IDDSe structure (where, θs are frozen). (b) DFT simulations of Raman peaks

showing the effect of changes in θ.

increases in both peaks E and D. A clearer picture of the non-reversible changes in Raman

spectra due to the heating-cooling cycle is shown in Figure 5.15d, which highlights the

permanent structural changes in IDDSe molecule upon thermal annealing. The critical

temperature for initiating the structural reorganization is circa 110 ◦C for both core and

end groups of the IDDSe molecule.

A change in the dihedral angle θ (highlighted in the inset of Figure 5.16a) between

the selenophene core and the electron-accepting heterocycle unit, which is originally planar

in the lowest energy optimization structure (refer to Figure 5.14a) can be implemented

via DFT to simulate the Raman peaks changes as shown in Figure 5.16. The total energy

of the IDDSe structure increases gradually from the minimum value at θ = 0◦ (optimized

geometry) reaching the maximum value at θ = 90◦. The DFT simulated Raman spectra

with increasing θ shows selective increases of the core and end group peaks with respect

to peak H. Such peak changes closely resemble the experimentally measured peak changes

upon in-situ thermal annealing discussed in Figure 5.15b, thus, implying that the thermal

annealing changes the molecular structure of the IDDSe by inducing a larger dihedral

angle between the core and the electron-accepting heterocycle end groups producing a

more twisted structure between these two units.
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5.11 Molecular morphology of IDDSe:C60

In-situ temperature-dependent evolution of Raman peaks of the IDDSe:C60 blend is shown

in Figure 5.17 for thermal annealing up to 180 ◦C, which can be compared directly with

the temperature dependence of neat IDDSe (discussed above in Figure 5.15). In the

blends, the same signature peak changes are observed, however, the selective increases of

the core (represented by peak E) and end (represented by peak D) groups are of smaller

magnitude; for instance, 130% (in neat IDDSe) versus 50% (in blends) increases in peak

E at 180 ◦C with respect to 30 ◦C. This indicates that the thermally induced structural

changes in IDDSe are weaker in the presence of the highly intermixed C60 matrix. Follow-

ing peak E with temperature in IDDSe:C60 blends, the transition point above which the

selective increases begin is 120 ◦C, implying the turn-on of the structural reorganization

of the core units of IDDSe in the blends. However, the end groups structural changes

(following peak D) are found to initiate at a much higher temperature just above 150 ◦C.

Comparatively, both the core and end groups transition temperatures for neat IDDSe oc-

cur at a lower temperature of 110 ◦C. This suggests that the presence of highly intermixed

C60 in the BHJ blends inhibits structural rearrangements of IDDSe molecules, requiring

higher temperatures for their structural changes to occur compared to neat films. Such

effect of requiring higher transition temperatures in the presence of intermixed fullerenes

are also reported in other BHJ systems.296,298 Interestingly, the core group structural re-

organization temperature in the blend is similar to the neat IDDSe, while the end group

requires a much higher temperature. This indicates that the core units have more freedom

to reorganize compared to the end groups which are more limited by steric hindrance due

to the surrounding C60 molecules.

The mechanics of transition temperature of ≈ 160 ◦C measured by the in-situ

temperature-dependent PL of IDDSe:C60 devices (discussed previously in Figure 5.11 in

Section 5.8) can now be understood to be the critical transition temperature required for

IDDSe structural changes. This temperature is just high enough for IDDSe end group

reorganizations (measured to be ≈ 160 ◦C), but, low enough for the sub-micron scale

phase segregations to start. Thus, at this temperature, molecular-scale phase segregation

between IDDSe and C60 can occur, initiating molecular level aggregation. Such molecular-
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Figure 5.17: (a) In-situ temperature dependent resonant Raman spectroscopy (via

488 nm laser excitation) of IDDSe:C60 blend showing normalized (to peak-H) spectra.

Colour-coded highlights indicate 2 groups: ends (green) and core (red) of IDDSe molecule.

(b) Evolution of Raman peak intensity ratios: D(end-groups)/H and E(core-groups)/H,

against temperature (extracted from (a)). Hollow symbols represent cooled-back data.

level aggregation of IDDSe donors is evident from its excitonic emission measured in the

160 ◦C annealed devices (discussed previously in Figure 5.5) and can be correlated to

improvements in OPD device performance (discussed previously in Section 5.4).

Impacts of such thermally induced structural changes of IDDSe molecules on the

energy levels of blends are investigated by photoemission spectroscopy of the as-fabricated

and annealed blend films as shown in Figure 5.18a. The measured HOMO levels of 160 ◦C

annealed blend is ≈ 60 meV shallower than as-fabricated (-5.36 versus -5.42 eV). Figure

5.18b shows that increasing the dihedral angle θ from 0◦, the DFT calculated HOMO

level gets shallower, for instance, by ≈ 70 meV at 60◦ and by 220 meV at 90◦. This com-

plements our speculation that thermal annealing induces molecular twisting of IDDSe

in the blend via the dihedral angle θ between the selenophene and acceptor heterocycle,

which in turn shallows the HOMO energy level. Such molecular twisting of IDDSe upon

thermal annealing is consistent with the in-situ temperature-dependent Raman studies of

the blends discussed above. The relation between the dihedral angle θ and the HOMO

energy level of IDDSe can be understood by inspecting the HOMO wavefunction of the

two extremes of IDDSe structures, i.e., θ ≈ 0◦ and 90◦ as shown in Figure 5.18c. The
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Figure 5.18: (a) Photoemission spectra of as-fabricated and annealed (160 ◦C)

IDDSe:C60 films. (Insert) Extracted values of HOMO levels. (b) Calculated HOMO

levels by DFT optimizations as a function of dihedral angle θ (between selenophene and

acceptor-heterocycle, highlighted in Figure 5.16a). (c) HOMO visualizations of IDDSe

molecule at two extremes of θ ≈ 0◦ and 90◦.

critical difference lies in the localization of molecular orbitals in these structures. Higher

θ promotes the HOMO to be more localized to the electron-donating bulky phenyl and

naphthalene groups of the IDDSe molecule, which leads to a shallower HOMO energy

level. Shallower HOMO levels of IDDSe upon thermal annealing lowers the hole injection

barrier (refer to Figure 5.1 for device architecture), which is consistent with the observa-

tion of better dark current injections observed at low forward bias after high-temperature

annealing (discussed previously in Figure 5.2a). So, we observe that thermal anneal-

ing induces molecular level changes in the photoactive blend morphology, specifically via

structural twisting of the IDDSe molecule, which we infer to be the molecular origin be-

hind the OPD performance improvements upon thermal annealing at a specific optimized

temperature.
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5.12 Conclusion

In this chapter, we have investigated a highly intermixed IDDSe:C60 BHJ OPDs yielding

state-of-the-art performances such as low dark current densities (10−10-10−9 A cm−2),

high detectivities (peak values around 2×1013 cm Hz1/2 W−1 at -5 V), high reverse bias

EQE (≈ 70% at -7 V) whilst maintaining low dark currents and fast transient light-off

response times (≈ µs). In these highly molecularly intermixed OPDs, the process of

photocurrent generation primarily requires a strong field-dependent dissociation of inter-

facial charge transfer states for an efficient device function. As such, a highly intermixed

BHJ morphology can still produce high OPD performances in the presence of efficient

field-driven CT state dissociation, unlike in OPVs, where a more complicated BHJ mor-

phology requiring pure donor and / or acceptor domains alongside intermixed domains

are essential.

The well-intermixed small molecules IDDSe:C60 BHJ blends undergo ultrafast

(< 1 ps) exciton separation at the heterointerfaces, with almost complete quenching of

exciton emission, indicating an ultrafast exciton separation and concomitant charge gen-

eration. The photogenerated charges show geminate recombination of bound CT state

with relatively fast decay half-lives of around 800 ps. As a result, a strikingly strong ra-

diative CT emission is observed allowing effective investigations of field and temperature

dependence on the CT states. The CT states formed in these highly intermixed blends

are relatively localized within ≈ 0.9 nm (as expected for well-intermixed blends), however,

they have a low binding energy of ≈ 135 meV yielding strong and effective field-dependent

dissociation. The field-dependent EQE is found to be due to the field-dependent CT state

dissociation. The BHJ morphology can be further finely tuned by thermal annealing to in-

troduce molecular-scale changes that involve conformational twisting of the IDDSe donors

in the blend via dihedral angle between the selenophene and acceptor heterocycle of the

molecule. However, the BHJ morphology is still well intermixed by avoiding compar-

atively larger sub-micron scale phase segregations. The transition temperature for the

structural reorganization of the IDDSe end groups via in-situ temperature-dependent Ra-

man is in agreement with the initiation of molecular-scale phase segregation observed

via in-situ PL measurements circa 160 ◦C, the same annealing temperature where the
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optimum performance of OPD devices is observed.

Our results reveal not only the parallels but also clear and important differences

of OPDs with analogous OPVs in terms of device design strategy. While OPVs require

a fine balance of mixed and pure phases via optimized donor / acceptor phase segrega-

tions, OPDs can be efficient even when entirely finely mixed. So, one of the impacts

is that fabrication by co-evaporation of donor and acceptor molecules which produces

highly intermixed, stable and reproducible BHJ blend films are readily accessible for high

performing OPDs (in contrast, enough phase separation required for efficient OPV per-

formance is difficult to achieve by such co-evaporation methods).



Chapter 6

Conjugated polymer:ionic liquid

blends for gas detection via

molecular-level electrochemical

doping

Π-conjugated polymers (π-CP) blended with chemically modified solid-state ionic liquids

(MILs) have great potential for highly selective chemical-sensor layer for transducing

changes of dielectric environments (i.e. polar and non-polar Volatile Organic Compounds,

VOCs) into distinct electrical signals. However, little is known regarding the transduction

mechanism in the field of organic sensors due to limitations in experimental probes (optical

and structural) measuring real-time operational conditions in-situ devices. In this work,

a model polymer blended with crystalline MILs is utilized to show high sensitivity (< 250

ppm), selectivity (increases or decreases in channel resistance based on polar or non-polar

analytes), low power (< 1 µW) and room temperature (< 30 ◦C) operations. Vibrational

spectroscopy in-situ operating devices reveals a stable and reversible molecular-level elec-

trochemical p-doping of the polymer by the crystalline MIL dopants, which is the dominant

mechanism determining the electrical properties of the devices and hence the production of

distinct electric signals based on VOC-specific interactions between π-CP and MILs. This

study highlights that optimizations of the electrochemical doping process (for instance, via

135
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optimized molecular designs of polymers or different device architectures) are paramount

to implement the solution-processed organic sensors into real-world applications.

The work reported in this chapter was done in collaboration with Dr. Sooncheol Kwon and

Prof. Kwanghee Lee, both from Gwangju Institute of Science and Technology (GIST).

The gas-sensing experiments of devices fabricated at Imperial College London (ICL) were

tested at both GIST and ICL. MILs were provided by GIST. All the samples were prepared

at ICL. Dr. Sooncheol Kwon carried out GIWAXS and TEM measurements in GIST. The

manuscript for this work is being prepared for submission.

6.1 Motivations and aims

Investigation on the electrical properties of organic semiconductors reveals their applica-

tions in various fields of organic electronic devices, herein, organic chemical gas sensors.

Discussion regarding organic chemical gas sensors, their structure, operating principle,

and recent research interests are detailed in Section 2.4 of Chapter 2: Literature Re-

view. As discussed, one of the major research focus is to utilize a simple two-terminal

chemiresistive organic sensing device (termed chemiresistor) where the conductivity of

the active organic layer can be tuned to moderate levels i.e. low enough such that any

additional injected charges (due to chemical gas exposure) can be observed effectively but

high enough such that electrical noise from common and cost-effective electrical circuits

are not masking the signals.173 Thus, there is an ongoing search for unique organic blend

systems with potentials for detection of ultra-trace levels of chemical gases with good se-

lectivity and response speeds, while at the same time, utilizing the advantages of organic

semiconductors such as low-cost, printable, light-weight, flexible, scalable and allowing

easy integration with other electronic devices.1,172,173,176,336

In terms of a novel organic blend system for the investigation of electrical prop-

erties and application as chemical gas sensors, we aim to utilize a blend of π-conjugated

polymer (π-CP) with modified ionic liquid (MIL) (i.e. ionic liquid in solid state). Ionic

liquids belong to the group of semi-organic compounds comprised entirely of ions with

weak Coulombic interactions leading to low melting points (< 100 ◦C) and often a liquid
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state at room temperature.337,338 This is unlike classical inorganic salts such as sodium

chloride, which are phenomenologically equivalent but have strong Coulombic interac-

tions (melting point ≈ 800 ◦C).338 Ionic liquids have a huge range of applications in the

chemical industry (such as batteries, electro-optics, drugs delivery, and chromatography),

electrochemical sensors, and biosensors, where they play various roles such as catalyst,

separation enhancers, or anti-static cleaning agents.339–342 For most solid-state device

applications such as organic photovoltaics (OPVs), organic photodetectors (OPDs), and

organic light-emitting diodes (OLEDs); ionic liquids are modified in different ways such as

synthesizing with long alkyl chains or polymerization with pendant IL substituents (poly-

merized IL) to achieve a solid state at room temperature.343,344 Ionic liquids are generally

used as a surface modifier layer or blended in transport interlayers in OPVs and OLEDs

to improve charge extractions/injections at interlayer contacts.343,345–350 Thin layers of

ionic liquids above the photoactive layers have shown to improve operational stability

in photovoltaics.351,352 Likewise, they are also blended (in trace amounts) directly into

the photoactive organic semiconductors to function as a doping agent to improve charge

injections in light-emitting diodes.353,354 With all these applications, however, the doping

process of the ionic liquid is not directly observed experimentally and only inferred based

on the improvements in charge injections of the devices. In this work, we aim to apply a

novel π-CP:MIL blend for chemical gas detection, experimentally identify the doping role

of ionic liquids on π-CPs, and unveil the operational mechanism.

Organic semiconductors offer a prospective human-machine-interface electronics

due to unique properties like biocompatibility, mechanical flexibly, optical transparency

and low-cost manufacturing.355–357 One of the most promising areas is solution-processed

organic sensors in medical applications for non-invasive and early disease diagnosis via de-

tection of biomarkers, specifically, biologically derived volatile organic compounds (VOCs)

such as acetone, chlorobenzene, toluene or isopropanol in specific concentrations. Refer

to the details of organic gas sensors for medical applications in Section 2.4.2 of Chapter

2: Literature Review. The ultimate aim is to develop organic sensors with simple form

factor, low cost, low power, and room temperature operations; which can be potentially

achieved by two-terminal chemiresistor diodes.179,196,358 However, despite much efforts to

bring the solution-processed organic sensors into real-world medical applications, it is
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still not clearly understood exactly how the electrical property of π-CPs are modulated

by concentrations and polarity of VOCs, thus limiting further improvements/applications.

Inconclusive sensing mechanism during device operation reflects the lack of clear

information for molecular-level physical and electrochemical changes in the organic sensor

elements when the external stimulus of organic solutes takes place. However, it is of great

challenge to investigate the subtle changes using in-situ analytical techniques because

the device operation involves an electric bias induced complex intermolecular interactions

among three elements: π-CPs, MILs, and VOCs which requires probing in-situ operations.

Thus, in this work, the focus is directed towards in-situ observations of the operational

mechanism via sensitive structural probes and in-situ molecular vibrational spectroscopies.

A two-terminal organic chemiresistor employing π-CPs blended with modified ionic liquid

(MIL) is implemented for the detection of specific VOCs via conductometric transduction

of the chemical signals. A specific blend system is chosen for improvements in VOC

sensitivity and selectivity. Hence after, the intermolecular interactions among π-CPs,

MILs, and VOCs are investigated to deduce the operational mechanism.

