7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Exciton Dynamics and Charge Carrier Generation in Organic Semiconductors
Raul, Benedito

DOI:
10.33612/diss.242400569

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Raul, B. (2022). Exciton Dynamics and Charge Carrier Generation in Organic Semiconductors. University
of Groningen. https://doi.org/10.33612/diss.242400569

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-10-2022


https://doi.org/10.33612/diss.242400569
https://research.rug.nl/en/publications/5ad76424-ce2d-4b9f-99e6-e9daa7377afa
https://doi.org/10.33612/diss.242400569

Exciton Dynamics and Charge Carrier
Generation in Organic Semiconductors

Dedicado a minha mae

Benedito Amado Luis Raul
2022



Exciton Dynamics and Charge Carrier Generation in Organic
Semiconductors

Benedito Amado Luis Raul PhD thesis
University of Groningen

Zernike Institute PhD Thesis series 2022-18
ISSN: 1570-1530

The research presented in this thesis was performed in the research group of
Optical Condensed Matter Physics, Zernike Institute for Advanced Materials
at the University of Groningen. The work was funded by the European
Union’s Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie grant agreement No. 722651 (SEPOMO).

Cover art: Girolamo Sferrazza Papa
Layout design: Benedito Amado Luis Raul
Printed by: Ridderprint, www.ridderprint.nl

© Benedito Amado Luis Raul, Groningen 2022. All rights reserved.

o uIllVBI'SItY of faculty of science zernike institute for
fﬁﬁ 4 / gro nin gen / and engineering / advanced materials



¥

e

university of
/ groningen

Exciton Dynamics and Charge
Carrier Generation in
Organic Semiconductors

PhD thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the
Rector Magnificus Prof. C. Wijmenga
and in accordance with
the decision by the College of Deans.

This thesis will be defended in public on

Tuesday 1 November 2022 at 14.30 hours
by

Benedito Amado Luis Raul

born on 4 March 1992
in Nampula, Mozambique



Supervisors
Prof. M.S. Pchenitchnikov
Prof. L.J.A. Koster

Co-supervisor
Dr. E. Barrena

Assessment Committee
Prof. R. Hildner

Prof. K. Vandewal

Prof. B. Ehrler



Table of Contents

Chapter 1. General INtrodUCTION ..........cccooiiiiiiiiieieeees e 1
1.1 0rganic SEMICONAUCTONS .......coueieeiiiieicsie et 2
1.1.1 Excitons in Organic SeMICONAUCIONS.........ccccveveieiieerie e e 3

1.2 0rganiC SOIar CellS.........couiiiiriiiccee e 4
1.3 Photon-to-Charge Conversion in Organic Semiconductors ...........c.cccccveveenee. 6
1.3.1 Photon Absorption and EXciton Generation............cccccecvveveveeiesecnennenn, 6
1.3.2 EXCItoN DiffUSION ......oiiiiieiiiicc e 9
1.3.3 Exciton Dissociation and Charge Pair Separation .............ccccccevveivinnnne 12

1.4 Aims and Objectives 0f TheSIS........ccvvveiiiiiii i 15
1.5 Detection of Photophysical ProCeSSES ..........cccereirerieininiie e 16
1.5.1 Steady-State ADSOIPLION .......cviiiiiiieieieeee e 16
1.5.2 Time-resolved PhotoluminesCenCe..........coovveieiiine i 16
1.5.3 Pump-Probe Transient ADSOrPtion .........c.cccoeveviieice v, 18

1.6 Main Findings and Overview of the Thesis.........cccoceviiiiininiciccee, 19
1.7 Personal ContribULION ........cceviiieiiiiiee e 20
1.8 RETEIENCES ..ottt 21
Chapter 2. Excited State Dynamics and Exciton Diffusion in Triphenylamine-
based Small Push—Pull Molecule..............ccooiiiiiiiiiie e 27
2.1 INEFOAUCTION ...ttt neas 28
2.2 ReSUItS and DiISCUSSION ......eviverienieiieiisiesie ettt 29
2.2.1 Material PrOPErtiES .......ccooerieiieieisisisiesiese et 29
2.2.2 Excited State Dynamics in SOIULION ...........coovvieiiiniiiinc e 30
2.2.3 TDDFT CalCulations ........cccceiiiieiiiiiie et 32
2.2.4 Excited State Lifetime and Energetic Disorder in Film................c......... 34
2.2.5 Exciton Diffusion Length and Coefficient ...........cccoovvviiveniieicicinne 36
2.2.6 DeVice PerfOrMAanCE ........ccceieiieiiie ettt 38

2.3 CONCIUSIONS ...ttt ettt et r et sre e e saeaneeneas 39
2.4 IMEINOUS ...ttt pa e nn 40

2.4.1 Sample Preparation..........ccccceceiieieieiiee sttt 40



2.4.2 Time-resolved Photoluminescence, Absorption and Quantum Yield .... 40

2.5 Supplementary INfOrmation...........ccooeoiiiiiii e 42
2.5.1 Photoluminescence Maps and Dynamical Stokes Shift (of solutions and
IMALIITX) ¢ttt b bbb 42
2.5.2 Molecular Orbital CalCulations ...........ccovverereriiieieisce e 43
2.5.3 Photoluminescence Maps of Neat Film..........cccoooeiiiiiiniicces 43
2.5.4 Average Separation between QUENCNENS .........cccvvvviveienieniee e 44
2.5.5 Monte Carlo SIMUIALIONS. .........c.coviiiiiiiiiieere e 44
2.5.6 Effect of Intramolecular Acceptor Unit...........cccooevveievieve v 46

2.6 RETEIBNCES ...vviviecie ettt sttt re e b e e nne e 53

Chapter 3. Exciton Dynamics in Solution-Processed Films of Novel Fullerene
DBIIVALIVES. ...ttt ettt st ne e 57

S L INEFOUUCTION .ottt et 58

3.2 ReSUILS aNd DISCUSSION .....cuviiireriiiiieeiesieeie e stee e ste e ste e e sae e seeseeeraeseesnees 59
3.2.1 Absorption and PhotolumineSCeNCE .......ccccvevveieiiie v 59
3.2.2 EXCItON DiSSOCIALION. ...c..iiviuieiierieiieieeie et 61

3.3 CONCIUSIONS ...ttt sttt na e e e ste e e seestaenaenre s 67

S MEINOUS ...t 68
3.4.1 Sample Preparation........ccccceeveieeieieseese ettt st 68
3.4.2 Time-resolved Photoluminescence and Absorption ...........cccccevvevevnenne. 68

3.5 Supplementary INFOrmMation............ccoeieieiiiii s 69
3.5.1 Photoluminescence Spectra and Transients..........cccoceevveveveeveseeieesiene 69
3.5.2 Photoluminescence Volume QUenching.........ccccoovvoveeenieneencneee e 71
3.5.3 Monte Carlo SIMUIALIONS.........cccveiiiieieie e 75
3.5.4 Estimation of Average Distance between EXCItONns.........ccccceovevvivieveenne. 76

3.6 RETEIBINCES ...ttt sttt et st e nneas 77

Chapter 4. Charge Carrier Generation in Star-Shaped Molecule for Single-
Component Organic Solar CellS...........cooviiiiiiiiie 79
I 11 0o [Nt 4 o] o S PR SRS 80

4.2 RESUILS AN0 DISCUSSION ...veiteeeee ittt et e e s iee ettt e e s e s sseeraeeeeeeesssssersnreeeeessenaans 81



4.2.1 Absorption and Photoluminescence SPeCtra ........ccvvvvveveveeiesiesnenenns 81

4.2.2 Excited State LIfetimes........ccovviieiiiieiee e 84
4.2.3 Charge Carrier DYNAMICS .........ccooiiiiiiireieeeesesesese s 87
4.2.4 Photoluminescence Volume QUeNChing.........cccccvvvvevevveieveeiese e 90

4.3 CONCIUSIONS ...ttt ettt ere s 92
YT oo SRS 93
4.4.1 Sample Preparation.........cccccveieieeie i st 93
4.4.2 Time-resolved PhotolUMINESCENCE.........covrveieiiieisice e 93
4.4.3 Transient ADSOIPLION .......covvieiiiiiiee s 94

O (=] T =] 1oL SR 96
Chapter 5. Tailored Charge Carrier Generation in Star-Shaped Molecules for
Enhanced Device PerformancCe.........ccocuiiiiiieieieiieieesesesie e 99
5.1 INEFOTUCTION ...t 100
5.2 ReSUILS aNd DISCUSSION .....cvevvveieiireiieiesieeiesie e sie e e seesree e e see e enae e 102
5.2.1 Absorption and PhotolumINESCENCE .......ccvvvevieiieeie e 102
5.2.2 Charge Carrier GENEratioN..........ccccevveeiiiie i 106
5.2.3 EXCIton DiffuSION ....ccveviiiiie e 108

5.3 CONCIUSIONS ...ttt sttt 110
5.4 MEENOUS ...ttt 111
5.4.1 SamPle Preparation..........coccoeiiiierineiesieeeese s 111
5.4.2 Time-resolved Photoluminescence and AbsOrption ...........ccccceeevvvnine 111

5.5 Supplementary INformation.............cccccvvveiiiiiiic i 112
5.5.1 Photoluminescence Mean Energy Shift..........ccccooviviiiiiniieiiicis 112
5.5.2 Photoluminescence Volume QUeNChing..........cccocvviviniienineicicinins 113
5.5.3 Monte Carlo SIMUIAtiONS. .........cccoeiiiiiie e 115

5.6 RETEIBICES ...ttt ettt sttt sne e 117
SUIMIMATY .ottt ettt bbbt e bbb e et b e e bbb e b re e 121
SAMENVATTING. ...ttt 125
ACKNOWIEAGEMENTS ......veiieciieeie e s e e s be e e bt e e e eneeeneens 129

(@01 g g1 | (U] VAL v 1T 132






Chapter 1

()

Exciton
’On‘.llffuswn
Io, —_—

Exciton generatlon

<) ()

Interfacial Charge separated state
charge transfer state

hat~)

Exciton recombination Geminate recombination Non-geminate recombination

Charge extraction

Chapter 1. General Introduction

Solution and vacuum processable organic solar cells (OSCs) have recently been in
the spotlight as an attractive energy source owing to their continuously rising power
conversion efficiencies. In this manner, it is fundamental to critically assess and
revise the current understanding of the basic working principles of OSCs, in
particular the early times photophysical processes that leads to photocurrent
generation. This introductory Chapter provides an overview of the photophysical
processes in organic semiconductors relevant to OSCs.




General Introduction

1.1 Organic Semiconductors

Organic materials are composed mainly of carbon atoms (electron configuration of
1522522P2, according to the Aufbau principle and Hund’s rule). The atomic
orbitals of carbon hybridize to participate in multiple bonds when combined with
other atoms to form a molecule. For example, in the formation of methane molecule
(CH,), one of the 252 electrons in the carbon atom is promoted to the vacant 2P,
orbital, and the 25 orbital combines with the three 2P orbitals (2P, 2Py, 2P;) to
form SP3 degenerate hybridized orbitals. Thus, in the new hybridized form, carbon
has four unpaired electrons that are used to form the bonding and anti-bonding
molecular orbitals (MO) with hydrogen atoms. The bonding/anti-bonding MO
formed from hybridized orbitals are called sigma bonding (o) and anti-bonding
(6*) MO, respectively.

'y ZPX 2pY ZPZ

2p? T T O bonding 1t bonding
> 4 ' ' —+ o,
oo
jan 2 *
dé 28 25P? hybridized orbitals
|Sa]

152—H— 152—H—

Figure 1.1. Schematic of energy levels for SP? hybridized carbon.

A different scenario would be the formation of ethylene (C,H,), in this case the 252
orbital of carbon atom combines with the two 2P orbitals (2P, 2P,) to form the SP?2
degenerate hybridized orbitals, leaving the 2P, orbital unhybridized (Figure 1.1). The
three unpaired electrons from the hybridized orbitals are used to form the
carbon—hydrogen (¢) and (¢*) MO, and the carbon—carbon (¢) and (¢*) MO
(Figure 1.2a). The unhybridized 2P, orbitals form the second carbon—carbon MO,
the so-called = bonding and =* anti-bonding MO (Figure 1.2b). The overlap of the
2P, electron wave functions leads to delocalization of the charges (w —
conjugation), which is the origin of conductivity of organic materials?3. Photon
absorption can promote one of the m electrons to * in the so called = — ™ transition
(the promotion of o electrons is also possible but requires higher energy).
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In this thesis, we mainly consider two important orbitals: the highest molecular
orbital occupied by electrons of a molecule in the ground state (HOMO, highest
occupied molecular orbital) and the lowest molecular orbital unoccupied by electrons
in the ground state (LUMO, lowest unoccupied molecular orbital).

In ethylene, the HOMO corresponds to the bonding MO (), and the LUMO to anti-
bonding MO (r*). In the literature, the energies calculated for HOMO and LUMO
are typically based on one-electron orbital, neglecting any interaction between
electrons, thus deviating from the energy required to experimentally remove
(ionization potential) or add (electron affinity) an electron from/to a neutral molecule.

o bond formed
by SP*-S overlap

*_‘H_//
[¢]
C=C

G )
Figure 1.2. (a) Hybridized atomic orbitals and chemical bonding in ethylene C,H,

molecule. (b) Energy diagram of bonding and anti-bonding MO in carbon—carbon bonding
with SP% hybridization.

1.1.1 Excitons in Organic Semiconductors

In inorganic semiconductors (which typically have high values of dielectric constant,
ranging from 10—15)* the collective response to an excitation leads to a weakly
bound electron-hole pair called Wannier—Mott exciton®. The Wannier—Mott excitons
have radii that are larger than the lattice spacing, and the exciton binding energy is
typically less than ~25 meV, enabling excitons to dissociate into free charges at room
temperature. Conversely, in organic semiconductors (which have intrinsically low
dielectric constant values, typically less than 4)*, the collective response to an
excitation leads to a strongly bound electron—hole pair called Frenkel exciton®.

The Frenkel exciton binding energy is typically significantly greater than the average
thermal energy at room temperature of ~25 meV/’, thus, exciton dissociation at room

3
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temperature is less probable. For efficient exciton dissociation into charges, a
heterojunction structure composed of electron donating and accepting materials
(details in the next section) is typically used to overcome the Coulomb attraction
between the electrons and holes. This is the commonly used strategy in the
manufacturing of organic solar cells®*2,

1.2 Organic Solar Cells

A solar cell is an optoelectronic device that converts light energy into electricity
through the photovoltaic effect. The ever-increasing demand for cleaner sources of
energy calls for the manufacturing of inexpensive and highly efficient solar cells®.
Solution and vacuum-processable organic solar cells (OSCs) have recently been in
the spotlight as an attractive source of energy owing to their continuously rising
power conversion efficiency, low cost, thin device structure, and mechanical
flexibility®24,

Various OSCs device architectures have been investigated over the years. In the
planar heterojunction structure (Figure 1.3a) introduced by Ching W. Tang in 1986%°,
two layers consisting of donor and acceptor materials were used to dissociate
excitons. The major limiting factor in this design was the mismatch between light
absorption depth of ~100 nm and the typical short exciton diffusion length in organic
materials of ~10 nm. In this scenario, assuming complete absorption of incident light
and 100% exciton generation, only 10% of the generated excitons reach the donor-
acceptor interface for dissociation into charge carriers, fundamentally limiting the
device performance.

To circumvent the limitations associated with a planar heterojunction structure, a
possible strategy is fine tuning material processing to extend the exciton diffusion
length, thus allowing manufacture of devices with thicker layers. Alternatively, a
columnar structure?®!” with alternating thin columns of donor and acceptor materials
can be fabricated (Figure 1.3b). However, a columnar structure requires complex
fabrication processes, which is not ideal for commercial-scale application. An
intermediate solution was introduced in the early 1990s*8, by intimately mixing the
donor and acceptor materials to form the so-called bulk heterojunction (BHJ).

The BHJ structure is produced by spin-coating the donor—acceptor blend or by co-
evaporation of small molecules. In the BHJ configuration (Figure 1.3c), a nanoscale
phase separation of donor and acceptor materials is formed, ensuring efficient exciton

4
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harvesting over the whole extent of the solar cell without compromising the device
thickness. However, due to the complex and often ill-controlled nano-morphology,
well-defined pathways for charges toward the electrodes are difficult to produce,
which decreases the efficiency of charge collection®. Furthermore, the nano-
morphology is thermodynamically unstable; and the progressive macro-phase
separation of donor and acceptor materials is among the most pertinent causes of
instability of BHJs?%2L, In this manner, the fabrication of OSCs using a single material
(with intramolecular donor and acceptor units) in the active layer (Figure 1.3d)
mitigates the morphological instability of BHJs, provides additional cost reduction
for OSCs, and further simplifies the fabrication process?>?°. Nevertheless, the
positive effects of BHJ on the device performance outweigh the drawbacks and BHJ
concept is currently the most commonly used configuration?®27,

d | Metal electrode b Metal electrode
Acceptor material

Acceptor material

Donor material .
Donor material

TCO TCO
Glass Glass
C Metal electrode d Metal electrode

donor:acceptor Single material
blend
TCO Tco
Glass Glass

Figure 1.3. Representation of different OSCs architectures. (a) Bi-layer planar
heterojunction, (b) columnar structure, (c) bulk heterojunction, and (d) single component
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1.3 Photon-to-Charge Conversion in Organic Semiconductors

The photophysical process in organic semiconductors leading to photocurrent
generation includes the following steps (Figure 1.4)°:

1- Photon absorption and exciton generation
2- Exciton diffusion

3- Exciton dissociation into charges

4- Charge transport toward electrodes

5- Charge extraction at electrodes

All of the steps are subject to losses (Figure 1.4); therefore, it is fundamental to
critically assess each step, in order to improve the device performance. In this thesis,
we focus on the first three steps, from exciton generation to dissociation into charges.
Charge transport and extraction are beyond the scope of this thesis.

.. Exciton
(Dyifuson (e - -
‘O @ ©

- ~

Exciton generatlon Interfacial Charge separated state Charge extraction
charge tra nsfer state

Exciton recombination Geminate recombination Non-geminate recombination

Figure 1.4. Photophysical processes in OSCs leading to photocurrent generation (orange
arrows) and recombination losses (black arrows). The donor material is represented in red,
and the acceptor material is represented in blue.

1.3.1 Photon Absorption and Exciton Generation

The lowest possible state of a molecule is the ground state. The photon absorption
can lead a molecule from the ground state to an excited state. This change in state is
possible due to the promotion of one electron from the HOMO to LUMO of a
molecule. The promotion of an electron to LUMO + 1 is also possible but requires
higher energy. In this thesis, we mainly consider the transitions from HOMO to
LUMO. When the spins of electrons in the LUMO and that of remaining electron in
the HOMO are antiparallel and add up to a net spin of zero (spin multiplicity of one),

6
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we refer the spins of electrons as singlet state?. Conversely, when the spins are
parallel (or antiparallel) and the net spin add up to one (spin multiplicity of three), we
refer the spins of electrons as triplet state?. The representation of ground, singlet, and
triplet states for isolated molecules in terms of MO and in state diagram are presented
in Figure 1.5.

In Figure 1.5b, photon absorption causes the molecule to change from the ground
state (S,) to the first singlet excited state (S;). Upon photon absorption, the molecule
rapidly relaxes to the lowest vibrational level of S; (internal conversion) through heat
dissipation to the surrounding environment. FromS;, emission of photons
(fluorescence) can be observed or a subsequent intersystem crossing to the triplet
state (T,) can also yield photon emission (phosphorescence). Both fluorescence and
phosphorescence (also referred to as photoluminescence) compete with non-radiative
processes such as thermal relaxation, intersystem crossing, conformational changes
(see chapter 2 for details), electron or hole transfer in the presence of appropriate
guenchers (see chapters 2, 3, 4 and 5 for details), exciton—exciton annihilation, etc.

a b S2 Internal
. Intersystem
conversion crossing
@ 4 $ LOMO S v T » =
Q . H
Absorption Fluorescence i
= § .
iNon-radiative
= Tl l ? HOMO ‘ Phosphorescencel
i v
H it H So
So Sy T,

Figure 1.5. (a) Orbital diagram representation of ground (S,), singlet (S;) and triplet
(T,) states. Arrows indicate electron spins. (b) State diagram (Jablonski diagram) showing
main transitions in organic semiconductors.