6.2 Materials and device choices

A blend of a model π-CP with modified ionic liquid (MIL) was employed to work as a

sensing layer for the detection of very low (parts per million, ppm) levels of chemical gases

(such as acetone and toluene). A two-terminal organic diode (chemiresistor) as shown in

Figure 6.1 was implemented for the transduction of the chemical signals into distinct

electrical signals. The two-terminal diode was chosen over field-effect transistors because

of the simplicity in fabrication and potential low power operations. Refer to Figure

6.4 (in Section 6.5) for the optical images of the sensor devices where interdigitated Au

substrates form the contact electrodes with the organic blend as the channels. Details of

the fabrication are provided in Section 6.3. In such devices, the conductivity of the sensing

channel is exclusively controlled by the interaction between π-CPs and MILs, where the

exposed channel allows effective investigations of such interactions by experimental probes

like Raman spectroscopy.
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Figure 6.1: Schematics of two-terminal chemiresistor, with gold (Au) electrodes and

TT:MIL blend as the sensing channel. (Inset) Chemical structure of TT polymer and

3 MILs comprising of common imidazolium based cation C1C12IM+ and anions: PF−6 ,

TFSI− and BF−4 .

For the choice of polymer, DP-PDPP2T-TT (full chemical name is provided in

Chapter: Abbreviations) (TT, hereafter) was used to represent a model donor-acceptor

(D-A) π-CP, the chemical structure of which is shown in the inset of Figure 6.1. The D-A

copolymer TT is comprised of a strong electron accepting diketopyrrolopyrrole (DPP)

unit copolymerized with electron-rich donor association of thiophene and thienothio-

phene.359,360 The chemical analogs of TT polymer are well studied in the field of solar

cells and transistors: the push-pull approach tunes energy levels to produce low bandgaps

for optimized harvesting of the solar spectrum136,291,361,362, while its relatively high mobil-

ities are attractive in transistors363–366. High-purity TT was purchased from 1-Material

Inc., QC, Canada (lot number: YY10096), and used as received. The molecular weight

of the polymer was 50-100 kg mol−1 and the polydispersity index (PDI) was 2.5.

Three different modified ionic liquids (MILs) were used which comprised of

a common imidazolium cation associated with 3 different anions as shown in the in-

set of Figure 6.1 to experimentally determine the best TT:MIL blend system for effec-

tive gas detection. The imidazolium cation was modified to acquire a long alkyl chain

(C12) to make them soluble in most common organic solvents. The cation was associ-

ated with various anions: Hexafluorophosphate (PF−6 ), Bis(trifluoromethane)sulfonimide
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(TFSI−) and Tetrafluoroborate (BF−4 ) to obtain the desired MILs. All the MILs were

provided by Gwangju Institute of Science and Technology (GIST), where synthesis was

performed via conventional methods described in literature.367,368 The physical appear-

ance of [C1C12IM+][ PF−6 ] was crystalline solid, while, MILs containing TFSI− and BF−4

anions were semi-solid. All MILs were electrically insulating and highly soluble in chloro-

form making them highly compatible with several organic semiconductors including the

π-CP used in this project.

6.3 Fabrication specifics

Sensor Device fabrication. Two terminal sensor devices were fabricated by spin-

coating organic formulations upon solvent-cleaned substrates with interdigitated Au elec-

trodes (purchased from Fraunhofer-Institut) which comprised of silicon wafer base with

230 ±10 nm SiO2 layer followed by 10 nm ITO adhesion layer and 30 nm Au electrodes.

For solutions, TT was dissolved into high purity anhydrous chloroform at 4 mg/mL con-

centration whilst 20 mg of MIL was added in to make a blend of 1:5 (polymer:MIL, w/w).

Solutions were stirred at room temperature overnight. The spin condition was 1000 rpm

for 30 secs at an acceleration of 10000 rpm/s. For the cases of washed devices (to se-

lectively remove the MIL from TT:MIL blend), blend films were prepared first, followed

by multiple spinning of 2-Methoxyethanol on top of the films to selectively remove MIL

present in the TT:MIL blend films.

Thin film fabrication. Thin films of pristine TT and TT:MIL (1:5) blends were fabri-

cated by spin-coating upon solvent-cleaned 12x12 mm2 Quartz (for absorbance measure-

ments) with same solutions and spin conditions used in sensor devices. For thin films on

Au substrates (used for Kelvin probe and air photoemission measurements), the SiO2/Au

substrates (12x12 mm2) were prepared by deposition of 100 nm of Au via evaporation

under high vacuum (< 5 × 10−6 mBar) on smooth solvent-cleaned SiO2 wafer. Pristine

TT films produced ≈ 60 nm and 1:5 blend produced ≈ 200 nm films; the thicknesses of

which were measured by a profilometer.
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6.4 Sensitivity and selectivity of chemical gases

As a proof of principle, the sensing property of TT:MIL devices are presented in Figure

6.2, which shows that only one specific blend system, TT:MIL (PF−6 ), can successfully and

reliably sense the specific chemical gases: acetone (polar VOC) and toluene (non-polar

VOC). The electrical responses of TT:MIL (TFSI−) and TT:MIL (BF−4 ) are unstable and

noisy, without any sensitivity and selectivity, thus unsuitable for sensing applications. It

is clear that ppm levels of chemical analytes can be detected by TT:MIL (PF−6 ) devices

with good signal/noise ratio at low exposures, here, < 250 ppm for acetone and < 50 ppm

for toluene (note however that our studies utilizing devices with top-electrode deposition

have shown ≈ 400 ppb levels of VOC detection which is much better than the data pre-

sented here). Likewise, TT:MIL (PF−6 ) devices show low power consumption (< 1 µW)

and room temperature (< 30 ◦C) operations. In comparison, the well-established chem-

ical vapor sensors based on metal oxides such as SnO2, ZnO and WO3 have high VOC

sensitivity (≈ 10 ppm for acetone and toluene) however require high operating tempera-

tures (200-500 ◦C).189,191,369,370 Comparing with sensors based on organic semiconductors,

the sensitivity of hundreds of ppm (for a range of polar and non-polar VOCs similar to

acetone and toluene) is among high values whilst the selectivity between polar/non-polar

VOCs observed by TT:MIL (PF−6 ) is unique to our system.174,186,187 VOC response speed

is sufficiently fast (≈ 25 s) with almost a complete recovery in off state. In comparison,

the response speed of organic-based chemical sensors are generally much longer; in min-

utes or hours depending on the organic semiconductors, device architecture and the type

of VOC under investigation.174,187,371 As such, the TT:MIL (PF−6 ) devices studied here

provide highly sensitive VOC detection with low power consumption, room temperature

detection, and unique selectivity between polar and non-polar VOCs.

The organic sensors based on three-terminal transistors usually operate at high

voltages (gate voltage ≈ 20 V), typically required for gate voltage-induced doping of the

organic semiconductor layer to improve its conductivity (of an otherwise very resistive

channel) up to a certain level (to switch on the sensing channel which operates in ac-

cumulation mode).186,187,372 However, in our two-terminal π-CP:MIL blend system, low

voltages (≈ 1 V across 10 µm channels) are sufficient where the conductivity tuning is
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Figure 6.2: Electrical resistance response (dR = resistance change, Ro = initial re-

sistance) of sensor devices TT:MIL (PF−6 ), TT:MIL (TFSI−) and TT:MIL (BF−4 ) (1:5,

w/w) upon parts-per-million (ppm) levels exposure of chemical analytes (a) Acetone (po-

lar VOC) and (b) Toluene (non-polar VOC). Sensor channel length of 10 µm and width

of 2000 µm was used and operated at 1 V.

expected to be performed within the bulk of the polymer itself via low electric field-driven

doping process of the polymer by MIL (the details of which will be investigated in Section

6.8). For this project, we aim to understand the mechanism of detection more than further

optimizations of sensitivity (some of which are being studied in our research group such

as trialing with blending ratios and changing device architectures from bottom-contact to

top-contact electrodes. It is interesting to understand why only a specific TT:MIL blend

system can reliably sense the chemical analytes.

The chemical analyte acetone is a polar VOC (due to the polar carbonyl group)

with polarity index of 5.1 (for comparison, polarity index of H2O is 10.2), whereas toluene

can be considered a non-polar VOC with polarity index of 2.4.373 As observed in Figure

6.2, TT:MIL (PF−6 ) devices show distinct selectivity of such polar and non-polar VOCs

observed through increases and decreases of channel resistance (R) respectively. So, dis-

tinct dielectric environments lead to distinct electrical signals, however, the mechanism of

such a critical discrimination process is not understood. The selective electrical responses

based on the polarity of the chemical analytes is one of the key reasons behind instan-

tiating the device for practical applications where a mix of solvent polarity is generally

present.
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6.5 Electrical characterizations of devices

Figure 6.3: (a) Source-drain currents across chemiresistors of neat TT and TT:MILs (1:5,

w/w) blends at different applied voltages. (b) Source-drain currents across chemiresistors

at different applied voltages comparing neat TT and neat MIL (PF−6 ) with TT:MIL (PF−6 )

blend and TT:MIL (PF−6 ) blend washed with orthogonal solvent to selectively remove

MIL. Chemiresistors of channel length 10 µm and width 2000 µm was used.

Interactions between TT and MIL produce orders of magnitude increase in channel con-

ductivity (σ) compared to neat TT, shown by the orders of magnitude increases in channel

currents of TT:MIL blends in Figure 6.3a, for instance, 4 orders from 10−10 A in neat TT

to 10−6 A in TT:MIL (PF−6 ) at 1 V. All the TT:MIL blends show increases in currents

albeit in different amounts. However, currents through TT:MIL (TFSI−) and TT:MIL

(BF−4 ) channels are unstable especially during voltage changes with slow built-ups of cur-

rents requiring > 20 s to achieve a moderate level of steady-state. This implies a possible

unstable physical and/or chemical interactions in TT:MIL (TFSI−) and TT:MIL (BF−4 )

blends, the details of which are investigated in later sections. Such unstable currents are

not suitable for sensor devices and likely produce unstable responses to chemical analytes

as observed in the sensing results (Figure 6.2). It is plausible that there is a common

mechanism of conductivity increase for all TT:MIL blends related to the electric-field in-

duced electrochemical interactions between TT and MILs, however, only TT:MIL (PF−6 )

blends produce stable interactions.

Further investigations on the electrochemical interaction between TT and MIL
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Figure 6.4: Microscope images of chemiresistor devices comparing neat TT and neat

MIL (PF−6 ) with TT:MIL (PF−6 ) blend and TT:MIL (PF−6 ) blend washed with orthogonal

solvent to selectively remove MIL. Also shown are the polarized optical microscope images

of the devices. Chemiresistors comprise of channel length 10 and width 2000 µm. Scale

in microscope images is 50 µm.

responsible for such an increase in currents of TT:MIL (PF−6 ) is shown in Figure 6.3b

which compares the channel currents of neat TT, neat MIL, TT:MIL blend, and a blend

washed with an orthogonal solvent to selectively remove the MIL. The removal of MIL is

confirmed by optical and polarized optical microscopy (POM) shown in Figure 6.4. The

optical images show that the large MIL features in TT:MIL (PF−6 ) blend are completely

removed after washing, and, POM images show interference patterns in TT:MIL (PF−6 )

blend due to crystalline MILs which disappears after washing. As shown in Figure 6.3b,

the improved channel conductivity is present only in the blend, where both TT and MIL

are required, evidenced by the loss of currents in the washed blends which closely resembles

currents through neat TT. Neat MIL itself shows no currents, which is expected as the

solid-state MILs have immobile ions thus they cannot introduce ion diffusions to generate

ionic currents. This is in stark contrast to organic electrochemical transistors (OECTs)

where the ionic currents play a major role in channel conductivity because of the mobile

ions present in liquid electrolytes.372,374,375 Therefore, the main charge transport pathway

in the TT:MIL blend is through the polymer domains, where the surrounding matrix of

solid-state MIL is critically required to improve the channel conductivity, indicative of

strong electrochemical interaction between TT and MIL without requiring diffusion of

ions (i.e. ionic currents).
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Figure 6.5: (a) Dark Fermi (Ef ) and HOMO levels of thin films (on SiO2/Au substrates)

of neat TT, TT:MIL (PF−6 ) blend and TT:MIL (PF−6 ) blend washed with orthogonal

solvent to selectively remove MIL. (b) Measured energetics of the chemiresistor indicating

a hole-dominating device. (c) Illustration of illumination effect on thin films for Surface

Photovoltage (SPV) measurements. (d) Normalized SPV measurements of thin films. (e)

Micrographs of the thin films. Scale (black bar) in microscope images is 10 µm.

HOMO level remains the same at ≈ 5.06 ± 0.02 eV for neat TT, TT:MIL

(PF−6 ) blend and the washed blend as shown in Figure 6.5a. So, extreme changes to the

chemical structure (such as disruption/formation of chemical bonds) or physical structure

(such as conformational changes) of the TT polymer is not expected at ground state (i.e.

no applied voltage) when blending TT with MIL (note that HOMO measurements are
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performed on thin films with no applied voltages). Interestingly, the dark Fermi-level of

the blend is deeper by ≈ 70 meV compared to neat TT, which recovers back to the values

of neat TT for washed blends (≈ 4.80 eV). This implies a weak ground-state p-doping of

TT by MIL. It is conceivable that there are electrostatic interactions between the ionic

species and the TT copolymer, which itself have an element of dipole moment due to

electron-accepting DPP units as shown by the electrostatic surface potential plots of TT

oligomer via DFT optimizations in Figure 6.6. However, the ground-state p-doping is

very weak and not observed in absorbance (Figure 6.11 in Section 6.6) implying that it

cannot explain the orders of magnitude increase in the channel conductivity of the blends

(discussed previously in Figure 6.3).

Energetic measurements of the chemiresistor in Figure 6.5b shows a hole-dominant

device due to a significantly small injection barrier for holes (≈ 0.1 eV) compared to the

barrier for electrons (≈ 1.2 eV). So, the conductivity increases observed in blends (in

Figure 6.3), where the major charge transport pathway is through the polymer, can be

understood to be due to increases in hole currents (rather than electron currents). The

increase in conductivity can generally be attributed to either increase in the carrier num-

ber density (for instance, an increase in hole density via p-doping) or carrier mobility (for

instance, changes in nanomorphology leading to improved current pathways). In Section

6.6, we study the impact on the morphology due to blending. Likewise, the observation

of a weak p-doping of TT by MIL (discussed above in Figure 6.5a), while at ground state

cannot explain the stark increases in conductivity, can be much dominant upon applied

electric-field leading to field-induced doping (electrochemical doping, the details of which

are studied in Section 6.8).

Charges can also be introduced into the blend via photoexcitation of the polymer

in contrast to injections from the metal electrodes as shown in Figure 6.5c, which can be

corroborated with the device current measurements (Figure 6.3b). Upon illumination,

photogenerated charges can accumulate at the surface of the thin film creating a quasi-

equilibrium state and Fermi level splitting; the voltage generation of which are measured

as surface photovoltage (SPV) as shown in Figure 6.5d. Experimental and theoretical

details of SPV is discussed in Section 3.5.2 of Chapter 3: Experimental Methodology.