The excited state population decays according to the radiative (k,) and nonradiative
(k) decay rates as

dn(t)

= ~ (ke + (@) (LD
where n(t) is the number of excited molecules at time t upon photoexcitation. From
Equation (1.1), it follows that the integral fdnn(—g) = — [(ky + kp,)dt, yields amono-

exponential function:
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n(t) = a exp(— t/rf) (1.2)
= —1 1.3
Ky (1.3)

where « is the pre-exponential factor, and 7,is the excited state lifetime
(photoluminescence lifetime).

The intrinsic, natural, or radiative lifetime of the fluorophore corresponds to the
lifetime in the absence of non-radiative decay processes and is expressed as 7, = ki

r

The fluorescence quantum yield Q, defined as the ratio of the number of emitted
photons to the number of absorbed photons, can be determined as

ke

=k

= kTTf (14)

Using the fluorescence quantum yield (Equation 1.4) and the measured excited state
lifetime (Equation 1.3), the radiative lifetime can also be calculated as t,, = ;—’;. The

.. 1-
non-radiative decay rate can be calculated as k,,, = ( TQf ).
f

If two or more subpopulations exist that decay by different processes, Equation (1.2)
can be written as

n(t) = ) @ exp(—t/1) (15)

In this case, the excited-state lifetime is defined by the average time the molecule
spends in the excited state, and is determined using the statistical method of survival
analysis as?

e o b tn®de [T ep(t/mdt _ Tiar
! fooo n(t)dt fooo Yia;exp(—t/T)dt Xt

(1.6)

The state diagrams in Figure 1.5b describing isolated molecules, can also be used to
describe excitonic transitions 2. Thus, excitons with total spin of zero or one are called
singlet or triplet excitons, respectively. In the following sections, we focus on singlet
exciton dynamics, which is within the scope of this thesis.
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1.3.2 Exciton Diffusion

Singlet exciton migration

Excitons migrate between conjugated segments of organic semiconductors via non-
radiative energy transfer processes (intermolecular interactions) from an excited
molecule to a ground-state nearby molecule. The exciton migration process in
organic semiconductors occurs via dipole-dipole interactions or through exchange of
electrons (Dexter energy transfer) 2931,

Singlet exciton diffusion modelling

A m-conjugated system with unperturbed P, orbitals overlap would ideally ensure
long range exciton migration. However, this is not the case in organic semiconductor
films (e.g., amorphous films), where due to defects and random orientation of
molecules, the conjugation breaks along a molecule. As a result, the HOMO and
LUMO have a distribution of energies *3%(Figure 1.6) described by a normal
(Gaussian) distribution function®:

1 (=€)
Ume 20° 1.7)

gle) =

where the standard deviation o is the energetic disorder, ¢ is the energy of hopping
sites, g is the mean energy.

In the simplest terms, exciton diffusion in a three-dimensional medium is considered
as an ensemble of nearest neighbor hopping events that can be described by Equation
(1.8)%°%:

an(r,t)
ot

on(r,t)

=G(r,t) + DV?n(r,t) — (1.8)
where n(r,t) is the exciton density, G (r, t) is the exciton generation rate, r is the
exciton position, D is the diffusion constant and is assumed to be isotropic, V2 is the
Laplace operator, t is the exciton lifetime. In Equation (1.8), the first term G (r,t)
represents exciton generation upon light absorption, the second term represents
exciton migration by diffusion, and the third term represents exciton recombination.

The average displacement of a particle from its initial position, i.e., the exciton
diffusion length is expressed as:

L, =2ZDt (1.9)
9
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where Z is the spatial dimensionality which is equal to 1, 2 or 3 in case of one-, two-
or three-dimensional diffusion process, respectively.

Exciton diffusion in disordered medium is primarily characterized by downhill
migration toward lower energetic levels, resulting in a dynamical red shift of
photoluminescence®’. The total photoluminescence mean energy shift stabilizes at

2
AEp, = Ep(t = 0) — Ep (t = 00) = =, below the center of density of states

(Figure 1.6) (o is the energetic disorder, kT ~ 25 meV is the room temperature
thermal energy)®. Here, the quasi-equilibrium is reached and the thermally activated
hopping mainly contributes to the diffusion process®’. Thus, accounting for downhill
migration, a generalized differential form of the Einstein-Smoluchowski relation is
used to determine the time dependent exciton diffusion coefficient as

o< 1?(t) >

b =—5;

(1.10)
where < [2(t) > is the average square of excitons displacement (over the whole
exciton ensemble), and t is the diffusion time. In this manner, the exciton diffusion
coefficient is primarily time dependent during downhill migration and becomes
constant when the quasi-equilibrium is reached.

In Chapters 2, 3 and 5, we use time-resolved photoluminescence volume quenching

technique combined with Monte Carlo simulations® to determine the exciton
diffusion length. The energetic disorder is readily obtained experimentally from the
photoluminescence mean energy shift. The exciton diffusion is simulated within a
Gaussian density of states (Figure 1.6), where the exciton hopping is a thermally
activated process and the hopping probability (p;r) at room temperature
(kT~25 meV) is determined from the Boltzmann factor depending on the initial (E;)
and final (Ef) energies®:

1, E; = Ef
bir =y _Er~Ei (1.11)
e KT B Ei < Ef

From here, by using the exciton hopping time as a fitting parameter, the time-
dependent exciton diffusion coefficient and the exciton diffusion length are
determined. A detailed description of the Monte Carlo simulations is provided in
Chapter 2.

10
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Downhill diffusion

. Energy (eV)

Stabilized diffusion
(Quasi — equilibrium state)

|
T+7TA

A 4

Time (ps)

Figure 1.6. lllustration of exciton diffusion in disordered medium. At early () exciton
migrate downhill and reach the quasi-equilibrium state at a later time (t + 47).The

2
energy at quasi-equilibrium is equal to - Z—T from which the energetic disorder o is readily
obtained.

11
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1.3.3 Exciton Dissociation and Charge Pair Separation

Small-molecule homojunctions for exciton dissociation

To efficiently dissociate the exciton into charge carriers, electron-donating and
electron-accepting materials with suitable energy levels are typically used. This
creates an energy level offset which acts as the driving force to overcome the coulomb
attraction between the electron-hole pairs and finally dissociate the exciton into
charge carriers. Figure 1.7 shows a typical example of favorable energetic alignment
for exciton dissociation.

A™ D A"

LUMO Tg\ LUMO j— -
HOMO Ei@ $=0- ﬁ_(\.

oo T -

Electron transfer Charge separated state Hole transfer

Figure 1.7. Electron or hole transfer process involving an excited donor (D*) or acceptor
(A*) with suitable energy levels. Plus, and minus signs indicate positive and negative
charges, respectively.

The LUMO energy level of the acceptor is lower than the LUMO of the donor
molecule, which allows electron transfer from the donor to the acceptor. Similarly,
to allow hole transfer from the acceptor to the donor, the HOMO energy level of the
acceptor should be lower than the HOMO of the donor. The hole transfer process can
be viewed as an electron transfer from the HOMO of the donor to the HOMO of the
acceptor upon photoexcitation of the acceptor. In this manner, regardless of the donor
or acceptor photoexcitation, the system always ends up at the same charge-separated
state with the donor molecule positively charged and the acceptor molecule
negatively charged.

The acceptor materials for OSCs are typically categorized into fullerenes and non-
fullerenes acceptors®®-42. The photophysics of fullerene derivatives are discussed in
Chapter 3.

12
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There are several classes of donor materials?®4-51, and among them, donor materials

with intramolecular donor and acceptor units are the most promising for efficient
exciton dissociation®2, The reason for this is their structure that combines the
intramolecular donor-acceptor units, which upon photoexcitation promotes the
delocalization of electron density to be mainly along the intramolecular acceptor unit
of the molecule®. As a result, the exciton dissociation process is initiated, or in some
cases, a complete exciton dissociation into charges is possible without the need of an
external acceptor®®. In this regard, donor materials with intramolecular donor-
acceptor units represent a very attractive class of materials not only for BHJ
architecture (Chapters 2 and 3), but also for single-component OSCs (Chapter 4 and
5)22-245152 Figure 1.8 depicts the structure of two donor materials with intramolecular
donor-acceptor units, namely, a linear push-pull molecule (Figure 1.8a) and a star-
shaped molecule (Figure 1.8b).

Yo oy

gzk

Figure 1.8. Two donors used in this thesis. (a) Linear push-pull molecule TPA-TDCV-Ph-
F (discussed in Chapter 2). (b) Star-shaped molecule BTI(2T — CNA — EHex); (discussed
in Chapter 4).
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Charge transfer and charge separated state

Upon its generation, exciton migrates to the donor-acceptor interface in order to
dissociate into charge carriers. Following electron transfer at the donor—acceptor
interface, the exciton evolves into a charge pair with the hole partially residing in the
donor molecule and the electron in the acceptor. This intermediate state involving a
charge pair at the donor—acceptor interface is known as interfacial charge transfer
(CT) state (Figure 1.4). The existence of interfacial CT state has been evidenced from
both absorption®¢ and luminescence®*°® measurements. In some donor—acceptor
materials, the charge pair at interfacial CT state has been demonstrated to be
Coulombically bound®-¢2, hence, it is highly susceptible to recombine in the process
known as geminate recombination®®-®8 (Figure 1.4).

As the interfacial CT state binding energy is significantly larger than the thermal
energy at room temperature (~ 25 meV), it is reasonable to ask about the driving force
for the charge pair (at interfacial CT state) to fully dissociate into charges that might
contribute to the photocurrent. This is a fundamental question in organic
photovoltaics field that is still open for debate”*". There are different mechanisms
proposed to answer to this question such as, dissociation via the “hot” interfacial CT
state (when the excess energy from the charge pair generation is used to dissociate
the charge pair (hot charge pair) before if fully relaxes™ %), dissociation via the
relaxed “cold” interfacial CT state”’®, and dissociation induced by charge
delocalization’""8, For dissociation via relaxed “cold” interfacial CT state, the driving
forces are typically proposed as the electric field and the disorder.

The charge pairs at the interfacial CT state are typically referred to as interfacial CT
excitons. In materials with intramolecular donor-acceptor units, both intramolecular
CT state and intermolecular CT states are typically formed. Intramolecular CT state
can be observed in isolated molecules (e.g., in solutions), while intermolecular CT
state is typically observed in neat films. The role of intermolecular CT excitons for
charge carrier generation is investigated in Chapter 4 and 5, and the findings are
further discussed in terms of applications for single-component OSCs.

When the distance between the electron and hole becomes significant, such that the
electron-hole pair binding energy is similar to or smaller than the thermal energy at
room temperature (< 25 meV), the electron-hole pairs are no longer considered
Coulombically bound, and are considered to be at the charge separated (CS) state
(Figure 1.4). The charge pairs that fully dissociate reaching the CS state are referred
to as free charge carriers. Evidently, to achieve highly efficient OSCs the free-charge
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carriers generation must be dominant and the interfacial CT excitons recombination
(geminate recombination) should be suppressed.

Following charge-pair separation, the free-charge carriers are transported to the
respective electrodes. During the transport, the free-charge carriers may recombine
in process called non-geminate recombination®-577%8 (Figure 1.4). In BHJ OSCs, if
the grain sizes of donor and acceptor materials are small, the probability of non-
geminate recombination increases. Conversely, if the grain sizes are large (on the
order of exciton diffusion length), the excitons might recombine before reaching the
donor-acceptor interface. Thus, knowledge of exciton diffusion length is fundamental
for morphological optimization of the active layer. The interplay between
morphology and exciton diffusion in BHJ is investigated in detail in Chapter 3.

1.4 Aims and Objectives of Thesis

This thesis aims to shed light on exciton dynamics and charge carrier generation in
organic photovoltaics. A variety of materials systems (including push-pull small
molecules, star-shaped molecules, and fullerenes) were chosen to obtain insights on
the limiting factors of exciton diffusion and charge carrier generation in BHJ and
single-component OSCs. In accordance with the aims of the thesis, the chapters have
the following objectives:

1. Chapter 2: provide detailed understanding of the underlying mechanism
governing excited-state dynamics in triphenylamine-based push-pull
molecules.

2. Chapter 3: examine the roles of the length and polarity of fullerene
derivatives side chains in crystallization and their impact on charge carrier
generation.

3. Chapter 4: elucidate the role of intermolecular interactions in the excited-
state lifetime and charge-carrier generation in star-shaped molecules.

4. Chapter 5: demonstrate an approach for tuning charge-carrier generation in
neat films of star-shaped molecules.

15



General Introduction

1.5 Detection of Photophysical Processes

There are several methods to probe the photophysical process from photon-to-charge

conversion in organic semiconductors. This section provides a brief overview of the
experimental methods that were selected according to the aims and objectives of the
thesis; more detailed descriptions can be found in Materials and Methods sections of
the chapters.

1.5.1 Steady-State Absorption

A simple way to study the transition of molecules from the ground to the excited
state is to use steady-state absorption spectrometer. As the absorption per se is not
directly measurable, it can be quantified by measuring the transmittance of the
sample. The transmittance T' (1) of the sample (i.e., the percentage of light that passes
through the sample) at several wavelengths is expressed as the ratio of output P (1) gyt
to the incident powers P(1)ip,

— P(A)out
T() =25 (1.12)
The absorption A(1) of the sample (without considering the reflectance) is readily
obtained as A(1) =1 —T(A). For convenience, the optical density (also called
absorbance) calculated as

0D(1) (1.13)

= logyo m

is generally used to plot the absorption spectra.

1.5.2 Time-resolved Photoluminescence

In organic semiconductors, the radiative recombination of photo-generated singlet
excitons typically occurs within nanosecond time-scale. Thus, the investigation of
singlet exciton dynamics requires techniques with picosecond temporal resolution. In
this thesis, such resolution is achieved wusing ultrafast time-resolved
photoluminescence setup with a streak camera (Figure 1.9a).
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Figure 1.9. (a) Schematic of time-resolved photoluminescence setup with streak camera.
(b) Photoluminescence map of TPA-T-DCV-Ph-F neat film. The break separates
experimental data obtained with time ranges of 2 ns and 20 ns.

In such setups, the excitation source is typically an ultrafast laser system with
femtosecond pulse duration, allowing the measurements of photoluminescence
decays with picosecond time resolution. The emission is detected using a
spectrograph combined with a streak camera. The spectrograph provides the spectral
dispersion of the signal in its constituent wavelengths, and the signal is directed into
the streak camera to be temporally resolved.

The incident light in the streak camera is firstly converted into electrons through the
photoelectric effect. Then, the electrons are directed to a phosphor screen where the
image is formed. During the electron movement to the phosphor screen, an increasing
vertical electric field (generated by applying a sweep voltage to a pair of sweep
electrodes) is applied to deflect the electrons such that the first photons arriving into
the camera experience a small deflection, and photons arriving later experience a
larger deflection. In this manner, a two-dimensional image is formed on the phosphor
screen with the wavelength and time axis.

The time resolution of a selected time range measurement is set by the slope of the
sweep voltage, as it controls the electron spacing on the phosphor screen. Different
time ranges can be measured with an approximate time resolution of 10 ps. A charge-
coupled device is used to detect the signal intensity at each point on the phosphor
screen. The resulting image is called the photoluminescence map (Figure 1.9b), with
the vertical axis corresponding to the wavelength (or energy), the horizontal axis
corresponding to time, and the color schemes corresponding to the intensity. From
the photoluminescence map in Figure 1.9b, the photoluminescence spectrum at
specific times or the photoluminescence decay at specific wavelengths (or energies)
can be extracted by vertically or horizontally integrating the signal.
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1.5.3 Pump-Probe Transient Absorption

Time-resolved photoluminescence is a powerful method for examining emissive
species. However, the investigation of non-emissive species requires a different
spectroscopy technique. Pump-probe transient absorption is an established method
commonly used to investigate the excited-state dynamics of non-emissive species
with femtosecond time resolution®2C. In the pump-probe technique, a laser pulse
excites the sample (pump pulse), and a subsequent time-delayed pulse (probe pulse)
probes the changes induced by the pump pulse (Figure 1.10).

Delay stage Dete@

1

| Beam block \
i Sample
e : | \
% Chopper at 500 Hz@ i 0

“Time delay

Probe ‘

Pump

Figure 1.10. Schematic of transient absorption pump-probe setup.

In the actual experiment, the induced change in transmittance —AT is monitored with
a lock-in amplifier working at the modulation frequency of the pump (pump on or
off). The change in transmittance —AT is normalized to the unperturbed transmittance
of the sample (T) to account for intensity variations. The pump-probe transient
absorption results presented in this thesis were measured according to:

PaN _ porF

ar | M pon por .

TS T TR0 T po (114)
P;

where PSN is the output power of the probe beam with the pump beam on (unblocked
by the chopper), PSEF is the output power of the probe beam with the pump beam off
(blocked by the chopper), and Py, is the incident probe power.

18



Chapter 1

1.6 Main Findings and Overview of the Thesis

The main findings of this thesis are as follow:

1. The short excited-state lifetime in solutions of triphenylamine-based push-
pull molecules does not necessarily hinder long exciton diffusion length in
films, thereby granting the use of similar push-pull molecules in vacuum-
and solution-processable devices.

2. Small changes in the length or polarity of fullerene derivatives side chains
have a great effect on charge generation due to the crystallinity of the films.

3. Variations in the intermolecular separation of star-shaped molecules indicate
that the bi-exponential photoluminescence decay in neat film is caused by
formation of intermolecular charge transfer excitons that undergo charge
carrier generation.

4. Elongation of the oligothiophene n-bridge in star-shaped molecules leads to
decrease in excited state lifetime and exciton diffusion length due to efficient
exciton-to-charge carrier conversion.

A brief summary of each chapter is presented as follows:

In Chapter 2, ultrafast photo-induced processes in solutions and the correlation to
the solid-state of triphenylamine-based push-pull materials are investigated. It is
demonstrated that conformational changes in solutions can lead to a conical
intersection, and suppression of the conformational changes in the solid-state leads
to reduced non-radiative relaxation. Exciton diffusion length in solution-processed
films is found to be ~16 nm, thereby granting the use of the triphenylamine-based
push-pull molecules in solid-state devices.

In Chapter 3, the effects of the length and polarity of fullerene derivatives side chains
are studied with particular focus on the role of fullerenes as light absorbers. It is found
that crystallization plays a crucial role in exciton dissociation in blend films
containing fullerenes and exciton quenchers. Exciton dissociation into charge carriers
is observed in some blend films, whereas in other blend films excitons do not
dissociate. The latter is attributed to the crystallization of fullerenes that drives their
self-assembly rather than allowing for fine-intermixing between the quenchers and
fullerene derivatives in the blends. These results reiterate that crystallization
dynamics should meticulously considered during the manufacturing of organic
semiconductors devices.
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Chapter 4 addresses the role of intermolecular interactions in the excited-state
lifetime and charge carrier generation in neat films of star-shaped molecules. By
varying intermolecular separation, it is demonstrated that the bi-exponential
photoluminescence decay in the neat films is due to formation of intermolecular
charge-transfer excitons that undergo charge-carrier generation. These findings
highlight the broad potential of star-shaped molecules in the development of single
material devices.

In Chapter 5, the effect of variation of intramolecular donor-acceptor spacing in star-

shaped molecules is investigated. It is demonstrated that the increase in
intramolecular donor-acceptor spacing leads to decrease in excited state lifetime and
exciton diffusion length due to efficient charge carrier generation in the neat films.
The approach for tuning charge carrier generation presented in this chapter is
beneficial for future development of novel materials for single-component OSCs.

1.7 Personal Contribution

This thesis greatly benefited from close collaboration between research groups from
different institutions. The author was directly involved in task formulation, designing
and performing experiments, discussing results, implementing Monte-Carlo
modeling, and writing the scientific papers. The detailed contributions of the co-
authors are specified at the end of each Chapter.
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Chapter 2. Excited State Dynamics and Exciton
Diffusion in Triphenylamine-based Small Push—Pull
Molecule

Triphenylamine-based small push-pull molecules have recently attracted substantial
research attention due to their unique optoelectronic properties. Here, we investigate
the excited state dynamics and exciton diffusion in a TPA-T-DCV-Ph-F small
molecule, which has a simple chemical structure with asymmetrical architecture, and
end-capped with an electron-withdrawing p-fluorodicyanovinyl group. The excited-
state lifetime in diluted solutions (0.04 ns in toluene and 0.4 ns in chloroform) are
found to be significantly shorter than the solid state (3 ns in PMMA matrix). Time-
dependent density functional theory indicates that this behavior originates from non-
radiative relaxation of the excited state through a conical intersection between the
ground and singlet excited state potential energy surfaces. Exciton diffusion length
of ~16 nm in solution processed films was retrieved by employing time-resolved
photoluminescence volume guenching measurements with Monte Carlo simulations.
As means of investigating the device performance of TPA-T-DCV-Ph-F, we
manufactured solution- and vacuum-processed bulk heterojunction solar cells that
yielded efficiencies of ~1.5% and ~3.7%, respectively. Our findings demonstrate that
the short lifetimes in solutions does not hinder per se long exciton diffusion length in
films, thereby granting the use of TPA-T-DCV-Ph-F and similar push-pull molecules
in vacuum- and solution-processable devices.