The positive change in SPV upon illumination indicates the accumulation of electrons in
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Figure 6.6: (a) Molecular structure of TT oligomer used for DFT energy and frequency

optimization calculations. Visualizations of (b) LUMO and (c) HOMO performed on the

energy optimized structure (shown in (a)). (d) Visualization of the electrostatic surface

potential (ESP) in the energy optimized TT oligomer showing the dipolar nature across

the copolymer. ESP was calculated by bringing a test -ve charge close to the oligomer.

the surface of the thin films. The holes are extracted away from the thin films through the

Au electrodes, assisted by the internal electric field created at the metal-semiconductor

junction (illustrated in Figure 6.5c). A clear improvement of SPV on/off response time

is observed in the TT:MIL (PF−6 ) blend, for instance, four-fold faster rise time from 100

s in neat TT to 25 s in TT:MIL (PF−6 ) blend. Such photogenerated charges are in the

polymer domains of the blend because the charges are introduced via photoexcitation of

the polymer. The faster response times of SPV in the blends can be correlated to the

conductivity increases of the blend, discussed previously in Figure 6.3, specifically, via

charge transport through the polymer (rather than MILs). The poor response time of the

washed blend closely resembling the response times of neat TT is also in agreement that
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the improved currents are induced by the presence of MIL in the blends. We have yet

another validation that the major charge transport pathway in the blend is through the

polymer rather than ionic currents through solid-state MIL.

Origin of conductivity increases in the blends. The orders of magnitude conductiv-

ity (σ) increase in the TT:MIL blends compared to neat TT is linked to increases in either

charge mobility (µ) and/or charge carrier density (ρ). µ can be improved via better film

morphology and intermolecular packing (investigated next). Likewise, ρ can be improved

by p-doping of the polymer by MILs (the chemiresistors are hole-dominating devices, dis-

cussed previously in Figure 6.5). The absorbance spectra of neat and blends do not show

any polaronic bands (see Figure 6.11, discussed more in the following section), indicating

the absence of strong ground-state chemical doping of the polymer by MIL. However,

the electric bias induced doping (electrochemical doping) can be dominant in TT:MIL

chemiresistors leading to stark increases in ρ and thus σ. The details of electrochemical

doping are investigated in Section 6.8, via molecular vibrational spectroscopy.

6.6 Thin film morphology

Grazing-Incidence Wide-Angle X-ray Spectroscopy (GIWAXS) measurements on thin

films of neat TT and neat MILs are shown in Figure 6.7 which reveal that MIL con-

taining PF−6 anion have crystalline packing structures while MILs containing TFSI− and

BF−4 are amorphous. 2D diffraction patterns of neat TT polymers exhibit two distinct

peaks along the out-of-plane direction for strong lamellar stacking at qz = 0.23 Å−1 and

weak π-π* stacking peak at qz = 1.83 Å−1 which indicates a semi-crystalline morphol-

ogy with edge-on orientation. MIL containing PF−6 shows a high degree of crystallinity

with sharp crystalline peaks in both in-plane and out-of-plane directions. This is con-

sistent with the literature on analogous ionic liquids where the crystalline mesophases

are described as sheets of imidazolium rings and PF−6 anions separated by domains of

interdigitated alkyl chains376,377 (refer to the chemical structure of MIL in Figure 6.1).

In contrast, MILs containing TFSI− and BF−4 show no clear diffraction peaks exhibiting

an amorphous ring instead, indicating that there are no crystalline mesophases and the
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morphology is completely amorphous. Likewise, GIWAXS measurements of the TT:MIL

blends in Figure 6.8 shows that the semi-crystalline morphology of the TT polymer, the

crystallinity of MIL containing PF−6 and the amorphous rings of MILs containing TFSI−

and BF−4 are still preserved in the TT:MIL blends. Correlating these morphology differ-

ences with device electrical currents in Figure 6.3a suggests that a crystalline MIL packing

structure is critical to achieving high and stable currents.

Figure 6.7: 2D Grazing-Incidence Wide-Angle X-ray Spectroscopy (GIWAXS) measure-

ments on thin films of neat TT and neat MILs (PF−6 , TFSI− and BF−4 ).

Figure 6.8: 2D Grazing-Incidence Wide-Angle X-ray Spectroscopy (GIWAXS) measure-

ments on thin films of the blends TT:MIL (PF−6 ), TT:MIL (TFSI−) and TT:MIL (BF−4 ).

The structural development of TT:MIL blends compared to neat TT are shown

by Transmission Emission Microscopy (TEM) scans in Figure 6.9. Within the resolution

of 0.5 µm of the TEM scans, the neat TT film exhibits homogeneous, single-phase, and

fine morphology (note that in local molecular scales, the neat TT film exhibits a semi-

crystalline edge-on packing structure as discussed above via GIWAXS measurements).

The bulk morphology of all three TT:MIL blends are relatively similar, showing a het-

erogeneous sub-micron network of polymer bundles. The polymer forms a percolated

network surrounded by the matrix of MIL, which allows effective interactions (physical,

chemical, and/or electrostatic) between polymer and MIL throughout the bulk of the film.
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Such morphology development is very advantageous as it improves the inherent sensitiv-

ity of gas detection due to enlarged surface area for interactions with VOCs by allowing

bulk-permeations of VOCs through the networks. However, we cannot definitively assert

that the morphology change from neat TT to TT:MIL blend is responsible for orders of

magnitude increases in channel conductivity (Figure 6.3a).

Figure 6.9: Transmission Emission Microscopy (TEM) scans of thin films of neat TT

and TT:MIL (1:5, w/w) blend. Scale (white bar) in TEM images is 0.5 µm

Figure 6.10: Atomic force microscopy (AFM) scans of the sensing channel in-situ devices

of (a) Neat TT, (b) TT:MIL (PF−6 ) blend and (c) TT:MIL (PF−6 ) blend washed with

orthogonal solvent to selectively remove MIL.

To identify the impact of morphology on the electrical current of devices, the

morphology between TT:MIL blend and the washed blend (to selectively remove the

MIL) is compared. Atomic Force Microscopy (AFM) scans were performed on the sensing

channel in-situ devices, as shown in Figure 6.10. The surface of neat TT has homogeneous,

fine, and smooth morphology with root-mean-square (rms) roughness (Rq) of ≈ 1.3 nm,

consistent with the bulk-morphology observed by TEM scans. TT:MIL (PF−6 ) shows a

networked surface morphology with Rq of ≈ 4.5 nm, however, upon washing the blend

(Figure 6.10c), the networked morphology is still retained, albeit in relatively larger scales.



Ch.6 Molecular-level Electrochemical doping 151

Correlating the blend morphology with the source-drain currents in Figure 6.3b implies

that the networked morphology is not responsible for conductivity improvements in the

blends as evidenced by the stark loss in currents for washed blends where networked

morphology is still present. This is one of the critical points in our study, where, increases

in conductivity are instead expected due to an active electrochemical interaction between

TT and MIL leading to an increase in the hole polaron density (investigated further in

Section 6.8). Additionally, the morphology differences between neat TT and TT:MIL

(PF−6 ) blend do not alter the HOMO levels (discussed previously in Figure 6.5a in Section

6.5) indicating no extreme changes in the chemical structure or physical conformation

of the π-conjugated backbone of polymer in the ground state. This observation is also

consistent with the GIWAXS scan of TT:MIL (PF−6 ) blend film (Figure 6.8), which shows

that the edge-on semi-crystallinity of polymer is still preserved in the blend.

Figure 6.11: Optical absorbance of thin films of neat TT compared with the blends

TT:MIL (PF−6 ), TT:MIL (TFSI−) and TT:MIL (BF−4 ).

Aggregations in thin films are investigated via optical absorbance as shown in

Figure 6.11. The D-A copolymer TT has a bandgap of ≈ 1.35 eV (920 nm) with a strong

low-energy (550-900 nm) absorption band consisting of 0-0 and 0-1 vibronic features at

circa 750 and 822 nm respectively. The strong and well-resolved vibronic features in the

absorption band of the thin film indicate a high degree of molecular order (this is also

supported by GIWAXS measurements showing that thin films have semi-crystalline edge-

on packing structures, discussed in Figure 6.7). Interestingly, the 0-0 vibronic shoulder

of all three TT:MIL blends are equally red-shifted by ≈ 20 nm compared to neat TT, a

possible indication of a shift to more J-like aggregation.378,379 The vibronic peak intensity
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ratio (I0−0
A /I0−1

A ) increases by over 20% from ≈ 1.24 for neat TT to ≈ 1.51 for the

blends. However, as discussed above, these morphological changes are not linked with the

conductivity increases in the TT:MIL blends. The important observation is the lack of

any polaronic absorption bands at lower energies indicating the absence of strong ground-

state chemical doping. We thus steer our focus to electrochemical doping, investigated

next.

6.7 Vibrational spectroscopy for molecular analysis

Raman spectroscopy was employed to probe the molecular morphology of the TT poly-

mer in-situ sensor devices under operational conditions (i.e. applied electric voltages) to

identify the molecular level doping processes and sensing mechanisms. To do this, the

assignments of Raman peaks to their corresponding vibrational modes are performed as

shown in Figure 6.12. Symmetric TT oligomer as shown in Figure 6.6a was constructed

in Gaussian 09 program, representing a single chain in a gas phase, where the long alkyl

side chains in the DPP units were replaced by methyl groups to reduce the computa-

tional times (while maintaining enough accuracy). In all cases, the energy and frequency

optimizations were performed using a B3LYP hybrid functional with 6-31G(d,p) basis

set. Refer to Section 3.11 of Chapter 3: Experimental Methodology for further details on

DFT simulations. The oligomer shows a high degree of planarization (with all interunit

dihedral angles < 4◦) and extended π-electron delocalization (refer to HOMO orbitals in

Figure 6.6c). It is conceivable that such planarized conformations can lead to effective π-π

stacking and produce semi-crystalline morphology in thin films (discussed previously in

Figure 6.7). The vibrational modes’ assignments as shown in Table 6.1 are consistent with

literature assignments on similar polymers.237,291,380–383 Refer to Section 3.11 of Chapter:

Experimental Methodology for further details on DFT simulations.

The wavelength-dependent Raman spectra of neat TT film is presented in Figure

6.12b, transitioning from resonance with high energy absorption band (457, 488, and 514

nm) to low energy absorption band (633 nm) as shown in Figure 6.12a. For a general
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Figure 6.12: (a) Absorption spectrum of neat TT. (b) Resonant Raman spectra of neat

TT obtained via 457, 488, 514 and 633 nm resonant excitations. (c) Raman peak intensity

ratio (peak-1, 2, 4, 5 and 6) with respect to peak-1 against excitations resonant to π-π*

absorption band (457, 488 and 514 nm). (d) Comparison of experimental (514nm) and

DFT simulated Raman spectra. (e) Visual representation of assignments of Raman peaks

1-6 (refer to Table 6.1 for further details).

donor-acceptor copolymer, it is understood that the high energy absorption band (here,

300-500 nm) has delocalized π-π* character, while the low energy absorption band (here,

550-900 nm) has a partial charge-transfer (CT) character with charges strongly localized

within the diketopyrrolopyrrole (DPP) unit.237,291 Peaks 2 (1511 cm−1) and 6 (1370 cm−1)
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N
Position

(±1 cm−1)
Vibrational Modes’ Assignments

1 1528
C=C (intraunit) and C-C (interunit) stretch delocalized across both

DPP and T-TT-T

2 1511 C=C (intraunit) symmetric stretch in DPP (on-axis)

3 1482 C=C (intraunit) symmetric stretch in T and TT

4 1436
C-C (intraunit) stretch in T coupled with interunit C-C between DPP-

T and T-TT

5 1407
C-C (intra and interunit) stretch in T and TT across the main π-

conjugated backbone

6 1370
C-C and C-N (intraunit) stretch in DPP (off-axis); extending to in-

terunit C-C between DPP and T

Table 6.1: Assignments of Raman peaks 1-6 to their corresponding vibrational modes

in TT polymer based on DFT calculations in Figure 6.12.

represent on-axis symmetric C=C intraunit stretch and off-axis C-C, C-N intraunit stretch

on DPP respectively. Figure 6.12b shows significant increases in these DPP localized peaks

(2 and 6) upon transitioning from resonance with high to low energy absorption bands

(i.e. from 457 to 633 nm), indicating that the DPP peaks are more strongly involved

in the low energy CT-like absorption transition. Likewise, the peaks between 1400-1500

cm−1 typically represent vibrational modes related to the vinyl groups mainly in the

thiophene and thienothiophene (electron-donating units).384,385 Here, Peak-5 (1407 cm−1)

represents on-axis C-C intra and interunit stretch delocalized across the thiophene (T)

and thienothiophene units. Figure 6.12b shows a decrease in this T-TT-T delocalized

peak upon transitioning from 457 to 514 nm, which corresponds to a gradual decrease

in the resonance with the delocalized π-π* character (i.e. alternating single and double

bonds across the main π-conjugated backbone). Thus, DPP localized peaks are resonant

with low energy CT-like transition while T-TT-T delocalized peaks are resonant with high

energy π-π* transition. In this respect, peak 2 (and peak 6) and peak 5 represent semi-

mutually exclusive sections of the TT oligomer, i.e. DPP localized and T-TT-T delocalized

respectively (refer to Figure 6.12e). Peak-4 (1436 cm−1) represents an intermediate of

these two distinct sections involving the C-C interunit (between T and DPP) and C-C

intraunit (in T). Refer to Table 6.1 for the assignments of the polymer peaks 1-6.
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6.8 Monitoring molecular signatures to unveil elec-

trochemical interactions

Electrochemical doping is an electric field induced reversible doping effect, the details of

which are discussed in Section 3.7 of Chapter: Experimental Methodology. An electro-

chemical cell (as shown in Figure 6.13a) can be used as a reference for the process of

electrochemical doping386–388, where our experimental set-up allows electrochemical Ra-

man spectroscopy (ERS), i.e. the electrochemically doped polymer can be probed via

Raman in-situ electrochemical cells to obtain the specific Raman signatures. If similar

Raman signatures are also observed in our solid-state sensor devices (as shown in Figure

6.13b) upon application of electric field, then the same electrochemical doping mechanism

is present in such devices and we can definitively identify the origin of conductivity tuning

observed in the blends (discussed previously in Figure 6.3a). Thus, in this section, we

compare and contrast the Raman spectra in-situ electrochemical cells and chemiresistor

upon application of electrical bias (see Figure 6.13).

Figure 6.13: (a) Schematics of electrochemical cell incorporating neat TT polymer films

on conductive FTO substrate as working electrode submerged into ionic liquid electrolyte.

(b) Experimental setup allowing electrical bias dependent Raman in-situ two-terminal

sensor devices.

The working principle of an electrochemical cell is well understood in the liter-

ature.255–257 In our case, as shown in Figure 6.13a, applying voltages above the oxidation

potential of the TT polymer in the working electrode can inject hole polarons into the

TT film, the positive charges of which will be counterbalanced by the negative charges of
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mobile PF−6 anions present in the liquid-state electrolyte in the electrochemical cell. Such

mobile PF−6 anions can easily diffuse and transport near the charged polymer interfaces.

As such, the hole polarons are contained in the TT polymer, thus, p-doping via applied

electric bias. Unlike electrochemical cells, the sensor devices have TT polymer blended

into a matrix of solid-state MIL, where ions are immobile (at room temperature) and thus

cannot transport effectively to find the charged polymer interfaces to counterbalance the

hole polarons injected into the polymer (i.e. the process of electrochemical doping is not

as obvious). So, we perform direct experimental investigations via in-situ electric field

dependent Raman.

6.8.1 In-situ electrochemical cells

Cyclic voltammetry (CV) scan of an oxidation cycle of the TT polymer performed in an

electrochemical cell in Figure 6.14a shows the oxidation on-set voltage of ≈ 0.9 V (with

respect to the reference Ag), which corresponds to the HOMO level of TT polymer (refer

to Section 8.3 of Chapter 8: Supporting Information). Upon application of voltages above

this oxidation threshold, the polymer is oxidized and hole polarons are introduced, which

are counterbalanced by the mobile PF−6 anions present in the liquid-state electrolyte.

The CV shows a clear oxidation peak ≈ 1 V and good reversibility upon reverse swings.