This chapter is based on the following publications:

Benedito A. L. Raul, Yuriy N. Luponosov, Wenyan Yang, Nikolay M. Surin, Olivier Douhéret, Jie Min, Thomas L.
C. Jansen, Sergei A. Ponomarenko, and Maxim S. Pshenichnikov, Scientific Reports 10, 21198 (2020)

Pablo Simén Marqués, José Maria Andrés Castan, Benedito A. L. Raul, Giacomo Londi, Ivan Ramirez, Maxim S.
Pshenichnikov, David Beljonne, Karsten Walzer, Martin Blais, Magali Allain, Clément Cabanetos, and Philippe
Blanchard, Chemistry—A European Journal 26, 16422-16433 (2020)
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Excited State Dynamics and Exciton Diffusion in Triphenylamine-based Small Push—Pull
Molecule

2.1 Introduction

Small donor-acceptor conjugated push-pull molecules (D-n-A) represent an
outstanding class of materials due to their inherent low-energy intramolecular charge-
transfer band in the visible to near-infrared region, sometimes with, aggregation
induced emission or thermally-activated delayed fluorescence properties. As a result,
they have been used in various electronic and optoelectronic applications in nonlinear
optics’?, organic light-emitting diodes®, bio-imaging*, dye-sensitized solar cells>®
and organic solar cells (OSCs)”®. In particular, related dipolar systems based on
triphenylamine (TPA) as electron-donating building block providing good hole-
transporting properties®, have been extensively investigated for preparation of
efficient donor materials for organic photovoltaics!®*t,

TPA-based compounds offer many attractive advantages over their polymer
counterparts, such as vacuum- and solution-processability, easy synthesis and
purification, allowing for flexibility in molecular design, and better batch-to-batch
reproducibility’?4, Kozlov et al. demonstrated that such materials provide the
possibility of long exciton diffusion length®®, and their push-pull character facilitates
efficient intra- and intermolecular charge separation®é, which can potentially lead to
high values of open-circuit voltage® as charge carrier generation might be achieved
without the need of an external acceptor material. These properties make TPA-based
materials promising candidates for commercial-scale applications.

Despite extensive research on TPA-based small molecules, there are few
experimental and theoretical studies that investigate their excited state photophysical
behavior'?1%-2L, Specifically, studies geared towards understanding the ultrafast
photo-induced processes in solution and the corresponding correlation to the solid-
state have not been thoroughly addressed. Thus, a detailed knowledge about the
underlying mechanism governing the excited state dynamics in such materials is of
utmost research importance to further improve the molecular design and push the
frontier of device performance to the next level?*24,

In this Chapter, we report on the excited-state relaxation pathways and exciton
diffusion dynamics in a TPA-based small molecule (TPA-T-DCV-Ph-F). We
demonstrate that the excited-state lifetime in solution is ~0.04 ns in toluene and ~0.4
ns in chloroform, which is substantially shorter than ~3 ns in the PMMA matrix. This
unusual behavior is attributed to excited-state non-radiative depopulation via conical
intersection between the ground- and excited-state potential energy surfaces.
Through time-resolved photoluminescence (PL) volume-quenching experiments and
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Monte Carlo simulations, the exciton diffusion length in solution processed films of
TPA-T-DCV-Ph-F is obtained as ~16 nm and found to be limited by the energetic
disorder. To study the potential of TPA-T-DCV-Ph-F as a donor material in OSCs,
vacuum- and solution-processed solar cells were manufactured with 3.7% and 1.5%
power conversion efficiencies (PCE), respectively. The obtained results suggest that
the TPA-T-DCV-Ph-F molecule has promising properties for organic optoelectronics
provided that the energetic disorder is reduced.

2.2 Results and Discussion

2.2.1 Material Properties

Fluorination of chemical blocks in conjugated systems is regarded as a promising
tool for controlling intramolecular and intermolecular interactions®2°. The phase
behavior, glass transition temperature and crystallinity of conjugated molecules can
be precisely tuned by adjusting the number and positions of fluorine atoms.
Furthermore, incorporating fluorine atoms into the chemical structure can effectively
modulate the optical and optoelectronic properties, and therefore affect the device
performance.

The synthetic route to TPA-T-DCV-Ph-F (Figure 2.1) consists of two steps and is
similar to its non-fluorinated analog TPA-T-DCV-Ph?®. The synthesis details can be
found in reference [30].

Y
o Y
S
P~ O
O i
Figure 2.1. Chemical structure of TPA-T-DCV-Ph-F.

TPA-T-DCV-Ph-F has good solubility in chloroform and in commonly used organic
solvents, such as toluene, tetrahydrofuran and chlorobenzene®; making the
compound highly attractive for solution-processed organic optoelectronics.
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TPA-T-DCV-Ph-F exhibits excellent thermal stability in both air and nitrogen with
high decomposition temperatures of 389 °C and 397 °C, respectively®, which is
similar to that of its analog TPA-T-DCV-Ph 5,

2.2.2 Excited State Dynamics in Solution

The absorption and PL spectra of TPA-T-DCV-Ph-F in diluted solutions (toluene
and chloroform) and in poly (methyl methacrylate) (PMMA) matrix are depicted in
Figure 2.2a. The dispersed TPA-T-DCV-Ph-F molecules in the PMMA matrix are
used as a proxy to mimic solutions with restriction of any potential photo-induced
molecular motions, while still preventing intermolecular interactions!®2!, The
absorption spectra consist of two typical bands (at ~300 nm and ~500 nm) for push-
pull molecules!’3, These bands have been previously indicated to have a mixed
character due to the n-n* transition in the conjugated triphenyl-thiophene fragment
and intramolecular charge transfer between the electron-donating and electron-
withdrawing groups®”3,
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Figure 2.2. (a) Absorption (thick solid lines) and PL spectra (thin solid lines) of TPA-T-
DCV-Ph-F in toluene solution, chloroform solution (green), and in PMMA matrix (blue).
(b) Experimental TPA-T-DCV-Ph-F PL transients (thin solid lines) in toluene solution
(red), chloroform solution (green) and in PMMA matrix (blue), obtained by integrating the
PL maps (Section 2.5.1) in the 620-700 nm spectral range. The thick solid lines represent
the results of mono-exponential fitting. The decay times and respective PL quantum yields
(QY) are indicated next to the transients.
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The PL spectra were obtained upon excitation near the absorption maximum (~520
nm) for optimal light absorption; the Stokes shift values are ~0.34 eV in toluene and
~0.48 eV in chloroform. The larger Stokes shift in chloroform as compared to toluene
is attributed to the higher polarity of the former that leads to increased energy
relaxation to longer wavelengths®2%, The absorption and PL spectra maxima peak
positions of the molecules dispersed in the PMMA matrix are slightly shifted
compared to the diluted solutions, which is also attributed to the difference in medium
polarizability!6-2,

Figure 2.2b shows the PL transients of TPA-T-DCV-Ph-F in solutions and in PMMA

matrix with the respective independently measured PL quantum yield (QY) values.
The PL transients are fitted with a mono-exponential function convoluted with a
Gaussian apparatus function. Exponential fitting of the PL transients in solution
yielded lifetime values of ~0.04 ns in toluene and ~0.4 ns in chloroform, consistent
with increased PL QY from 0.01 to 0.04 in toluene and chloroform, respectively.
Short lifetimes and low PL QYs suggest prevalence of non-radiative relaxation
channels.

TPA-T-DCV-Ph-F undergoes a strong change in dipole moment upon
photoexcitation, with the electron density mostly delocalized on the acceptor unit
DCV-Ph-F and in part on the thiophene linker (Section 2.5.2). This causes substantial
reorientation of the polar solvent (such as chloroform with a dipole moment of 1.1
D*#) around TPA-T-DCV-Ph-F molecules??; in the less polar toluene (dipole moment
of 0.3 D*), the effect is much weaker. Thus, the excited-state lifetimes and the PL
QYs appear to be correlated with solvent polarity. These results are in agreement with
earlier studies performed on other dissolved molecules in solvents with descending
polarities, in which it was also found that the PL lifetime becomes shorter in less
polar solvents®**, It was suggested®* that the higher dipole moment of the solvent
tends to stabilize the conformational changes at the excited state due to stronger
solvent-fluorophore dipole-dipole interaction, causing by this manner the reduction
in non-radiative decay and the subsequent increase in lifetime.

To demonstrate the applicability of this scenario, we dispersed TPA-T-DCV-Ph-F
molecules in a PMMA matrix to restrain possible molecular conformations®2L. This
resulted in a much longer excited state lifetime of ~3 ns with the corresponding
increase in PL QY (Figure 2.2b). Similar behavior (known as solid state
luminescence enhancement) has been previously reported®®" and assigned to a
conical intersection (CI) between excited and ground states of the molecule in the
liquid phase (see Section 2.5.6 for more on materials with CI). To support such
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scenario for the TPA-T-DCV-Ph-F molecule, our collaborator (Thomas L. C. Jansen)
performed time-dependent density functional theory (TDDFT).

2.2.3 TDDFT Calculations

The TDDFT calculation details can be found in reference [30]. Two unbound
degrees of freedom were identified in the excited-state potential. One involves
rotation of the thiophene (Figure 2.3a), the other involves motion of the nitrogen
atoms in the DCV moiety and rearrangements around the TPA donating group at the
other end of the molecule (Figure 2.3b). The unbound degrees of freedom on the
Franck-Condon point of the excited-state surface demonstrate that in the excited-
state, this geometry is not a local minimum, and the molecule can be expected to
move when excited®. Further analysis is needed to identify the excited-state potential
minimum.

Figure 2.3. Structures and motion of TPA-T-DCV-Ph-F in the excited states. Two unbound
degrees of freedom identified in the excited state at the Frank-Condon point with imaginary
frequency of 27i (a) and 88i cm™ (b). The arrows indicate atomic movements towards the
Cl. (c) The structure of the lowest energy configuration. (d) The structure identified near
the conical intersection. (e) The local minimum configuration on the ground state potential
energy surface identified from the energy minimization on the ground state potential energy
surface starting from the conical intersection point. The arrows in (c) indicate the atomic
movement towards the conical intersection structure shown in (d), while the arrows in (d)
indicate the atomic movement towards the local minimum in (e). In all panels, the light
green atoms are carbon, white is hydrogen, blue is nitrogen, yellow is sulfur and cyan is
fluorine.
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Geometry optimization on the excited-state potential energy surface starting in the
ground-state minimum configuration (Figure 2.3c) deforms the molecule and leads
to a geometry where the TDDFT calculations do not converge (Figure 2.3d). This is
because in this geometry the ground state and lowest excited state are near-
degenerate, causing the TDDFT procedure to fail. Thus, we propose that this
geometry is close to a Cl. From the Cl geometry, further geometry optimization on
the ground-state potential surface leads to a new ground-state geometry (Figure 2.3e)
with a slightly higher energy than the original geometry. This demonstrates that the
molecule has at least one Cl and at two stable configurations on the ground-state
potential energy surface. The atomic movements (indicated by arrows) have a large
resemblance to the 27i cm™ mode (Figure 2.3b), suggesting that this mode indeed
plays a crucial role in photo-isomerization.

5 . r

Energy (eV)

— Singlet
— Triplet
— Ground

-

-1 0 1
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Figure 2.4. lllustration of energies along potential energy surfaces. The red, blue, and black
lines represent the energies of the singlet excited-state, the triplet excited-state, and the
ground state, respectively. FC represents the Franck-Condon points, Cl is the conical
intersection position, and ISC represents the singlet-triplet states intersystem crossing
positions. The effective reaction coordinate indicates consecutives excited-state
configurations.

The potential energy surfaces of the lowest electronic states and the ground state as
obtained by interpolation between energies obtained for the initial Cl, and final
geometries are illustrated in Figure 2.4. The energy crossing point is observed
between the singlet excited state and the ground state, indicating a non-radiative de-

33



Excited State Dynamics and Exciton Diffusion in Triphenylamine-based Small Push—Pull
Molecule

excitation transition at the estimated CI position. The exact energy of the crossing
point may be higher as the Cl geometry was assigned in the excited-state geometry
optimization when the TDDFT calculation stopped converging. Although excited -
state relaxations involving ClI often happen on sub-picosecond timescales®, for the
TPA-T-DCV-Ph-F molecule dissolved in toluene, the timescale is ~40 ps. In a rigid
environment, where the relatively large molecular deformation required to reach the
Cl is efficiently suppressed, the relaxation process should be significantly slower, as
observed in the experiments above and in Section 2.5.6.

Figure 2.4 also shows the energy crossing points between the singlet excited-state
and the lowest triplet excited-state, thereby potentially allowing intersystem crossing
(I1SC). We did not explicitly calculate the rates for ISC and CI; however, ISC requires
guantum-mechanical perturbations to flip the spin such as spin-orbit coupling
induced by heavy metals, or to a lesser degree by out-of-plane vibrations. The TPA-
T-DCV-Ph-F molecule does not contain heavy atoms, and we presume that the
contributions from out-of-plane vibrations for ISC to be minimal. Thus, the rate for
ISC is expected to be low (typically sub-0.1 ns)#, such that the transition through
the Cl is likely much faster.

2.2.4 Excited State Lifetime and Energetic Disorder in Film

After establishing that the excited-state lifetime of the isolated TPA-T-DCV-Ph-F
molecule varies from 40 ps in toluene solution to 3 ns in a PMMA matrix, we shift
to TPA-T-DCV-Ph-F films where conformational movements of the molecule are
restricted but intermolecular interactions become important. Figure 2.5a shows the
PL transient of TPA-T-DCV-Ph-F solution processed neat film. The bi-modal
behavior of the PL transient indicates that several photophysical processes contribute
to the excited state dynamics. The fast decay is attributed to intermolecular energy
transfer*, with possible contributions from non-radiative decay induced by excitonic
traps*>44,

The PL transient was fitted with a bi-exponential function convoluted with a
Gaussian apparatus function of ~10 ps. The average excited state lifetime was
. . 2 - -
determined as t,, = EE“IT‘? where a; represents the pre-exponential factor and ¢; is
the time constant. The weighted-average exciton lifetime was determined to be ~3.7
ns and the measured PL QY was ~0.17. These values are similar to those obtained in

34



Chapter 2

the PMMA matrix, further substantiating our previous findings that photo-induced
molecular conformations are mostly restricted in the solid state.

Exciton diffusion in a disordered medium is primarily characterized by downhill
migration toward lower energetic sites, which results in a dynamical red-shift of PL*.
The total shift of PL mean energy stabilizes at AEp;, = Ep;(t = 0) — Ep;(t = ) =

0.2
E ’
disorder). Here the quasi-equilibrium is reached and thermally activated hopping
mainly contributes to the diffusion process*. Figure 2.5b depicts the experimentally
tracked dynamical PL mean energy for each time step. The total PL mean energy

shift is AEp;,~ 155 meV, so that 0 ~ 65 meV (at room temperature, kT ~ 25 meV).

where o is the standard deviation of the Gaussian density of states (energetic
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Figure 2.5. (a) PL transient of neat film, obtained by stitching the fast (< 2 ns) and slow (<
14 ns) transients after respective integrations of PL maps in the 550-840 nm range (Section
2.5.3). The solid pink line represents the experimental data, the solid gray line represents
the result of bi-exponential fitting. The fitting parameter and PL QY are indicated next to
the transient. (b) Experimental (solid pink line) and Monte Carlo modeled (solid gray line)
dynamical shift of PL mean energy. The experimental data was obtained by stitching fast
(<2 ns) and slow dynamics (< 14 ns). As the density of states in the simulations is centered
at 0 eV, we blue-shifted the Monte Carlo simulation value by 1.95 eV to match the
experimental conditions. For clarity, the data is shown up to 8 ns as there are no changes
afterward.
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2.2.5 Exciton Diffusion Length and Coefficient

As means of acquiring quantitative information about the temporal and spatial
evolution of the excited state population in solution processed films of TPA-T-DCV-
Ph-F, we performed time-resolved PL volume-quenching experiments and Monte
Carlo simulations, out of which the exciton diffusion length and exciton diffusion

coefficient were determined*6:47.

The commonly used acceptor in OSCs [6,6]-Phenyl-Cg4-butyric acid methyl ester
(PCesoBM) was used as a quenching molecule. The neat film and films mixed with
different content of PCsBM molecules (0.11%, 0.27% and 0.55% molar fractions)
were prepared by spin-coating. The respective PL transients are shown in Figure 2.6a.
As expected, concentration increase of the quencher causes acceleration on the PL
transients decay due to the diffusion-limited exciton quenching®.
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Figure 2.6. (a) Experimental PL transients of neat film and films with different PC,BM
content. The respective modeled PL transients from Monte Carlo simulations are depicted
in solid gray lines. The input parameters are presented in Section 2.5.5. (b) Relative
quenching efficiency versus PCy,BM content. The black circles represent the experimental
results, the gray line represents the modeled results. The average separation between
PC¢oBM molecules was determined as described in Section 2.5.5.

To quantify the quenching process, we plotted the PL quenching efficiency vs.
PC4,BM content (Figure 2.6b). The PL quenching efficiency was determined as*:

Q=1
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where Q is the PL quenching efficiency, PLyyencheq 1S the PL transient for the
samples with different PCsBM content, PL,,.,; is the PL transient for the neat film.
A quenching efficiency near to zero indicates of minimal exciton quenching, which
occurs when the average quencher separation is much greater than the exciton
diffusion length. Significant quenching occurs when the average quencher separation
is less than the exciton diffusion length.

The experimental measured PL transients were modeled using Monte Carlo
simulations of a 3D exciton random walk in a cubic grid (for more details, see Section
2.5.5). As the energetic disorder was obtained earlier, the modeled PL transients
(Figure 2.6a) were used to extract the exciton hopping time (1 ~ 0.1 ps), which was
the only fit parameter. The PL quenching efficiencies (Figure 2.6b) were calculated
using the modeled PL transients. The simulated and experimental results are in good
agreement; some discrepancies observed might be attributed to the non-homogenous
distribution of PCgoBM quencher molecules in the films or even possibly due to the
formation of small PC¢oBM clusters, as reported by Mikhnenko et al*®. The
discrepancy only affects a small population of the excited state (~10%); therefore, it
has little effect on the obtained results. The dynamical PL mean energy shift (Figure
2.5b) is also satisfactorily described, with some inconsistency at early times most
probably caused by the limited resolution of the streak-camera.

a b

0.06

0.05F

<Lp>~16 nm
0.03 1

0.02

Exciton fraction
D (107 cm?¥s)

0.01

— ]

) . . ! : 0 : Pulnindriainlefol’ sl

10 20 30 40 50 60 70 - 0.01 01 1 4 6 8 10 12 14
Exciton displacement (nm) Time (ns)

0.00
0

Figure 2.7. (a) Monte-Carlo simulated distribution of exciton displacement in neat thin
films of TPA-DVC-Ph-F. (b) Time dependent diffusion coefficient. The dashed line
indicates the value where the diffusion coefficient is stabilized at D ~ 4.2 x 10™* cm?s™1,

The first 2 ns are presented in the log scale.
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The Monte Carlo simulation data were used to extract the exciton diffusion length
and exciton diffusion coefficient values. An exciton diffusion length of ~16 nm was
derived from the exciton displacement statistics as the mean value of displacement
(Figure 2.7a). In disordered organic semiconductors, exciton diffusion length
typically ranges from 5 nm to 20 nm?*4%%; hence, the 16 nm exciton diffusion length
in TPA-T-DCV-Ph-F falls into the longer end of the range. This is attributed to the
long exciton average lifetime of ~3.7 ns and the relatively low energetic disorder of
~65 meV.