Such a clear first oxidation peak is generally associated with the crystalline phases of the

semi-crystalline morphology389,390 where polarons are created (note that bipolarons are

created at much higher potentials generally at higher oxidation peaks391). Multiple oxi-

dation cycles of the polymer show good reproducibility and quasi-reversibility, indicating

an electrochemically stable polymer (refer to Section 8.3 of Chapter 8: Supporting Infor-

mation). Currents injected into the polymer at a specific voltage through the working

electrode is shown as a chronoamperogram in Figure 6.14b. Refer to the details of the

experimental protocol for chronoamperometry measurements in Section 3.7 of Chapter

3: Experimental Methodology. The injected hole polaron density (ρh) is calculated via

the charge extraction transients of Figure 6.14b using the equation: ρh = Q
e·v , where Q

is the extracted charge, e is the elementary charge and v is the volume of the polymer

film. Figure 6.14c shows ρh against potential applied at the working electrode of the
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Figure 6.14: (a) Cyclic Voltammetry (CV) scan of an oxidation cycle of neat TT film

performed in electrochemical cell (illustrated in Figure 6.13). (b) Currents against time

measured via chronoamperometry in which a square-wave voltage is applied on the poly-

mer film inside the electrochemical cell. (c) Polaron density injected into the polymer at

different applied voltages. (d) In-situ Raman (via 514 nm laser excitation) spectra of the

TT film at different voltages during the oxidation cycle (shown in (a)).

electrochemical cell. Beyond the oxidation threshold of ≈ 0.9 V and within the first oxi-

dation peak, the injected ρh equates to ≈ 2-4 × 1020 cm−3. This value is comparable to

other reported semi-crystalline polymers (such as P3HT) upon using the similar extent

of oxidative stress via similar methodology.386–388

Raman spectra of TT film acquired in-situ CV measurements in Figure 6.14d

shows selective peaks changes to signify the hole polarons present in the polymer. The

spectrum is altered significantly above the oxidation threshold of the TT polymer (i.e.

> 0.9 V), where strong oxidation and concomitant formation of hole polarons (with ρh



Ch.6 Molecular-level Electrochemical doping 158

Figure 6.15: Raman peak quenching efficiency (with respect to the peaks at initial 0 V)

as a function of applied voltages in-situ electrochemical cell (extracted from Figure 6.14d)

showing (a) peak 2 (1511 cm−1), (b) peak 4 (1436 cm−1), (c) peak 5 (1407 cm−1), and

(d) Peak 6 (1370 cm−1). Hollow symbols represent the data points when retraced back to

0 V after the oxidation cycle.

circa 1020 cm−3) occur. In general, we observe quenching of the absolute Raman intensity

upon the formation of hole polarons. Formation of hole polarons in the polymer creates

a ground state bleaching of absorbance,380,392 thus the Raman spectra in resonance with

the absorption band (here, 514 nm) is expected to be quenched. Such observations are

also previously reported in other polymers, where the Raman spectral signatures are

related to hole polarons formed upon polymer oxidations.386,388,393 There is an almost

complete recovery of the Raman spectrum after the oxidation cycle indicating that the hole

polaron formation is a reversible bias induced p-doping process, consistent with the good

reproducibility and reversibility of the CV scan (discussed above). Figure 6.14d clearly

shows that the Raman peak quenching is not uniform and the peaks localized to DPP
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units are significantly quenched as observed for peaks 2 (1511 cm−1) and 6 (1370 cm−1).

The quenching of peak 4 (1436 cm−1) is also linked to DPP as it involves the C-C interunit

stretch connecting DPP and neighboring T units. Likewise, the strong quenching of peak 1

(1528 cm−1) is expected as it involves C=C and C-C stretches delocalized across both DPP

and T-TT-T units. However, peak 3 (1482 cm−1) and peak 5 (1407 cm−1) are relatively

unchanged which involves the stretches mainly in donor T-TT-T unit of the polymer. Such

signatures of selective Raman peaks quenching specifically related to the DPP units of the

TT oligomer upon the formation of polarons are also reported previously on analogous

TT polymers (electrochemically doped via gate electrode in transistor setup).380

Figure 6.15 highlights the Raman peak quenching efficiency (with respect to

peaks at initial 0 V) upon the formation of hole polarons, where peaks 2 (and 6) and peak 5

represent semi-mutually exclusive vibrational modes, one localized to the acceptor (DPP)

unit and another delocalized across the donor (T-TT-T) unit of the polymer respectively

(previously discussed in Section 6.7). The significant spectral changes observed beyond

the oxidation potential of 0.9 V accounts to > 50% quenching of peak 2 (and 6), reaching

a significant quenching of ≈ 85% at 1.2 V, where the injected polaron density (ρd) is

measured to be ≈ 3.5 × 1020 cm−3 (refer to Figure 6.14c). In contrast, peak 5 remain

almost similar on average and instead shows some element of peak increase (for instance,

> 10% increase beyond 1 V). The strong selective quenching of DPP associated peaks

indicates that the ground state bleaching of absorbance due to the formation of hole

polarons are mainly from the optical transitions involving DPP units, indicating the

bleaching mainly of the low energy absorption band (550-900 nm here, which has partial

CT character with charges strongly localized within the DPP unit, discussed previously in

Figure 6.12). The spectral changes upon the formation of hole polarons observed at 514

nm resonance condition are due to resonance changes created by ground-state bleaching

of the low energy absorption band. These spectral changes can be used as a signature of

hole polarons formed in the polymer due to the process of electric field-induced p-doping,

more specifically, an electrochemical p-doping.
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6.8.2 In-situ sensor devices

Raman spectra shown in Figure 6.16 were acquired under operational conditions in-situ

sensor devices to identify if the same mechanism of reversible electrochemical p-doping is

present in the case of a thin film blend where the polymer is surrounded by the matrix

of immobile solid-state MILs. Raman spectra of the neat TT device at different applied

source-drain voltages across the channel in Figure 6.16a shows no spectral changes, indi-

cating that there are no additional hole polarons formed in the polymer. We observe no

changes in the spectrum even at a large applied bias of 50 V, where the current through

the channel is around two orders of magnitude higher (≈ 10−9 A) than low voltages (<5

V). This is expected in neat TT because of the absence of any electronically active doping

agents, such as MILs. Moreover, it also shows that the polymer itself is very stable against

any laser-induced photodegradation during Raman measurements.

As shown in Figure 6.16, there are significant quenching of selective Raman peaks

in all TT:MIL blends upon applied source-drain voltages (refer to Figure 6.3 for the current

levels through the channel upon applied voltages). This is a clear observation of an electric

bias induced effect on TT polymer due to the interactions with solid-state MILs. For the

blend incorporating MIL with crystalline packing structures, i.e. TT:MIL (PF−6 ) (Figure

6.16b), the vibrational modes localized to DPP unit (peaks 2 and 6) are strongly quenched

while vibrational modes involving stretches in T-TT-T unit (peak 3 and 5) are relatively

unchanged. Upon retrace back to 0 V (after the voltage cycle), there is a near-complete

recovery of the Raman peaks, indicating a reversible phenomenon. These spectral changes

closely resemble the voltage induced changes observed in-situ electrochemical cells (Figure

6.14d), indicating that the same mechanism of the electrochemical p-doping present in

the electrochemical cell is also present in the TT:MIL (PF−6 ) sensor devices.

Likewise, Figure 6.16c and d show that the blend incorporating MIL with amor-

phous morphology, i.e. TT:MIL (TFSI−) and (BF−4 ), also closely correlate with the

voltage-dependent spectral changes observed in-situ electrochemical cells. However, the

voltage induced spectral changes in these devices are much stronger compared to TT:MIL

(PF−6 ), with an almost complete quenching of DPP localized peaks 2 (and 6) at 4 V,

indicating strong ground-state bleaching of the low energy absorption band. Interest-
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Figure 6.16: Raman spectra (via 514 nm laser excitation) of (a) neat TT, (b) TT:MIL

(PF−6 ), (c) TT:MIL (TFSI−) and (d) TT:MIL (BF−4 ) at different applied voltages in-situ

sensor devices (illustrated in Figure 6.13, channel length = 10, width = 2000 µm).

ingly, the spectra do not recover to the original Raman peaks when retraced back to 0V

after the voltage cycle. The DPP localized peaks 2 (and 6) remain completely quenched

while peak 5 involving the donor T-TT-T units show a strong increase. This indicates a

long-term effect on the TT polymer due to the electric bias induced interaction between

TT and amorphous MIL, which might be linked to irreversible chemical doping or phys-

ical degradations (the details of which will be investigated via temperature-dependent

Raman measurements of TT polymer in Section 6.9). So, the blend incorporating MIL

with amorphous morphology shows an electrochemical p-doping mechanism however some

irreversible doping effects on the TT polymer are inevitable. It is plausible that the

amorphous MIL can (relatively easily) intercalate into the crystalline domains of the TT

polymer upon applied electric field creating permanent doping and/or degradations. This
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Figure 6.17: Raman peak quenching efficiency (with respect to peaks at initial 0 V) as

a function of applied voltages in-situ sensor devices extracted from Figure 6.16 showing

(a) peak 2 (1511 cm−1), (b) peak 4 (1436 cm−1), (c) peak 5 (1407 cm−1), and (d) peak 6

(1370 cm−1). Hollow symbols represent the data points when retraced back to 0 V after

the voltage cycle.

is one possible explanation behind the unstable but high currents shown by these devices

(discussed previously in Figure 6.3a), where the electrochemical p-doping significantly

improves the current by > 2 orders of magnitude but suffers some irreversible chemical

doping, producing unstable currents thus making them unsuitable for gas sensing appli-

cations.

Figure 6.17 shows the Raman peak quenching efficiency (with respect to peaks at

initial 0 V) as a function of applied voltages in-situ sensor devices, which can be directly

correlated with the analogous measurements performed in-situ electrochemical cells in

Figure 6.15. Concerning TT:MIL (PF−6 ), the voltage-dependent Raman peaks quenching
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trends of the semi-mutually exclusive peaks 2 (and 6) and 5 are very similar to the trends

observed in the electrochemical cell, including the near-complete reversibility, however,

smaller in magnitude which is understandable as the polaron formation by counterbal-

ancing the positive charges in TT polymer by solid-state immobile MIL containing PF−6

anions is expected to be much weaker than by surrounding mobile PF−6 anions in a liquid

state. It is interesting to observe a strong quenching by > 40% of DPP localized peaks 2

(and 6) at 4 V even in solid-state devices, which would correlate to high ρd of circa 1019

cm−3 in an electrochemical cell (refer to Figure 6.14c). This indicates that the electro-

chemical p-doping mechanism is efficient in the sensor devices. Likewise, concerning the

blends with amorphous morphology i.e. TT:MIL (TFSI−) and (BF−4 ), the DPP localized

peaks 2 and 6 are almost completely quenched by > 80% and 90% respectively at 4 V,

a significant amount compared to TT:MIL(PF−6 ). This is understandable as crystalline

MIL has specific domains and interacts with domains of TT polymer through the grain

boundaries, while amorphous MIL can intercalate into the polymer domains, thus shows

a stronger effect on the polymer. Such intercalation of the amorphous MILs into polymer

domains assisted by the applied electric field could be the reason behind the irreversibility

observed in these devices. Upon retracing back to 0 V, peak 2 is still quenched by ≈ 60%

and 30% for TFSI− and BF−4 based blends respectively, while peak 5 is increased by >

40%, thus, showing substantial irreversibility for amorphous MIL blends.

6.9 Temperature effect on neat TT and TT:MIL blend

Temperature-dependent Raman of the neat and blend films was performed in-situ devices

to differentiate the effect of doping and temperature on the TT polymer. The temperature-

dependent Raman for neat TT is shown in Figure 6.18. We can see that TT polymer

has good thermal stability with small but gradual changes of specific peaks, but more

importantly, it shows completely different signatures compared to the electrochemical p-

doping (refer to Figure 6.14d). As shown in Figure 6.18a, with increasing temperature,

there is a monotonic quenching of the DPP localized peak 2 (1511 cm−1) which is coupled

with a gradual broadening of the full-width at half-maximum (FWHM) from the low-

frequency side of the peak. A distinctive feature of temperature effect on the polymer
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Figure 6.18: (a) In-situ temperature-dependent Raman spectra (via 514 nm laser ex-

citation) of neat TT device acquired at no applied electric bias across the channel. (b)

Temperature-dependent Raman peak quenching efficiency (with respect to their initial

value at 30 ◦C). Peaks of interest are the semi-mutually exclusive peak 2 (1511 cm−1,

DPP localized) and peak 5 (1407 cm−1, T-TT-T delocalized).

compared to the electrochemical p-doping signature is the gradual disappearance of peak-

1 (1528 cm−1) convoluting with peak 2 to produce a broadened multimodal peak beyond

150 ◦C. In contrast, the T-TT-T delocalized peak 5 (1407 cm−1) shows no change even

at a very high temperature of 250 ◦C.

Figure 6.18b highlights the Raman peak quenching efficiency (with respect to

their initial value at 30 ◦C) of the semi-mutually exclusive peaks 2 and 5 against tem-

perature. As discussed above, the small but monotonic quenching of peak 2 accounts

to only ≈ 22% quenching at 250 ◦C, while peak-5 modulates within ± 10% between 30-

250 ◦C. In-situ Raman spectral changes of a polymer in thin films upon application of

elevated temperatures are mainly reported to be due to the structural/conformational

changes, for instance, changes in the conjugation lengths via changes in the planarity of

π-conjugated backbone of the polymer.237,296,394,395 Thus, it is plausible to consider that

the temperature-induced Raman spectral changes of TT film in the ground state (note

that polarons are not created in the polymer) is related to the structural changes. The

selective quenching of DPP localized peak 2 (and 6) suggests the effect is linked with the

dihedral angles between the acceptor unit DPP and donor unit T-TT-T.
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Figure 6.19: (a) In-situ temperature-dependent Raman spectra (via 514 nm laser exci-

tation) of TT:MIL(PF−6 ) device acquired at no applied electric bias across the channel.

(b) Temperature-dependent Raman peak quenching efficiency of peak 2 (1511 cm−1) and

peak 5 (1407 cm−1), with respect to their initial value at 30 ◦C. (c) Raman scans at

several local points of the devices after completing the heating-cooling experiment. (d)

Illustration of electrostatic interaction between polymer and anion, highlighting the effect

when MIL melting occurs. (e) Micrographs of the TT:MIL(PF−6 ) device taken at the

specified temperatures during the temperature-dependent Raman experiments. Scale in

microscope images is 10 µm.
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The temperature effect on the polymer is completely different and much more

dramatic in the blends, as shown for the case of TT:MIL(PF−6 ) devices in Figure 6.19.

We observe that the temperature of 100 ◦C is enough to show significant changes in the

Raman spectra, specifically, the stark selective increase in the T-TT-T delocalized peak

5 (Figure 6.19a). Having established a template of the thermal effects on TT polymer

(Figure 6.18a), we can definitively infer that the temperature-dependent Raman observed

in the blend is not related to the polymer and more likely due to the MIL(PF−6 ). Tracking

the Raman peak quenching efficiency (with respect to their initial value at 30 ◦C) of peak

5 as shown in Figure 6.19b, a sharp transition point just above 60 ◦C is observed where

the peak increases transition from an increase of ≈ 15% from 50-60 ◦C to an increase of

≈ 90% from 60-70 ◦C, after which the value remains relatively saturated until 100 ◦C.

In contrast, the DPP localized peak 2 shows a gradual increase with temperature. The

transition temperature just above 60 ◦C corresponds with the melting of solid-state MIL

crystals, clearly visible via micrographs shown in Figure 6.19e. We find that the micro-

scale crystals of MIL(PF−6 ) disappear beyond 70 ◦C, attributed to the MIL melting, thus,

creating a liquid-state matrix surrounding the TT polymer. So, the Raman spectral

changes in the TT:MIL(PF−6 ) is a signature of an effect due to MIL melting.

An interesting observation of the temperature-dependent study in the TT:MIL

(PF−6 ) blend is the irreversibility as shown in Figure 6.19c, where several local areas (of

≈ 10 µm2) within the film is probed after the heating-cooling cycle, back at 30 ◦C. A

strong heterogeneity is observed where the polymer spectrum varies from a neutral-like

(i.e. same as the original spectrum before the heating-cooling cycle) to MIL melt-like

(i.e. significantly increased peak 5). Some locations show much stronger peak 5, even

compared to the spectrum at 100 ◦C. These extreme irreversible effects can be understood

by analyzing the mechanics of the melting of MIL(PF−6 ). When the crystalline MIL(PF−6 )

melts, the ions become very mobile. At elevated temperatures, the increase in internal

energy can promote a coupling between the charged ions and the dipolar TT polymer. The

small PF−6 anions which are more mobile compared to the bulky imidazolium cation (refer

to Figure 6.1 for chemical structures) can easily couple with the T-TT-T section of the

polymer. This is modeled via the electrostatic surface potential (ESP) calculations on the

TT oligomer via DFT simulations (discussed previously in Figure 6.6c), where, positive
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(φ+) and negative (φ−) potentials are formed in DPP and T-TT-T units respectively when

a test negative charge is brought in the vicinity of the TT oligomer (here, the test-negative

charge is repelled by DPP unit and attracted by T-TT-T unit). Figure 6.19d illustrates

the potential differences formed across the TT oligomer upon bringing the mobile PF−6

anions to proximity. Here, the negative potential in T-TT-T created by the electrostatic

attraction due to the anion means that the π-electrons are increased in this section, so the

observation of a strong selective increase in the T-TT-T delocalized peak (i.e. peak 5) is

reasonable. Thus, with elevated temperature promoting the electrostatic coupling between

PF−6 anions and T-TT-T section of the polymer, a charge-transfer complex can form.396

Additionally, after the melt, the MIL cannot reform the micro-scale crystals as seen in

the micrograph of cooled film, back at 30 ◦C (Figure 6.19e), which is consistent with the

irreversibility observed via Raman spectra. It can be understood that the mobile anions in

the melt can diffuse and intercalate into the semi-crystalline domains of TT polymer, and

upon cooling the crystallization process cannot recreate the crystalline domains of MILs.

So, we observe that the melting of the MIL creates an enhanced electrostatic coupling

between the TT polymer and MIL, where, an extreme melt produces irreversible effects.

Figure 6.20: Temperature dependent Grazing-Incidence Wide-Angle X-ray Spectroscopy

(GIWAXS) measurements on neat PF−6 film showing in-plane peaks (a) 001 and (b) 2-20.

The in-situ temperature-dependent GIWAXS measurements of the neat MIL

(PF−6 ) film shown in Figure 6.20 is another clear indication of MIL melt and complements

the melting observed through micrographs in Figure 6.19e. Figure 6.20 shows that the

strong crystalline in-plane peaks are almost completely quenched, at the transition tem-
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perature just above 60 ◦C, consistent with the conclusion of the temperature-dependent

Raman studies of the TT:MIL(PF−6 ) blend (Figure 6.19). The disappearance of the crys-

talline peaks attributed to the melt of the MIL indicates that the crystalline packing struc-

tures are destroyed upon melting and an amorphous morphology is developed. On another

note, this temperature-dependent study reveals that our sensor device TT:MIL(PF−6 ) is

stable only up to the operational temperature of 70 ◦C, however, is not an issue for its

application at room temperature (< 30 ◦C).

6.10 Vibrational spectroscopy in-situ VOCs exposure

To clarify the distinct intermolecular interactions between VOCs and the sensing channel

responsible for distinct electrical signals between polar and non-polar VOCs (discussed

previously in Figure 6.2), Raman spectroscopy during the device operation and gas ex-

posure was performed for TT:MIL(PF−6 ) devices as shown in Figure 6.21. For clear ob-

servations in Raman spectra, extreme exposure conditions were used, herein, a saturated

vapor pressure (SVP) exposure of acetone (polar VOC) and toluene (non-polar VOC)

(refer to the details of the experimental setup in Section 3.10 of Chapter 3: Experimen-

tal Methodology). As such, the combined effects of electrical bias and SVP exposure of

VOCs is an overestimate and expected to be much lower for real applications where the

exposure levels (ppm) are orders of magnitude lower. At SVP, the acetone concentration

equates to ≈ 30% and toluene concentration to ≈ 4%.397,398 Comparing the exposure of

acetone and toluene in Figure 6.21, there are clear differences in the peak changes indi-

cating unique impacts on the TT polymer, as such, distinct electrical signals are expected

and in-fact observed (in Figure 6.2, previously discussed). An important observation

from Figure 6.21a and b is that the Raman peak changes are almost opposite for acetone

(peaks decrease) and toluene (peaks increase) exposures, which correlates with the oppo-

site electrical responses, i.e. increase and decrease of channel resistance (R) for acetone

and toluene exposures respectively.

Figure 6.21a shows that acetone exposure creates an overall strong quenching of

all the Raman peaks 1-6. Note that the spectral change is not similar to the signature of
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Figure 6.21: Distinct Raman spectral changes upon high concentrations (saturated

vapour pressue, SVP, conditions) of (a) acetone (polar VOC, ≈ 30%) and (b) toluene

(non-polar VOC, ≈ 4%) exposure in-situ TT:MIL(PF−6 ) sensor devices (channel length

= 10, width = 2000 µm). (c) Peak 2 (1511 cm−1) and (d) peak 5 (1407 cm−1) quenching

efficiency (with respect to the peaks at initial 0 V), showing the contrasting effect due to

acetone and toluene. Raman was acquired via 514 nm laser excitation.

electrochemical p-doping (discussed previously in Figure 6.14c and 6.16b) where strong

selective peaks quenching is observed (peaks 1, 2, 6) whilst peaks related to the T-TT-T

units of the polymer, specifically, peaks 5 and 3 show negligible changes comparatively.

As shown in Figure 6.21c and d, both of the semi-mutually exclusive peaks: peak 2 (1511

cm−1, DPP localized) and peak 5 (1511 cm−1, T-TT-T delocalized) are almost equally

quenched by ≈ 55% (with respect to their initial value at 0V) after 8 mins of high-

concentration acetone exposure at 1 V device operation. We can see that the acetone

exposure is unique and unlike the electrochemical doping, temperature, or MIL(PF−6 )

melt effects (signatures of all these three cases are discussed in previous sections). The
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uniform quenching of all the Raman peaks is an indication of a decrease in the π-electron

density of the TT polymer and a potential molecular origin for an increase in electrical

resistance through the polymer.

Figure 6.21b shows that toluene exposure creates an overall strong increase in

the Raman peaks, however, in contrast to the acetone exposure, the increases are uneven

across all the peaks 1-6. As shown in Figure 6.21c and d, peak 2 increases by ≈ 20%

while peak 5 increases by ≈ 220% (with respect to their initial value at 0V) after 8

mins of high-concentration toluene exposure at 1 V device operation. As for the case of

acetone exposure, the spectral changes are not similar to the signature of electrochemical

p-doping or temperature effects on the TT polymer. However, the stark and selective

increase in peak 5 corresponds to the melting effect of MIL(PF−6 ) discussed previously in

Figure 6.19, where we deduced that such effects correspond to an enhanced electrostatic

coupling between the TT polymer and MIL (note that the extreme melt conditions as

occurred in Figure 6.19 due to thermal stress are not expected in operating conditions, as

such, the strong irreversibility is not expected). Such enhanced TT and MIL electrostatic

interaction is a potential molecular origin for a decrease in electrical resistance through

the polymer.

6.11 Mechanism of operation

The principle of device operation from channel activation to gas detection via electrical

signals is illustrated in Figure 6.22c. The neat TT polymer in a two-terminal diode config-

uration is very resistive, affected by noise within the electrical circuits, and unresponsive

to chemical gas analytes. So, the first stage requires a channel activation (i.e. switching-

on the sensing channel), which in our case is achieved as a charge-accumulation mode

by an electrochemical p-doping of the polymer by modified ionic liquids (MIL) blended

into the bulk (illustrated in Figure 6.22a). Such electrochemical p-doping decreases the

channel resistivity by a few orders of magnitude and increases the channel currents to

moderate levels where the currents are high enough (e.g. ≈ 10−6 A at 1 V across 10 µm

channel length) to surpass the threshold of electrical circuit noise however low enough to
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Figure 6.22: Illustration of electrochemical p-doping mechanism for (a) crystalline and

(b) amorphous MIL based blends, which is responsible for tuning the conductivity of the

blends. (c) Illustration of VOC-specific interactions for selectively sensing polar/non-polar

VOCs, which occurs after the activation of the sensing channel via the electrochemical

p-doping process.

effectively show changes upon low-levels of charge injections via chemical gas analytes (if

the channel currents are too high like metals, any changes mediated by chemical gas envi-

ronments cannot be observed). However, to achieve stable electrochemical doping, MILs

with crystalline packing structures are required where interactions can occur at the grain

boundaries between the polymer and MIL domains. In contrast, amorphous MILs can

intercalate into the polymer aggregates creating uncontrollable and irreversible doping

effects, thus, produce high but unstable device currents (illustrated in Figure 6.22b).

Following the first-step channel activation, the second-step VOC specific interac-

tion is the critical step responsible for the specific electrical signals (discussed previously in

Figure 6.2), illustrated in Figure 6.22c. Based on several in-situ Raman signatures includ-

ing electrochemical p-doping, temperature, MIL melt, and VOC exposure; the molecular

origin of the specific electrical response upon polar and non-polar VOCs is identified to

be due to unique and complex three-way interactions between the VOC, MIL, and the
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π-conjugated polymer. In literature, studies have indicated sensing origins to be liked

with physical adsorption of chemical analytes, charge transfer between polymers and an-

alytes, and chemical interactions (doping / de-doping) in various polymer systems mainly

utilizing three-terminal transistor architecture (discussed in more details in Section 2.4.2

of Chapter 2: Literature Review). The chemical analytes can act as solvents to create

some partial dissolution of the blend moieties (particularly the MILs) and/or swelling in

the polymers; both of which can produce changes in the electrical signals. The interesting

observation in our simple two-terminal devices is the stark selectivity between the polar

and non-polar VOCs. The effect of acetone (polar VOC) and toluene (non-polar) on the

TT polymer is observed to be opposite, both in device resistances (Figure 6.2) and Ra-

man (Figure 6.21). It can be understood that the polar VOC can interact electrostatically

with polar MIL, which in turn reduces the electrostatic interaction between the TT and

MIL, leading to a uniform decrease in the π-electron density of the TT polymer, thus,

increasing the electrical resistance through the polymer. In contrast, the non-polar VOC

cannot interact electrostatically with either MIL or the dipolar TT, however, it can act

as a plasticizer to relax the MIL crystallinity and enhance the electrostatic interaction

between the TT and MIL, thus, decreasing the electrical resistance through the polymer.

This is a similar effect to swelling, which is consistent with the melt-like Raman signa-

tures observed upon exposure of toluene (discussed previously in Figure 6.19), which is

characterized by an enhanced electronic coupling between anions of the MIL and T-TT-T

segment of the polymer leading to decrease in the electrical resistance through the poly-

mer. Thus, VOC-induced modulation of electrochemical interaction between MIL and TT

leads to unique intermolecular interactions depending on the polarity of VOC producing

distinct electrical responses.

6.12 Conclusion

In conclusion, the conductivity of a π-CP can be improved by a reversible electrochem-

ical doping mechanism, where modified ionic-liquids (MILs, ionic liquids in solid-states)

blended into the bulk of the polymer dopes it upon an applied electric field. In this

respect, we have successfully utilized a novel blend system comprised of a model donor-
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acceptor π-CP (TT) and MIL, into a simple two-terminal device architecture to reveal an

application in the field of organic sensors, specifically, chemical gas detection. The devices

show high VOC sensitivity (< 250 ppm), distinct selectivity depending on the polarity of

the VOCs, low power consumptions (µW) and room temperature (< 30 ◦C) operations

while the simple diode architecture of the device has advantages in form factor, simplicity

in device fabrications and easy integration to other electronic devices (if required).

The electrical and morphology studies on three different blend systems: TT:MIL

(PF−6 ), TT:MIL (TFSI−) and TT:MIL (BF−4 ) revealed that that the electrical properties of

the blend are entirely controlled by MIL. The main charge transport route in the TT:MIL

blend devices is through the polymer rather than ionic currents (via solid-state MILs)

where the surrounding matrix of the MIL plays a critical and active role in conductivity

tuning. So, the conductivity increases in blends exclusively require both TT and MIL,

the specific interaction responsible for such increases being related to electrochemical p-

doping of the polymer by MIL, rather than ground-state chemical doping. Crystalline

MIL is required for stable electronic currents indicating stable interactions between TT

and MIL. In contrast, amorphous MIL produces unstable currents. All blends form a

percolated network of polymer bundles surrounded by the MIL matrix throughout the

bulk of the film.

The operational mechanism is deduced through combined device electronic re-

sponse measurements, molecular structural probes, and in-situ vibrational spectroscopy.

The principle of device operation entails a two-step mechanism: (1) channel activation

and (2) VOC modulated electrochemical interaction. The first-step channel activation is

achieved through a molecular-level electrochemical p-doping of π-CP by crystalline MIL

that creates hole-accumulation in the bulk of the polymer. Such activation tunes the chan-

nel conductivity to the required moderate levels such that effect on the currents due to the

chemical analytes can be effectively measured. The second-step VOC modulated electro-

chemical interaction is achieved via complex three-way electrostatic interactions between

π-CP, MIL, and VOCs, where the polar and non-polar VOCs interact uniquely to pro-

duce unique electrical responses. Polar VOC shows a uniform decrease in the π-electron

density of the TT polymer leading to an increase in the electrical resistance through the

polymer. In contrast, non-polar VOC shows evidence of relaxing the crystalline MIL to
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improve the electrostatic interaction between the polymer and MIL, leading to a decrease

in the electrical resistance through the polymer.

We have found that the molecular-level electrochemical doping is the main de-

terminant of the sensing performance of the devices, as such, studies should be focussed

on optimizations of this process (either by new molecular designs or different device ar-

chitectures) to bring solution-processed organic sensors based on solid-state ionic liquids

into real-world applications.



Chapter 7

Conclusions and Further Works

7.1 Conclusions

This thesis aimed to investigate the relationships between the morphology of organic

semiconductors at molecular levels and their subsequent device functions, specifically,

the electronic properties of the organic devices. As discussed in Chapter 2: Literature

Review, the molecular morphology of the organic materials (conjugated polymers and

small molecules) plays a key role in determining the performance of devices owning to the

molecular nature of their electronic structures. Investigations were performed to connect

the molecular-level structures and processes with the macroscopic device performances.

The main organic electronic devices utilized in this thesis included organic photovoltaics

(OPVs), organic photodetectors (OPDs) and organic chemiresistors (OC, two-terminal

organic diodes); all employing organic blends as their main functional layer. The con-

clusions of our studies are provided at the end of the respective chapters and herein, the

most important messages are summarized.