The differential form of the Einstein-Smoluchowski relation (Section 2.5.5) was
used to obtain the time-dependence of the exciton diffusion coefficient (Figure 2.7b).
The early times (< 0.1 ns) are dominated by fast exciton cooling followed by slower
diffusion where the thermal quasi-equilibrium is reached at exciton diffusion
coefficient value of D ~ 4.2 x 10~* cm?s~1. For comparison, a diffusion coefficient
of D ~ 3.5 x 1073 cm?s~! was obtained in highly ordered (energetic disorder of <5
meV) vacuum-deposited Cz®%. According to the Monte Carlo simulations, had the
energetic disorder been reduced from 65 meV to 5 meV in solution-processed TPA-
T-DCV-Ph-F films, the exciton diffusion length would have been 50 nm. Thus, the
energetic disorder of ~65 meV limits the exciton diffusion coefficient (and exciton
diffusion length) in TPA-T-DCV-Ph-F solution processed films. To overcome this
limitation, the energetic disorder should be reduced; this can potentially be achieved
by molecular encapsulation®>%,

2.2.6 Device Performance

To study the potential use of TPA-T-DCV-Ph-F as a donor material in OSCs, our
collaborators fabricated solution-processed devices®**, where [6,6]-Phenyl-C,,-
butyric acid methyl ester (PC,oBM) was chosen as the electron-acceptor material.
Figure 2.8a shows the current-density-voltage (J-V) curves of the optimized device
and the corresponding photovoltaic parameters.

It has been demonstrated that in solution-processed BHJ OSCs with non-optimal
morphology, a gradual increase in exciton diffusion length was followed by an
increase in short-circuit current when the film crystallinity and roughness were
improved through meticulous post-deposition treatments®®6, Hence, we speculate
that the shorter exciton diffusion length of ~16 nm in solution-processed TPA-T-
DCV-Ph-F films (compared to an exciton diffusion length of ~25 nm in vacuum-
evaporated films of its non-fluorinated analog TPA-T-DCV-Ph %), limits the device
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short-circuit current density (Jsc) to ~4.87 mA cm. To support this supposition, our
collaborators fabricated vacuum-processed BHJ devices® and obtained higher Js of
~8.06 mA cm? (Figure 2.8b), probably indicating improvements in film
morphology®.

The obtained results demonstrate the potential use of simple TPA-T-DCV-Ph-F
molecules in both vacuum- and solution-processed organic optoelectronics devices.
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Figure 2.8. (a) Solution processed OSC J-V characteristics and photovoltaic parameters.
(b) Vacuum processed OSC J-V characteristics and photovoltaic parameters.

2.3 Conclusions

In this Chapter, we investigated the excited-state and exciton dynamics of a small
push-pull molecule TPA-T-DCV-Ph-F. The experimental results revealed that the
excited-state lifetime in solutions (0.04 ns in toluene and 0.4 ns in chloroform) are
shorter than in the solid state (3 ns in PMMA matrix). With the support of TDDFT
calculations, we concluded that this phenomenon is attributed to excited-state non-
radiative depopulation in solution from conical intersection between the ground and
singlet excited state potential energy surfaces. Furthermore, from time-resolved PL
and Monte Carlo simulations we extracted exciton diffusion length of ~16 nm in
solution-processed layer of TPA-T-DCV-Ph-F. To investigate the potential of TPA-
T-DCV-Ph-F as donor material in OSCs, our collaborators manufactured vacuum and
solution processed solar cells that yielded efficiencies of ~3.7% and 1.5%,
respectively. Our findings shed light on the photophysics of TPA-T-DCV-Ph-F and
pave the way for vacuum- and solution-processable TPA/DCV-based materials with
long exciton diffusion lengths for organic optoelectronics applications.
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2.4 Methods

2.4.1 Sample Preparation

Solutions for the neat and mixed thin films were separately prepared using
chloroform at a concentration of 10 g/L for TPA-T-DCV-Ph-F and 0.02-0.04 g/L for
PCgoBM, and stirred for 2 hours at room temperature. The solutions were mixed to
achieve the desired PC4;yBM /TPA-T-DCV-Ph-F molar ratios (0.11%, 0.27%, and
0.55%) and stirred for another 2 hours. The films were prepared by spin-coating the
solution in a plain glass substrate (1cm x 1cm). For the matrix, PMMA (Sigma
Aldrich, Mw= 120000 g/mol) was dissolved in chloroform at a concentration of 150
g/L and stirred at room temperature for 8 hours. TPA-T-DCV-Ph-F and PMMA
solutions were mixed to achieve TPA-T-DCV-Ph-F/PMMA volume ratio of 0.2, and
stirred for 2 hours. The matrix was prepared by spin-coating the solution in a plain
glass substrate. For highly diluted solutions in toluene and chloroform, the
concentrated solutions (10 g/L) were further diluted to obtain optical densities in
range of 0.06 to 0.12 at absorption maximum in a 2 mm quartz cuvette.

2.4.2 Time-resolved Photoluminescence, Absorption and
Quantum Yield

Time-resolved PL measurements were performed using a streak camera
(Hamamatsu, C5680) and a spectrograph. To measure the early time dynamics (< 2
ns), the mode-locked output from the Ti: sapphire oscillator (Mira 900, 76 MHz
repetition rate) was focused on the Newport SGC-800 hollow fiber producing a
supercontinuum. The excitation wavelength of 520 nm (or 580 nm) was obtained by
selecting a portion of the supercontinuum with a bandpass filter with a central
wavelength of 520 nm (or 580 nm) and FWHM of 10 nm. For the slower dynamics
(< 14 ns), a pulse picker was used to lower the repetition rate of the Ti: sapphire
oscillator from 76 MHz to 2 MHz. A long-pass filter was placed before the
spectrograph to filter the stray excitation light. The excitation power was set between
0.5 UW and 4 pW to prevent exciton-exciton annihilation and photobleaching.

The absorption spectra were obtained with a PerkinElmer Lambda 900 UV/VIS/NIR
spectrometer.
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The PL QY of solutions in toluene and chloroform were determined by comparing
with the known QY of the standard solution of 1,4-bis(5-phenyloxazol-2-yl)benzene
(POPOP) in cyclohexane (PL QY ~ 1) using the fluorescence measurement method
for optically diluted solutions®. PL QY measurements in the PMMA matrix and
polycrystalline thin films were conducted using an integrating sphere.
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2.5 Supplementary Information

2.5.1 Photoluminescence Maps and Dynamical Stokes Shift (o
solutions and matrix)

The PL maps of TPA-T-DCV-Ph-F in toluene solution, chloroform solution, and i
the PMMA matrix are depicted in Figure 2.9a, and the respective dynamical Stoke
shifts are shown in Figure 2.9b. The dynamical Stokes shift in toluene (40 meV) i

less than the shift in chloroform (100 meV), further demonstrating that with an
increase in solvent polarity, PL shifts to longer wavelengths. In the solid state (in the
PMMA matrix) the dynamical Stokes shift is negligible (~ 0 eV) due to a lack of

intermolecular interactions.
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Figure 2.9. (a) PL maps of TPA-T-DCV-Ph-F in toluene solution (left), chloroform
solution (middle), and in PMMA matrix (right). The PL maps are normalized to the
maximum amplitudes. (b) Respective dynamical Stokes shifts calculated as the time-
dependence of the mean frequency <w(t) >= [ wS(w,t)dw/[ S(w,t)dw of spectral
slices S(w, t) at time t. The gray line represents the mono-exponential fitting, with the
fitting values indicated next to the transients.
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2.5.2 Molecular Orbital Calculations

The HOMO and LUMO levels calculated in chloroform and toluene are identical.
The calculation details can be found in reference [30].
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Figure 2.10 Representation of HOMO and LUMO electron density in (a) chloroform
solution, and in (b) toluene solution.

2.5.3 Photoluminescence Maps of Neat Film
Figure 2.11 shows the stitched PL maps for the fast (< 2 ns) and slow dynamics (<
14 ns).
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Figure 2.11 Stitched PL maps of TPA-T-DCV-Ph-F neat film. The break separates the
experimental data obtained at different streak-camera time bases.
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The PL maps were spectrally integrated (in 2.2-1.5 eV range), and the resulting
transients were stitched to obtain the final transients presented in the main text. The
same procedure was applied for all mixed films.

2.5.4 Average Separation between Quenchers

The average separation between quenchers was calculated as:

3| M, 311
d= = |—x0.89[nm], (2.1
p Nany Ny

where for TPA-T-DCV-Ph-F, p ~ 1.17 g.cm™ is the density, M,,, ~ 497 g.mol* is the
molecular mass and 0.89 nm is the average size of the molecule. N, is the Avogadro
constant, and n,. is the quencher molar ratio with respect to TPA-T-DCV-Ph-F.

2.5.5 Monte Carlo Simulations

The Monte Carlo simulations schematics are shown in Figure 2.12.
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Figure 2.12 Schematics of random walk model for Monte Carlo simulations. t = t is the
exciton distribution at time 7. t = T + Az, is the exciton distribution at the next time step.
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The exciton lifetime, hopping distance and quencher content were used as the input
parameters, as shown in Table 2.1. The distance between two grid points (hopping
distance) was equal to the size of the molecule (~ 0.89 nm) averaged over three
dimensions (see Section 2.5.4 for calculations). Each grid point was assigned an
energy generated from a Gaussian distribution function centered at zero:

1 &
gle) = e 207, (2.2)

where ¢ is the grid point energy, and o is the energetic disorder (standard deviation)*.

Table 2.1. Monte Carlo Simulations parameters.

Description Parameter Value
Cartesian lattice X-Y-Z 500-500-500
grid
Lifetime-1 a; ~0.55
fraction
Lifetime-1 Ty ~0.3ns
Lifetime-2 T ~4.4ns
Energetic o ~ 65 meV
disorder
Hopping distance d ~0.89 nm
Quencher fraction QF From 010 5.26 x 1073
Hopping time T ~0.1ps

At the beginning of the simulation, 5000 excitons with a finite lifetime (z,,,) were
placed randomly at different grids points. The exciton hopping probability p;; was
set at unity if the initial grid point had an energy (E;) higher than the final grid point
energy (Ef), while for the opposite case ( E; < Ef) the probability was determined
from a Boltzmann distribution with kT equal to ~ 25 meV (room temperature):

Ef_Ei
pif =e kT Ei < Ef (23)

At each time step, every quenched exciton is eliminated from the simulation. The
differential form of the Einstein-Smoluchowski relation for random walk was used
to obtain the time-dependence of the exciton diffusion coefficient from the known
exciton displacement as
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a0 < I%(t) >

D) =—=—

(2.4)
where < [2(t) > is the average square of the exciton displacement in a single step or
hop, and t is the hopping time.