The investigations on a model polymer:fullerene (F12TBT:PC70BM) bulk het-

erojunction (BHJ) blend showed that fine-tuning the nanomorphology of the photoactive

layer of the organic photovoltaic (OPV) devices is vital not only for power conversion

efficiency but also for long-term performances (i.e. operational stability). Morphological

tuning via thermal annealing revealed a molecular scale phase segregation temperature Tps
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specific to the blend system under investigation above which the planarization of the poly-

mer π-conjugation backbone and concomitant out-diffusion of PC70BM from well-mixed

phases occur. The BHJ morphology developed by mild-temperature thermal annealing

(i.e. T < Tps) maintains optimum efficiency and at the same time improves the oper-

ational stability in the initial burn-in phase by almost 50% compared to non-annealed

well-mixed morphology. The initially well-mixed polymer:fullerene morphology without

any thermal annealing shows poor operational stability mainly at the interlayer interfaces

related to the de-doping of the hole transport layer PEDOT:PSS used in the OPV devices

understudy. Likewise, the initially phase-segregated morphology in molecular scales (an-

nealing T just above Tps) shows instability intrinsically related to the photoactive layer

itself via further phase-segregation in microscales coupled with fullerene photodegrada-

tion. The main message of our investigation is that the thermal annealing preconditioning

of a general polymer:fullerene layer is essential for an improved device operational sta-

bility, particularly, annealing below Tps is critical to develop a stable morphology for

improved operational stability while maintaining high efficiency.

We studied a highly intermixed all small-molecule blend system comprising of

a dipolar donor IDDSe and acceptor C60, where state-of-the-art performances in dark

currents, detectivities, and photoresponse times were obtained for efficient organic pho-

todetector (OPD) operations. Such highly intermixed blends showed ultrafast exciton

separation (< 1 ps) and monomolecular charge-transfer (CT) state geminate recombi-

nation resulting in strikingly strong CT state emission. These CT states were localized

within one donor / acceptor unit, as expected in a highly intermixed system, however,

they were readily dissociated with applied electric field or temperature, with the calcu-

lated binding energy of ≈ 135 meV. As such, the field-dependent EQE was due to the

field-dependent CT state dissociation. We found that in highly intermixed blends, the

process of photocurrent generation primarily requires a strong field-dependent dissocia-

tion of interfacial CT states. So, a calculably poor-performing OPV can instead show

superior OPD performances in the presence of efficient field-driven CT state dissociation.

We also found that the BHJ morphology can be further finely tuned at molecular-levels via

thermal annealing to introduce molecular scale changes; which involved conformational

twisting of IDDSe donors, however, it is still well intermixed by avoiding comparatively
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larger sub-micron scale phase segregations. The main message of our results is that while

OPVs require a fine balance of mixed and pure phases via optimized donor / acceptor

phase segregations, OPDs can be efficient even when entirely finely mixed. As a conse-

quence, certain fabrication methods like co-evaporation of donors and acceptor molecules

are feasible for OPDs where highly intermixed, stable, and reproducible films are formed

whist phase-separated morphologies are difficult to achieve.

In an attempt to better understand the electronic properties of π-conjugated

polymers, we blended a model donor-acceptor copolymer DP-PDPP2T-TT (or simply

TT) with solid-state modified ionic liquids (MILs), where orders of magnitude increases

in channel conductivity across a simple two-terminal diode were achieved, attributed to

an electrochemical p-doping of the π-conjugated polymers by surrounding MILs. Such

TT:MIL blends were able to work as an effective chemical gas sensor via transducing the

specific chemical environments into distinct electrical signals. We successfully utilized

the blend of TT and crystalline MIL to achieve low power (µW) and room temperature

operations with simple diode architecture. The sensitivity of chemical analytes was at the

concentrations of ppm (< 250 ppm) while a clear selectivity between non-polar and polar

volatile organic compounds (VOCs) was achieved via increases and decreases in device

current response respectively. The in-situ vibrational spectroscopy was invaluable in de-

termining the operational mechanism of sensor devices including the initial conductivity

tuning via molecular-level electrochemical p-doping followed by VOC-specific interactions

between π-conjugated polymers, MILs, and VOCs to create distinct electrical signals. Our

main message from these studies is that the molecular-level electrochemical doping is the

key determinant of sensor devices’ performances, as such, studies should be focussed in

optimizations of this process (either via new molecular designs of the polymers or different

device architectures) if we are to bring the solution-processed organic-based chemical gas

sensors into real-world applications.
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7.2 Further Works

The studies in this thesis have mainly focussed on model organic blend systems, with

detailed investigations dedicated towards the understanding of operational mechanisms.

Several methodologies developed to investigate the required scientific question is one of the

novelties of this thesis. Some of the novel methodologies are Raman and photolumines-

cence (PL) spectroscopies in-situ operating devices (including exposure of chemical gases),

in-situ electrochemical Raman, in-situ temperature-dependent spectroscopies, and surface

photovoltages in organic semiconductors. So, natural progressions for further works in-

clude further refinements of the methodologies and expanding the studies on other organic

blend systems.

Similar investigations on the operational stability based on different initial mor-

phologies of polymer and non-fullerene blend system can be performed and compared

with the polymer and fullerene blend system investigated in this thesis. The strategy of

thermal annealing below the molecular phase segregation temperature (Tps) to improve

the operational stability in the burn-in phase is very critical and if evident in non-fullerene

based blends, can be of great essence to OPV community. Likewise, the impact on the op-

erational stability due to other experimental processes traditionally used for morphology

tuning to optimize the power conversion efficiency (such as chemical additives and solvent

annealing) also needs to be understood. The vibrational spectroscopies in-situ fresh and

aged devices are best suited for investigating the molecular degradation signatures.

With the understanding that highly intermixed all small-molecule blend systems

can still give good OPD performances in the presence of an efficient field-dependent CT

state dissociation, the charge generation mechanism and OPD performance metrics of

other highly intermixed blend systems can be performed, with possible optimizations

through molecular structural changes either by new molecular designs or simple thermal

annealing. One of the interesting studies would be a comparison of OPD performances

between poorly optimized and most efficient OPV blends systems (including blends with

polymers and small-molecules).

Finally, the selectivity of VOCs based on their polarity shown by the representa-
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tive donor-acceptor copolymer TT blended with crystalline MIL was an interesting find.

One of the outstanding questions requiring empirical evidence is to check if the selectiv-

ity is present in homopolymers such as P3HT. This would reveal important information

about whether the choice of polymer is necessary to give the VOC selectivity property.

Likewise, the same methodology used to prove the molecular-level electrochemical doping

mechanism for conductivity tuning of the device can be expanded onto different polymer

and MIL blend systems. One of the outstanding questions is to deduce whether the ma-

jority of charge transport is through the bulk or the surface of the chemiresistor, which

can be examined by thickness-dependent electrical current measurements. This is impor-

tant because surface transport would produce high sensitivity and response time while

bulk transport would produce less electrical noise. Strategies to improve the sensitivity

of VOCs are also equally necessary and can be done by trials with different blend ratios

or different polymer choices. One of the biggest challenges is the reliable identification

of specific VOCs in a mixture of gases, for which, selecting the best candidate for poly-

mer:ionic liquid blend system, performing sensing measurements of statistical value, and

building a database for electronic responses for different VOCs are paramount.
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28. Søndergaard, R. R., Hösel, M. & Krebs, F. C. Roll-to-Roll fabrication of large area

functional organic materials. Journal of Polymer Science Part B: Polymer Physics

51, 16–34 (2013).

29. Kalowekamo, J. & Baker, E. Estimating the manufacturing cost of purely organic

solar cells. Solar Energy 83, 1224–1231 (2009).



Bibliography 182

30. Nelson, J. & Emmott, C. J. Can solar power deliver? Philos Trans A Math Phys

Eng Sci 371, 20120372 (2013).

31. International, G. & Council, E. R. E. Energy [r] evolution, A Sustainable World

Energy Outlook 2012.

32. MacKay, D. Sustainable Energy-without the hot air (2008).

33. Aanesen, K., Heck, S. & Pinner, D. Solar power: Darkest before dawn (2017).

34. Green, M. A. Silicon solar cells: state of the art. Philos Trans A Math Phys Eng

Sci 371, 20110413 (2013).

35. Azzopardi, B. et al. Economic assessment of solar electricity production from organic-

based photovoltaic modules in a domestic environment. Energy & Environmental

Science 4, 3741 (2011).

36. McEvoy, A. & Markvart, T. Solar cells: materials, manufacture and operation 443–

461 (2012).

37. Liang, W. Excitons. Physics Education 5, 226 (1970).

38. Armin, A. et al. Engineering dielectric constants in organic semiconductors. Journal

of Materials Chemistry C 5, 3736–3747 (2017).

39. Clarke, T. M. & Durrant, J. R. Charge photogeneration in organic solar cells.

Chemical reviews 110, 6736–6767 (2010).

40. Brédas, J., Cornil, J. & Heeger, A. J. The exciton binding energy in luminescent

conjugated polymers. Advanced Materials 8, 447–452 (1996).

41. Knupfer, M. Exciton binding energies in organic semiconductors. Applied Physics

A 77, 623–626 (2003).
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67. Köhler, A., Wittmann, H., Friend, R. H., Khan, M. S. & Lewis, J. Enhanced pho-

tocurrent response in photocells made with platinum-poly-yne/C60 blends by pho-

toinduced electron transfer. Synthetic metals 77, 147–150 (1996).

68. Seo, J. H., Jin, Y., Brzezinski, J. Z., Walker, B. & Nguyen, T. Q. Exciton binding

energies in conjugated polyelectrolyte films. Chemphyschem 10, 1023–7 (2009).

69. Scharber, M. C. et al. Design Rules for Donors in Bulk-Heterojunction Solar Cells-

Towards 10 Energy-Conversion Efficiency. Advanced Materials 18, 789–794 (2006).

70. Hoppe, H. & Sariciftci, N. S. Organic solar cells: An overview. Journal of Materials

Research 19, 1924–1945 (2004).

71. Menke, S. M., Ran, N. A., Bazan, G. C. & Friend, R. H. Understanding Energy Loss

in Organic Solar Cells: Toward a New Efficiency Regime. Joule 2, 25–35 (2018).

72. Collins, B. A., Tumbleston, J. R. & Ade, H. Miscibility, Crystallinity, and Phase

Development in P3HT/PCBM Solar Cells: Toward an Enlightened Understanding

of Device Morphology and Stability. The Journal of Physical Chemistry Letters 2,

3135–3145 (2011).

73. Treat, N. D. et al. Polymer-fullerene miscibility: a metric for screening new materials

for high-performance organic solar cells. J Am Chem Soc 134, 15869–79 (2012).

74. Yang, X. & Loos, J. Toward high-performance polymer solar cells: The importance

of morphology control. Macromolecules 40, 1353–1362 (2007).

75. Brabec, C. J., Heeney, M., McCulloch, I. & Nelson, J. Influence of blend microstruc-

ture on bulk heterojunction organic photovoltaic performance. Chem Soc Rev 40,

1185–99 (2011).

76. Youn, H., Park, H. J. & Guo, L. J. Organic photovoltaic cells: from performance

improvement to manufacturing processes. Small 11, 2228–46 (2015).

77. Kovacik, P., Assender, H. E. & Watt, A. A. R. Morphology control in co-evaporated

bulk heterojunction solar cells. Solar Energy Materials and Solar Cells 117, 22–28

(2013).

78. Cnops, K. et al. 8.4% efficient fullerene-free organic solar cells exploiting long-range

exciton energy transfer. Nat Commun 5, 3406 (2014).

79. Nikolis, V. C. et al. Reducing Voltage Losses in Cascade Organic Solar Cells while

Maintaining High External Quantum Efficiencies. Advanced Energy Materials 7,

1700855 (2017).



Bibliography 185

80. Rivaton, A. et al. Photostability of organic materials used in polymer solar cells.

Polymer International 63, 1335–1345 (2014).

81. Hermenau, M. et al. Water and oxygen induced degradation of small molecule

organic solar cells. Solar Energy Materials and Solar Cells 95, 1268–1277 (2011).

82. Lira-Cantu, M., Norrman, K., Andreasen, J. W. & Krebs, F. C. Oxygen Release and

Exchange in Niobium Oxide MEHPPV Hybrid Solar Cells. Chemistry of Materials

18, 5684–5690 (2006).

83. Jorgensen, M., Norrman, K. & Krebs, F. C. Stability/degradation of polymer solar

cells. Solar Energy Materials and Solar Cells 92, 686–714 (2008).

84. Hauch, J. A., Schilinsky, P., Choulis, S. A., Rajoelson, S. & Brabec, C. J. The

impact of water vapor transmission rate on the lifetime of flexible polymer solar

cells. Applied Physics Letters 93, 103306 (2008).

85. Norrman, K., Gevorgyan, S. A. & Krebs, F. C. Water-induced degradation of poly-

mer solar cells studied by H2(18)O labeling. ACS Appl Mater Interfaces 1, 102–12

(2009).

86. Vandewal, K. Interfacial Charge Transfer States in Condensed Phase Systems. Annu

Rev Phys Chem 67, 113–33 (2016).

87. Deibel, C., Strobel, T. & Dyakonov, V. Role of the Charge Transfer State in Organic

Donor-Acceptor Solar Cells. Advanced Materials 22, 4097–4111 (2010).

88. Vandewal, K. et al. Efficient charge generation by relaxed charge-transfer states at

organic interfaces. Nat Mater 13, 63 (2014).

89. Dimitrov, S. D. et al. On the energetic dependence of charge separation in low-

band-gap polymer/fullerene blends. J Am Chem Soc 134, 18189–92 (2012).

90. Grancini, G. et al. Hot exciton dissociation in polymer solar cells. Nat Mater 12,

29–33 (2013).

91. Bakulin, A. A. et al. The role of driving energy and delocalized states for charge

separation in organic semiconductors. Science 335, 1340–1344 (2012).

92. Kurpiers, J. et al. Probing the pathways of free charge generation in organic bulk

heterojunction solar cells. Nat Commun 9, 2038 (2018).

93. Albrecht, S. et al. On the efficiency of charge transfer state splitting in poly-

mer:fullerene solar cells. Adv Mater 26, 2533–9 (2014).

94. Dimitrov, S. D. et al. Spectroscopic Investigation of the Effect of Microstructure and

Energetic Offset on the Nature of Interfacial Charge Transfer States in Polymer:

Fullerene Blends. J Am Chem Soc 141, 4634–4643 (2019).

95. Zusan, A. et al. The Crucial Influence of Fullerene Phases on Photogeneration in

Organic Bulk Heterojunction Solar Cells. Advanced Energy Materials 4, 1400922

(2014).



Bibliography 186

96. Jakowetz, A. C. et al. What Controls the Rate of Ultrafast Charge Transfer and

Charge Separation Efficiency in Organic Photovoltaic Blends. J Am Chem Soc 138,

11672–9 (2016).

97. Gao, F., Tress, W., Wang, J. & Inganas, O. Temperature dependence of charge

carrier generation in organic photovoltaics. Phys Rev Lett 114, 128701 (2015).

98. Dong, Y. et al. The binding energy and dynamics of charge-transfer states in or-

ganic photovoltaics with low driving force for charge separation. J Chem Phys 150,

104704 (2019).

99. Zhang, J. B. et al. On the energetics of bound charge-transfer states in organic

photovoltaics. Journal of Materials Chemistry A 5, 11949–11959 (2017).

100. Athanasopoulos, S. et al. What is the Binding Energy of a Charge Transfer State

in an Organic Solar Cell? Advanced Energy Materials 9, 1900814 (2019).

101. Gerhard, M. et al. Field-induced exciton dissociation in PTB7-based organic solar

cells. Physical Review B 95, 195301 (2017).

102. Chen, X. K., Coropceanu, V. & Bredas, J. L. Assessing the nature of the charge-

transfer electronic states in organic solar cells. Nat Commun 9, 5295 (2018).

103. Coropceanu, V., Chen, X.-K., Wang, T., Zheng, Z. & Brédas, J.-L. Charge-transfer

electronic states in organic solar cells. Nature Reviews Materials 4, 689–707 (2019).

104. Gao, Y. et al. Hybridization and de-hybridization between the locally-excited (LE)

state and the charge-transfer (CT) state: a combined experimental and theoretical

study. Phys Chem Chem Phys 18, 24176–84 (2016).

105. Pan, Y. Y. et al. Accurate description of hybridized local and charge-transfer

excited-state in donor–acceptor molecules using density functional theory. RSC

Advances 6, 108404–108410 (2016).

106. Han, G. & Yi, Y. Local Excitation/Charge-Transfer Hybridization Simultaneously

Promotes Charge Generation and Reduces Nonradiative Voltage Loss in Nonfullerene

Organic Solar Cells. J Phys Chem Lett 10, 2911–2918 (2019).

107. Eisner, F. D. et al. Hybridization of Local Exciton and Charge-Transfer States

Reduces Nonradiative Voltage Losses in Organic Solar Cells. J Am Chem Soc 141,

6362–6374 (2019).

108. Dong, H., Zhu, H., Meng, Q., Gong, X. & Hu, W. Organic photoresponse materials

and devices. Chem Soc Rev 41, 1754–808 (2012).

109. Kim, M. J. et al. Structure-Property Relationships of Semiconducting Polymers for

Flexible and Durable Polymer Field-Effect Transistors. ACS Appl Mater Interfaces

9, 40503–40515 (2017).

110. Jha, K. K. et al. Structure-Property Relationship in an Organic Semiconductor:

Insights from Energy Frameworks, Charge Density Analysis, and Diode Devices.

Crystal Growth & Design 19, 3019–3029 (2019).



Bibliography 187

111. Du, X. et al. Unraveling the Microstructure-Related Device Stability for Polymer

Solar Cells Based on Nonfullerene Small-Molecular Acceptors. Adv Mater, e1908305

(2020).

112. Zhang, C. et al. Comprehensive Investigation and Analysis of Bulk-Heterojunction

Microstructure of High-Performance PCE11:PCBM Solar Cells. ACS Appl Mater

Interfaces 11, 18555–18563 (2019).

113. Lee, H. K. H. et al. Organic photovoltaic cells – promising indoor light harvesters for

self-sustainable electronics. Journal of Materials Chemistry A 6, 5618–5626 (2018).

114. Steim, R. et al. Organic photovoltaics for low light applications. Solar Energy Ma-

terials and Solar Cells 95, 3256–3261 (2011).

115. Cao, W. & Xue, J. Recent progress in organic photovoltaics: device architecture

and optical design. Energy & Environmental Science 7, 2123 (2014).

116. Shockley, W. The theory of p-n junctions in semiconductors and p-n junction tran-

sistors. Bell System Technical Journal 28, 435–489 (1949).

117. Nelson, J. Diffusion-limited recombination in polymer-fullerene blends and its in-

fluence on photocurrent collection. Physical Review B 67, 155209 (2003).

118. Wetzelaer, G. A. H., Kuik, M., Lenes, M. & Blom, P. W. M. Origin of the dark-

current ideality factor in polymer:fullerene bulk heterojunction solar cells. Applied

Physics Letters 99, 153506 (2011).

119. Elumalai, N. K. & Uddin, A. Open circuit voltage of organic solar cells: an in-depth

review. Energy & Environmental Science 9, 391–410 (2016).

120. Qi, B. & Wang, J. Fill factor in organic solar cells. Phys Chem Chem Phys 15,

8972–82 (2013).

121. Jorgensen, M. et al. Stability of polymer solar cells. Adv Mater 24, 580–612 (2012).

122. Mateker, W. R. & McGehee, M. D. Progress in Understanding Degradation Mech-

anisms and Improving Stability in Organic Photovoltaics. Adv Mater 29, 1603940

(2017).

123. Speller, E. M. et al. From fullerene acceptors to non-fullerene acceptors: prospects

and challenges in the stability of organic solar cells. Journal of Materials Chemistry

A 7, 23361–23377 (2019).

124. Reese, M. O. et al. Consensus stability testing protocols for organic photovoltaic ma-

terials and devices. Solar Energy Materials and Solar Cells 95, 1253–1267 (2011).

125. Gevorgyan, S. A. et al. Improving, characterizing and predicting the lifetime of

organic photovoltaics. Journal of Physics D: Applied Physics 50, 103001 (2017).

126. Gevorgyan, S. A. et al. Lifetime of Organic Photovoltaics: Status and Predictions.

Advanced Energy Materials 6, 1501208 (2016).

127. Peters, C. H. et al. High Efficiency Polymer Solar Cells with Long Operating Life-

times. Advanced Energy Materials 1, 491–494 (2011).



Bibliography 188

128. Peters, C. H. et al. The mechanism of burn-in loss in a high efficiency polymer solar

cell. Adv Mater 24, 663–8 (2012).

129. Roesch, R., Eberhardt, K.-R., Engmann, S., Gobsch, G. & Hoppe, H. Polymer

solar cells with enhanced lifetime by improved electrode stability and sealing. Solar

Energy Materials and Solar Cells 117, 59–66 (2013).

130. Clarke, T. M. et al. Photodegradation in Encapsulated Silole-Based Polymer: PCBM

Solar Cells Investigated using Transient Absorption Spectroscopy and Charge Ex-

traction Measurements. Advanced Energy Materials 3, 1473–1483 (2013).

131. Heumueller, T. et al. Reducing burn-in voltage loss in polymer solar cells by in-

creasing the polymer crystallinity. Energy Environ. Sci. 7, 2974–2980 (2014).

132. Kong, J. et al. Long-term stable polymer solar cells with significantly reduced burn-

in loss. Nat Commun 5, 5688 (2014).

133. Burlingame, Q. et al. Photochemical origins of burn-in degradation in small molec-

ular weight organic photovoltaic cells. Energy & Environmental Science 8, 1005–

1010 (2015).

134. Heumueller, T. et al. Morphological and electrical control of fullerene dimerization

determines organic photovoltaic stability. Energy & Environmental Science 9, 247–

256 (2016).

135. Distler, A. et al. The Effect of PCBM Dimerization on the Performance of Bulk

Heterojunction Solar Cells. Advanced Energy Materials 4, 1300693 (2014).

136. Li, W., Furlan, A., Hendriks, K. H., Wienk, M. M. & Janssen, R. A. Efficient tandem

and triple-junction polymer solar cells. J Am Chem Soc 135, 5529–32 (2013).

137. Piersimoni, F. et al. Influence of fullerene photodimerization on the PCBM crystal-

lization in polymer: Fullerene bulk heterojunctions under thermal stress. Journal

of Polymer Science Part B: Polymer Physics 51, 1209–1214 (2013).

138. Tan, C.-H. et al. Synergetic enhancement of organic solar cell thermal stability by

wire bar coating and light processing. Journal of Materials Chemistry C 3, 9551–

9558 (2015).

139. Wong, H. C. et al. Morphological stability and performance of polymer-fullerene

solar cells under thermal stress: the impact of photoinduced PC60BM oligomeriza-

tion. ACS nano 8, 1297–1308 (2014).

140. Cha, H. et al. An Efficient, ”Burn in” Free Organic Solar Cell Employing a Non-

fullerene Electron Acceptor. Adv Mater 29, 1701156 (2017).

141. Luke, J. et al. Twist and Degrade—Impact of Molecular Structure on the Photosta-

bility of Nonfullerene Acceptors and Their Photovoltaic Blends. Advanced Energy

Materials 9, 1803755 (2019).

142. Du, X. et al. Efficient Polymer Solar Cells Based on Non-fullerene Acceptors with

Potential Device Lifetime Approaching 10 Years. Joule 3, 215–226 (2019).



Bibliography 189

143. Wadsworth, A. et al. Critical review of the molecular design progress in non-

fullerene electron acceptors towards commercially viable organic solar cells. Chem

Soc Rev 48, 1596–1625 (2019).

144. Li, N. et al. Abnormal strong burn-in degradation of highly efficient polymer solar

cells caused by spinodal donor-acceptor demixing. Nat Commun 8, 14541 (2017).

145. Limbu, S. et al. Impact of Initial Bulk-Heterojunction Morphology on Operational

Stability of Polymer:Fullerene Photovoltaic Cells. Advanced Materials Interfaces 6,

1801763 (2019).

146. Kam, Z., Wang, X., Zhang, J. & Wu, J. Elimination of burn-in open-circuit voltage

degradation by ZnO surface modification in organic solar cells. ACS Appl Mater

Interfaces 7, 1608–15 (2015).

147. Kielar, M., Dhez, O., Pecastaings, G., Curutchet, A. & Hirsch, L. Long-Term Sta-

ble Organic Photodetectors with Ultra Low Dark Currents for High Detectivity

Applications. Sci Rep 6, 39201 (2016).

148. Popescu, B. V. et al. Modeling and Simulation of Organic Photodetectors for Low

Light Intensity Applications. IEEE Transactions on Electron Devices 60, 1975–

1981 (2013).

149. Baeg, K. J., Binda, M., Natali, D., Caironi, M. & Noh, Y. Y. Organic light detectors:

photodiodes and phototransistors. Adv Mater 25, 4267–95 (2013).

150. Chow, P. C. Y. & Someya, T. Organic Photodetectors for Next-Generation Wear-

able Electronics. Adv Mater, 1902045 (2019).

151. Keivanidis, P. E., Ho, P. K. H., Friend, R. H. & Greenham, N. C. The Dependence

of Device Dark Current on the Active-Layer Morphology of Solution-Processed

Organic Photodetectors. Advanced Functional Materials 20, 3895–3903 (2010).

152. Leem, D.-S. et al. Low dark current small molecule organic photodetectors with

selective response to green light. Applied Physics Letters 103, 043305 (2013).

153. Kim, Y. J., Park, C. E. & Chung, D. S. Interface engineering of a highly sensitive

solution processed organic photodiode. Phys Chem Chem Phys 16, 18472–7 (2014).

154. Simone, G. et al. On the Origin of Dark Current in Organic Photodiodes. Advanced

Optical Materials 8, 1901568 (2020).

155. Lakhwani, G., Rao, A. & Friend, R. H. Bimolecular recombination in organic pho-

tovoltaics. Annu Rev Phys Chem 65, 557–81 (2014).

156. Zhang, T. & Holmes, R. J. Overcoming the trade-off between exciton dissociation

and charge recombination in organic photovoltaic cells. Applied Physics Letters

113, 143302 (2018).
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246. Beerbom, M. M., Lägel, B., Cascio, A. J., Doran, B. V. & Schlaf, R. Direct com-

parison of photoemission spectroscopy and in situ Kelvin probe work function mea-

surements on indium tin oxide films. Journal of Electron Spectroscopy and Related

Phenomena 152, 12–17 (2006).

247. Kronik, L. & Shapira, Y. Surface photovoltage spectroscopy of semiconductor struc-

tures: at the crossroads of physics, chemistry and electrical engineering. Surface and

Interface Analysis 31, 954–965 (2001).

248. Kronik, L. & Shapira, Y. Surface photovoltage phenomena: theory, experiment, and

applications. Surface science reports 37, 1–206 (1999).

249. Cavalcoli, D. & Cavallini, A. Surface photovoltage spectroscopy - method and ap-

plications. physica status solidi (c) 7, 1293–1300 (2010).

250. Ishii, H. et al. Kelvin probe study of band bending at organic semiconductor/metal

interfaces: examination of Fermi level alignment. Physica status solidi (a) 201,

1075–1094 (2004).

251. Daboczi, M. et al. Origin of Open-Circuit Voltage Losses in Perovskite Solar Cells

Investigated by Surface Photovoltage Measurement. ACS Appl Mater Interfaces

11, 46808–46817 (2019).

252. Harwell, J. R. et al. Probing the energy levels of perovskite solar cells via Kelvin

probe and UV ambient pressure photoemission spectroscopy. Physical Chemistry

Chemical Physics 18, 19738–19745 (2016).

253. Lee, Y.-J., Wang, J. & Hsu, J. W. Surface photovoltage characterization of organic

photovoltaic devices. Applied Physics Letters 103, 197 (2013).

254. Fowler, R. H. The analysis of photoelectric sensitivity curves for clean metals at

various temperatures. Physical review 38, 45 (1931).

255. Elgrishi, N. et al. A Practical Beginner’s Guide to Cyclic Voltammetry. Journal of

Chemical Education 95, 197–206 (2017).



Bibliography 196

256. Faulkner, L. R. Understanding electrochemistry: Some distinctive concepts 1983.

257. Birss, V. I. & Truax, D. R. An effective approach to teaching electrochemistry.

Journal of Chemical Education 67, 403 (1990).

258. Shuttle, C. G., Hamilton, R., Nelson, J., O’Regan, B. C. & Durrant, J. R. Mea-

surement of Charge-Density Dependence of Carrier Mobility in an Organic Semi-

conductor Blend. Advanced Functional Materials 20, 698–702 (2010).

259. Kirchartz, T., Pieters, B. E., Kirkpatrick, J., Rau, U. & Nelson, J. Recombination

via tail states in polythiophene:fullerene solar cells. Physical Review B 83, 115209

(2011).

260. Kirchartz, T. & Nelson, J. Meaning of reaction orders in polymer:fullerene solar

cells. Physical Review B 86, 165201 (2012).

261. Xia, S. et al. Hydrothermally synthesized CuO based volatile organic compound

gas sensor. RSC Adv. 4, 57975–57982 (2014).

262. Kohn, W., Becke, A. D. & Parr, R. G. Density functional theory of electronic

structure. The Journal of Physical Chemistry 100, 12974–12980 (1996).

263. Kryachko, E. S. & Ludeña, E. V. Density functional theory: Foundations reviewed.

Physics Reports 544, 123–239 (2014).

264. Hohenberg, P. & Kohn, W. Phys Rev 136: B864. Kohn W, Sham LJ (1965) Phys

Rev 140, A1133 (1964).

265. Kohn, W. & Sham, L. J. Self-consistent equations including exchange and correla-

tion effects. Physical review 140, A1133 (1965).

266. Jones, R. O. Density functional theory: Its origins, rise to prominence, and future.

Reviews of Modern Physics 87, 897–923 (2015).

267. Becke, A. D. Perspective: Fifty years of density-functional theory in chemical physics.

J Chem Phys 140, 18A301 (2014).

268. Maurer, R. J. et al. Advances in Density-Functional Calculations for Materials

Modeling. Annual Review of Materials Research 49, 1–30 (2019).

269. Cohen, A. J., Mori-Sanchez, P. & Yang, W. Challenges for density functional theory.

Chem Rev 112, 289–320 (2012).

270. Scott, A. P. & Radom, L. Harmonic vibrational frequencies: an evaluation of Hartree-

Fock, Møller-Plesset, quadratic configuration interaction, density functional theory,

and semiempirical scale factors. The Journal of Physical Chemistry 100, 16502–

16513 (1996).

271. Frisch, M. et al. Gaussian 09, Revision A.02. Gaussian Inc, Wallingford (2009).

272. Fairchild, S. Z., Bradshaw, C. F., Su, W. & Guharay, S. K. Predicting Raman

spectra using density functional theory. Applied spectroscopy 63, 733–741 (2009).

273. Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange.

The Journal of Chemical Physics 98, 5648–5652 (1993).



Bibliography 197

274. Becke, A. D. Density-functional exchange-energy approximation with correct asymp-

totic behavior. Phys Rev A Gen Phys 38, 3098–3100 (1988).

275. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-

energy formula into a functional of the electron density. Phys Rev B Condens Matter

37, 785–789 (1988).

276. Stephens, P. J., Devlin, F., Chabalowski, C. & Frisch, M. J. Ab initio calculation

of vibrational absorption and circular dichroism spectra using density functional

force fields. The Journal of physical chemistry 98, 11623–11627 (1994).

277. McLean, A. D. & Chandler, G. S. Contracted Gaussian basis sets for molecular

calculations. I. Second row atoms, Z=11-18. The Journal of Chemical Physics 72,

5639–5648 (1980).

278. Hehre, W. J., Ditchfield, R. & Pople, J. A. Self—Consistent Molecular Orbital

Methods. XII. Further Extensions of Gaussian—Type Basis Sets for Use in Molec-

ular Orbital Studies of Organic Molecules. The Journal of Chemical Physics 56,

2257–2261 (1972).

279. Krishnan, R., Binkley, J. S., Seeger, R. & Pople, J. A. Self-consistent molecular

orbital methods. XX. A basis set for correlated wave functions. The Journal of

Chemical Physics 72, 650–654 (1980).

280. Curtiss, L. A. et al. Extension of Gaussian-2 theory to molecules containing third-

row atoms Ga-Kr. The Journal of Chemical Physics 103, 6104–6113 (1995).

281. Merrick, J. P., Moran, D. & Radom, L. An evaluation of harmonic vibrational

frequency scale factors. The Journal of Physical Chemistry A 111, 11683–11700

(2007).

282. Irikura, K. K., Johnson, R. D. & Kacker, R. N. Uncertainties in scaling factors for

ab initio vibrational frequencies. The Journal of Physical Chemistry A 109, 8430–

8437 (2005).

283. Brabec, C. J. et al. Polymer-fullerene bulk-heterojunction solar cells. Adv Mater

22, 3839–56 (2010).

284. Peumans, P., Uchida, S. & Forrest, S. R. Efficient bulk heterojunction photovoltaic

cells using small-molecular-weight organic thin films. Nature 425, 158–162 (2003).

285. Pont, S., Foglia, F., Higgins, A. M., Durrant, J. R. & Cabral, J. T. Stability of

Polymer:PCBM Thin Films under Competitive Illumination and Thermal Stress.

Advanced Functional Materials, 1802520 (2018).

286. Ganesamoorthy, R., Sathiyan, G. & Sakthivel, P. Review: Fullerene based accep-

tors for efficient bulk heterojunction organic solar cell applications. Solar Energy

Materials and Solar Cells 161, 102–148 (2017).

287. Park, S. H. et al. Bulk heterojunction solar cells with internal quantum efficiency

approaching 100%. Nature Photonics 3, 297–302 (2009).



Bibliography 198

288. Liu, Y. et al. Aggregation and morphology control enables multiple cases of high-

efficiency polymer solar cells. Nat Commun 5, 5293 (2014).

289. Fan, X. et al. PEDOT:PSS for Flexible and Stretchable Electronics: Modifications,

Strategies, and Applications. Adv Sci (Weinh) 6, 1900813 (2019).

290. Jespersen, K. G. et al. The electronic states of polyfluorene copolymers with alter-

nating donor-acceptor units. J Chem Phys 121, 12613–7 (2004).

291. Wood, S. et al. Natures of optical absorption transitions and excitation energy de-

pendent photostability of diketopyrrolopyrrole (DPP)-based photovoltaic copoly-

mers. Energy & Environmental Science 8, 3222–3232 (2015).

292. Razzell-Hollis, J., Thiburce, Q., Tsoi, W. C. & Kim, J. S. Interfacial Chemical Com-

position and Molecular Order in Organic Photovoltaic Blend Thin Films Probed

by Surface-Enhanced Raman Spectroscopy. ACS Appl Mater Interfaces 8, 31469–

31481 (2016).

293. Reish, M. E., Nam, S., Lee, W., Woo, H. Y. & Gordon, K. C. A Spectroscopic and

DFT Study of the Electronic Properties of Carbazole-Based D–A Type Copolymers.

The Journal of Physical Chemistry C 116, 21255–21266 (2012).

294. Schmidtke, J. P., Kim, J. S., Gierschner, J., Silva, C. & Friend, R. H. Optical

spectroscopy of a polyfluorene copolymer at high pressure: intra- and intermolecular

interactions. Phys Rev Lett 99, 167401 (2007).

295. Donley, C. L. et al. Effects of packing structure on the optoelectronic and charge

transport properties in poly(9,9-di-n-octylfluorene-alt-benzothiadiazole). Journal of

the American Chemical Society 127, 12890–12899 (2005).

296. Razzell-Hollis, J., Limbu, S. & Kim, J. S. Spectroscopic Investigations of Three-

Phase Morphology Evolution in Polymer: Fullerene Solar Cell Blends. Journal of

Physical Chemistry C 120, 10806–10814 (2016).

297. Razzell-Hollis, J., Tsoi, W. C. & Kim, J.-S. Directly probing the molecular order of

conjugated polymer in OPV blends induced by different film thicknesses, substrates

and additives. Journal of Materials Chemistry C 1, 6235 (2013).

298. Wade, J. et al. Impact of Fullerene Intercalation on Structural and Thermal Prop-

erties of Organic Photovoltaic Blends. The Journal of Physical Chemistry C 121,

20976–20985 (2017).

299. Gaspar, H. et al. Recent Developments in the Optimization of the Bulk Hetero-

junction Morphology of Polymer: Fullerene Solar Cells. Materials (Basel) 11, 2560

(2018).

300. Garreau, S., Louarn, G., Buisson, J. P., Froyer, G. & Lefrant, S. In situ spectroelec-

trochemical Raman studies of poly(3,4-ethylenedioxythiophene) (PEDT). Macro-

molecules 32, 6807–6812 (1999).

301. Kim, J. S., Ho, P. K. H., Murphy, C. E., Baynes, N. & Friend, R. H. Nature of

non-emissive black spots in polymer light-emitting diodes by in-situ micro-Raman

spectroscopy. Advanced Materials 14, 206 (2002).



Bibliography 199

302. Chia, P. J. et al. Injection-induced De-doping in a Conducting Polymer during De-

vice Operation: Asymmetry in the Hole Injection and Extraction Rates. Advanced

Materials 19, 4202–4207 (2007).

303. Schettino, V., Pagliai, M. & Cardini, G. The infrared and Raman spectra of fullerene

C70. DFT calculations and correlation with C60. The Journal of Physical Chemistry

A 106, 1815–1823 (2002).

304. Bethune, D. S. et al. Vibrational Raman and infrared spectra of chromatographi-

cally separated C60 and C70 fullerene clusters. Chemical Physics Letters 179, 181–

186 (1991).

305. Wang, Y., Holden, J., Dong, Z.-H., Bi, X.-X. & Eklund, P. Photo-dimerization

kinetics in solid C60 films. Chemical physics letters 211, 341–345 (1993).
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8.1 SI for Chapter 4

Figure 8.1: (a) Absorbance of neat F12TBT film. (b) Wavelength-dependent Raman

spectrum of neat F12TBT, showing the effect of resonance (457, 488 and 514 nm) and

non-resonance (785 nm).

Figure 8.2: Air photoemission spectroscopy (APS) measurements perfomed on neat

F12TBT and neat PC70BM used for extractions of HOMO levels. The substrate was

ITO.
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8.2 SI for Chapter 5

Figure 8.3: Dark contact potential difference (CPD) measurements of neat films (on

SiO2/Ag substrates), from which dark Fermi levels (Ef ) of the samples were extracted

using Ef = φt - CPD, where φt = -4.55 eV (calibrated on the day by reference Ag).

Figure 8.4: Absolute photoluminescence (PL) of the neat IDDSe and blend IDDSe:C60

films acquired via 514 nm excitation source.
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Figure 8.5: Molecule structure of IDDSe constructed in GaussView software, energy

optimized via DFT using B3LYP hybrid functional with 6-31(d,p) basis-set.

Labels Dihedral Angle (◦) Bond Length (Å)

α 0.9 1.372

θ 0.4 1.411

a ≈ 25 1.380

b ≈ 40 1.430

c ≈ 70 1.441

Table 8.1: Details of the energy-optimized IDDSe geometry performed via DFT (as

discussed in Section 5.9 of Chapter 5). Refer to Figure 8.5 for molecular structures and

labels.
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Supplementary Note 1. CT state dissociation rate constants k.

A kinetic model for CT state dissociation is assumed as shown in Figure 5.9a (in Section

5.6 in Chapter 5), where the field and temperature dependent CT state dissociation

constant kd(T, V ) is assumed to be in kinetic competition with CT state recombination to

ground state ko. Assuming a negligible bimolecular recombination (at low light intensity

operation) and that CT state dissociation efficiency (η) is entirely determined by EQE;

the CT state dissociation efficiency at 0 V in room temperature RT is given by:

η0V,RT =
kd

ko + kdo
= EQE at 0V and RT = 0.3 (8.1)

where, kdo = kd at 0 V and RT. The EQE at 0 V and RT is obtained from device

measurements shown in Figure 5.2b (Section 5.4). The net CT state recombination rate

can be obtained from transient absorption kinetics (Figure 5.6d in Section 5.5), thus,

giving: ko + kdo = 1
800

ps−1 = 1.25 ns−1. So, Equation 8.1 can be written as:

kdo
0.3

= ko + kdo = 1.25 ns−1 (8.2)

thus, giving kdo = 0.37 ns−1 and ko = 0.88 ns−1. So, ko ≈ 2.4× kdo.
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Supplementary Note 2. Estimations of CT state binding energy Ea.

At higher temperature, such as 150 ◦C, the total CT decay pathway can be estimated as

follows:

(1 − EQE0V ) · (1 − PLqET=150 ◦C) = (1 – 0.3) · (1 – 0.54) = 0.32 (8.3)

So, the CT state dissociation yield is: 1 - 0.32 = 0.68. Thus, using a similar expression

for CT state dissociation efficiency η as Equation 8.1, we get:

η0V,150 ◦C =
kd

ko + kd
= 0.68 (8.4)

As ko was estimated to be 0.88 from Equation 8.2, we get, kd = 1.87 ns−1 at 150 ◦C.

The CT state binding energy (Ea) of the rate constant kd is given by Arrhenius equation:399

kd = A · exp
(
−Ea
kBT

)
(8.5)

where, kB is the Boltzmann’s constant, T is the temperature and A is the pre-exponential

frequency factor. Ea can hence be approximated by ratio of dissociation rate constant at

room temperature and 150 ◦C as follows:

kd
kdo

=
A · exp

(
−Ea

kB ·423

)
A · exp

(
−Ea

kB ·298

) =
1.87

0.37
(8.6)

So, taking natural log of Equation 8.6 gives: ln1.87
0.37

= − Ea

kB ·423
+ Ea

kB ·298
= 1.62. Thus,

Ea ≈ 140 meV, considering one temperature point.

To approximate the average Ea across various temperatures, an analytical ex-

pression of Ea with respect to temperature is deduced. For this, the CT state dissociation

yield at given temperature (T) is given by:

Dissociation yield = 0.3 + (1–0.3) · PLqE(T ) =
kd

ko + kd
(8.7)

where, PLqE(T ) is the temperature dependent PL quenching efficiency measured in the

device as shown in Figure 5.7d in Section 5.6. Likewise, similar to Equation 8.6, the

dissociation rate kd with respect to room temperature is given by:

kd
kdo

=
A · exp

(
−Ea

kB ·T

)
A · exp

(
−Ea

kB ·298

) = exp

[
−Ea
kB

(
1

T
− 1

298

)]
(8.8)
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Putting ko ≈ 2.4 × kdo, we get: ko = 2.4kd

exp
[
−Ea
kB

( 1
T
− 1

298)
] . So, putting value of ko into

Equation 8.7 we get:

1

0.3 + 0.7 · PLqE(T )
=

ko + kd
kd

=
2.4kd

kd · exp
[
−Ea

kB

(
1
T
− 1

298

)] + 1 (8.9)

Hence, solving Equation 8.9, by taking natural log on both sides, we get the analytical

expression of Ea with respect to temperature as follows:

Ea = kB ·
ln
[(

1
0.3+0.7·PLqE(T )

− 1
)
· 1

2.4

]
(

1
T
− 1

298

) (8.10)

Figure 8.6: Calculated Ea across a range of temperature using the Equation 8.10. The

PLqE(T ) is the temperature dependent PL quenching efficiency measured in the device

as shown in Figure 5.7d in Section 5.6.

The Equation 8.10 is used to calculate Ea across various temperature as shown

in Figure 8.6. The average value of ≈ 135 meV is achieved which is ≈ 5.3 kBT at T =

298 K.

Likewise, Ea can also be calculated by considering Equation 8.10 as a linear rela-

tion between ln z and 1/T as shown in Equation 8.12, where z =
(

1
0.3+0.7·PLqE(T )

− 1
)
·

1
2.4

. As shown in Figure 8.7, the linear fitting produces slope of m = 1527 ±140; thus

using Ea = m · kBT , we get Ea = 131 ± 12 meV. This value is consistent with the the

value obtained via first method from Equation 8.10.

ln z =
Ea
kB

(
1

T
− 1

298

)
(8.11)



Appendix A: Supporting Information 213

Figure 8.7: Linear fitting of the experimentally measured PLQE(T) embedded into Z

versus reciprocal temperature for the estimation of CT state binding energy Ea

Supplementary Note 3. Analytical back-calculation of PL quenching efficiency as a

function of temperature.

Using the Equation 8.7 and 8.10, we can back calculate PLqE(T ) as follows:

PLqE(T ) =

 0.42

exp
[
−Ea

kB

(
1
T
− 1

298

)]
+ 0.42

− 0.3

 · 1

0.7
(8.12)
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Supplementary Note 4. Estimation of CT state radius

Similar to Equation 8.3, upon applied bias such as -5 V, the total CT decay pathway can

be estimated as follows:

(1 − EQE0V ) · (1 − PLqE−5V ) = (1 – 0.3) · (1 – 0.58) = 0.29 (8.13)

Here, PLqE at -5 V is extracted from Figure 5.7d in Section 5.6. So, CT dissociation

rate becomes: kd
ko+kd

= 1− 0.29 = 0.71, giving ko = 0.88 ns−1 and kd = 2.11 ns−1 at -5V.

The applied electric field induces an additional energy term (∆E) given by: ∆E = e·F ·d =

e · ∆V
∆l
·d, where e is the elementary charge, F is the electric field, d is the CT state radius,

∆V is the applied electric potential and ∆l is the thickness of the device. The CT state

radius d can thus be approximated by adding the bias induced energy factor (∆E) into

Arrhenius equation as follows:

kd(V ) = A · exp
(
−Ea −∆E

kBT

)
= A · exp

(
−Ea–e · ∆V

∆l
· d

kBT

)
(8.14)

So, the ratio of dissociation rate constant between -5V and 0V can be written as:

ln
kd
kdo

= ln
2.11

0.37
= −
−Ea–e · ∆V

∆l
· d

kBT
+

Ea
kBT

= 1.74 (8.15)

Putting, ∆V = -5 V, ∆l = 100 nm, T = 298 K and Ea = 135 meV, we get the CT state

size d to be ≈ 0.9 nm.
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8.3 SI for Chapter 6

Figure 8.8: (a) Air Photoemission spectra (APS) of thin films of neat TT and

TT:MIL(PF−6 ) blend on SiO2/Au substrates. Extracted HOMO by APS is ≈ 5.06 eV. (b)

3 scans of CV measurements performed on neat TT film. Extracted HOMO by CV is ≈

5.21 eV, calculated by HOMO = ox. Onset + calibrated Ag w.f.

Figure 8.9: (a) Dark Fermi-level measurements on thin flims of neat TT and

TT:MIL(1:5) blends on SiO2/Au substrates. (b) Same data normalized to initial value at

t= 0 s. Note that dark Fermi-level of TT:MIL(TFSI−) and TT:MIL(BF−4 )) are unstable.
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