2.5.6 Effect of Intramolecular Acceptor Unit

To complement the investigations presented in this Chapter, time-resolved PL and
pump-probe transient absorption measurements were employed to investigate the
effect of variation of the intramolecular acceptor unit DCV (in TPA-T-DCV-Ph-F)
to TCBD-based acceptors. The chemical structures of three TPA/TCBD-derivatives
studied in this section are presented in Figure 2.13. For details about synthesis,
electrochemical properties and photovoltaic performance,® see reference [37].

a TPA/TCBD
Qoo Qoo™ Qoohith
@ NC @ @

Ph-1 Napht-1 Pyr-1
TPA/DCV

Yo o

b T TPAT-DCVPL
§ & iTPATDCVPhF)

Figure 2.13. (a) Chemical structure of TPA/TCBD small molecules. (b) Chemical
structure of TPA/DCV small molecules (TPA-T-DCV-Ph-F) investigated in this Chapter.

Similar to the TPA-T-DCV-Ph-F molecule (TPA/DCV), the TPA/TCBD based
push-pull molecules have strong absorption in the visible spectrum (Figure 2.14a).
However, with the steady state PL measurements we did not observe any photo-
emission from Ph-1, Napht-1, or Pyr-1 (ca. 10°® M) in dichloromethane, chloroform,
toluene, and hexane. Ultrafast time-resolved PL measurements were performed with
the excitation wavelength of 580+10 nm to ensure optimal light absorption and
photoexcitation of the lowest excited state. However, no photo-emission was
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detected. In agreement with previous investigations on other TCBD derivatives®, all
these results strongly suggest very short-lived singlet excited states in solutions,
which are associated with ultrafast non-radiative relaxation through an energetically
accessible conical intersection®®.
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Figure 2.14. (a) Steady state absorption in solution of Ph-1 (red), Napht-1 (blue) and Pyr-
1 (green). Pump-probe transients in solution of Ph-1 (red) (b), Napht-1 (blue) (c) and Pyr-
1 (green) (d), the spheres correspond to the experimental results, while the solid lines are
the exponential fitting with their respective ingrowing and decaying times. Inset is the
chemical structure of respective small molecules.

Pump-probe transient absorption measurements were conducted to uncover the lack
of PL of the compounds in solutions. The excitation pump and probe wavelengths
were chosen in accordance with the region of interest, a central wavelength of 590
nm with a FWHM bandwidth of 27 nm. Figures 2.14b-d show the pump-probe
transients consisting of an ingrowing and a decaying component. The ingrowing
exponent of ~ 0.7 ps is assigned to vibrational relaxation at the excited state. The
subsequent mono-exponential decay is attributed to depopulation of the excited state
in ~10 ps. The fast excited state relaxation of ~ 10 ps combined with the lack of
photo-emission, points to existence of an energetically accessible non-radiative decay
channel.
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Figure 2.15. Absorption and PL spectra of (a) Ph-1, (b) Napht-1 and (c) Pyr-1. Steady
state absorption spectra of isolated donor molecules in PMMA matrix (gray), solution
(violet) and in film (pink) represented by solid lines and the corresponding PL spectra of
matrix (gray) and neat film (violet) represented by spheres. The PL spectra were obtained
by time integrating the PL maps (Figure 2.16) over (0-0.8) ns spectral range for the neat
films and (0-1.8) ns for the matrix. The excitation wavelength to obtain the PL spectra was
~580 £ 10 nm.

As a next step, photophysical experiments were performed in the solid state to assess
the singlet excited-state lifetime, which is of interest for photovoltaic conversion.
Neat thin films of Ph-1, Napht-1, and Pyr-1 of 30 nm on quartz were prepared by
evaporation process under high vacuum (~10"° mbar), while films of molecules
dispersed in PMMA were deposited on glass by solution process. PMMA matrix
provides an environment that restrains molecular conformational (as in the neat films)
but keeps the molecules separated (as in solutions). Thus, PMMA matrix is used as
benchmark to interrelate solution and neat film environments. Interestingly, whereas
PL was not detected in solution as previously mentioned, photoexcitation into the
lowest energy absorption band of Ph-1, Napht-1 and Pyr-1 either dispersed in
PMMA matrices or as evaporated neat thin-films, led to photo-emission. Figure 2.15
shows the absorption spectra of molecules in chloroform (~10°m), in PMMA
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matrices, in neat thin films and their respective steady state PL spectra The PL spectra
were obtained by time integrating the PL maps (Figure 2.16) over (0-0.8) ns range
for the neat films and (0-1.8) ns for the PMMA matrices.
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Figure 2.16. PL maps. Ph-1 (a) neat film, (b) matrix. Napht-1 (c) neat film, (d) matrix.
Pyr-1 (e) neat film, (f) matrix. The excitation wavelength was set at ~ 580 + 10 nm.

Compared to the diluted solutions in chloroform for which the target molecules can
be considered as isolated, the neat films exhibit a red-shift of the absorption spectra
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due to intermolecular interactions. Molecules dispersed in the PMMA matrices
exhibit blue-shifted absorption and PL spectra compared to those of the neat films
suggesting the absence of intermolecular interactions®®. The absorption spectra of
molecules dispersed in PMMA are even more blue-shifted relative to chloroform
solutions probably due to a difference of medium polarity hence affecting the position
of the intramolecular charge transfer band.

The appearance of PL in the PMMA matrix with emission maxima between 650-660
nm for Ph-1, Napht-1 and Pyr-1 may be explained by a motion restriction of the
molecules within the PMMA upon photoexcitation. This is also the case for neat thin-
films; however due to mn—m intermolecular interactions, the PL spectra are
significantly shifted to lower energies, giving rise to emission with maxima at 760—
780 nm.

0

10

o
~ =
= < \} ©
< .1 Nt il \ y b
=210 . 40.1 10 ) 0 Matrix 0.1
= e 870 ps =5 Q @ %/ i , 663 ps
=9 - A L/ /:}>T| e - P53
< 3 R L
N = B e,
= 107 5 0.01 S 0” : 0.01
= ) Film z & Film
X o 3
S 3 S \ ~
2 o Ty~ 32ps z. %%,q, Ty~ 42 ps
o 9 2
1 L 1 1O " L L I " 1 1 D L L L L
0.0 02 0.4 0.6 08 1.0 12 1.4 1.6 1.8 2.0 0.0 02 04 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0
Time (ns) Time (ns)

-
=
< 0 Matrix 4o.1
ol ' y
= S\ e 817 ps
8 % on A /
N Ly
Ny '3 o :
= 07 ? 0.01
g ﬁ ooo%o ® Film
5 29 ® «r,~14ps
Q ° e

2 %%, g

A N N Qo N L N N

0.0 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0

Time (ns)

Figure 2.17. Normalized PL transients of (a) Ph-1, (b) Napht-1 and (c) Pyr-1. The PL
transients of matrices are in gray spheres and neat films are in pink spheres, their respective
exponential fitting is in solid lines. The dash black lines represent the PL fitting value at
1/e and the corresponding times are written next to the transients.
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Figure 2.17 shows the PL transients of the three molecules in PMMA matrices and
in neat films. The neat films PL transients exhibit a bi-exponential behavior, which
indicates that several photophysical processes contribute to the excited state
dynamics. The early times dynamics (<0.1 ns) can be ascribed to intermolecular
energy transfer, with possible contributions of non-radiative decay induced by
excitonic traps or generation of charge transfer excitons® (see chapter 4 and 5 for
details). The singlet exciton lifetimes at 1/e level in the neat films amount to ~ 30 ps,
40 ps and 10 ps for Ph-1, Napht-1 and Pyr-1, respectively. The lifetimes
significantly increase in the PMMA matrices, reaching ~ 870 ps, 660 ps and 810 ps
for Ph-1, Napht-1 and Pyr-1, respectively. Thus, the increased excited lifetime in
the neat films and in PMMA matrix, also demonstrate that restriction of molecules in
the solid state causes the recovery of the PL. To gain more insight into the excited
state dynamics in TPA/TCBD-derivatives, our colleagues at the University of Mons
performed TDDFT calculations.

The computational studies®” indicated that fast relaxation of singlet excited state in
solutions is associated with significant conformational changes at the excited state
that lead to high values of reorganization energies (0.98 eV) hindering photo-
emission. Conversely, by constraining the relaxed excited state optimization (i.e., by
freezing all the soft torsion angles of the molecules to mimic the solid state), the
reorganization energies were found to be considerably lower (0.47eV) than in
solutions, which may explain the PL recovery in the solid state.

To summarize, the combination of time-resolved PL and pump-probe transient
absorption measurements allowed us to gain insights into the effect of variation of
intramolecular acceptor units from DCV (in TPA-T-DCV-Ph-F) to TCBD-based
acceptors. The transient absorption measurements revealed extremely short-lived
excited state with lifetime of ~ 10 ps in solution. With time-resolved PL, we measured
much longer excited state lifetimes reaching 870 ps in PMMA matrices. All these
findings reveal that, the confinement of the molecules in the solid state significantly
limits the non-radiative losses. In contrast, the conformational changes in solution,
open up an effective non-radiative decay channel that can be related to an
energetically accessible conical intersection, as demonstrated in this Chapter with the
TPA/DCV based molecule (TPA-T-DCV-Ph-F), and in other previous works®®.
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Methods
Sample Preparation

Steady state absorption spectra of Ph-1, Napht-1 and Pyr-1 in chloroform were
recorded using a concentration of ca. 10° M. For transient absorption
measurements in chloroform, measurements were performed using a concentration
of ca. 2 x 10 M and a 1 mm quart cuvette leading to optical densities of ~ 0.25 at
an absorption maximum of ~ 580 nm. For time-resolved PL measurements of
well-separated molecules in a matrix, PMMA (Sigma Aldrich, Mw = 120000
g/mol) was dissolved in chloroform at a concentration of 150 g/L and stirred at room
temperature for 8 hours. Solutions of Ph-1, Napht-1, and Pyr-1 (2 x 10* M) were
separately mixed with PMMA solution to achieve Ph-1, Napht-1 and Pyr-1/ PMMA
volume ratio of 0.4 and stirred for 1 hour. The films were prepared by spin coating
the solutions on a plain glass substrate.

Pump-probe transient absorption measurements

To perform the pump-probe transient absorption measurements, a Ti:sapphire
regenerative amplifier (Legend Elite Duo, Coherent, 1kHz) was used to seed
the two home-built non-collinear optical parametric amplifiers (NOPAs). One of
the NOPAs served to generate the pump pulses with central wavelength of 590 nm
and FWHM of 27 nm. This output passed through an acoustic- optic programmable
dispersive filter (DAZZLER, Fastlite, France) that was used to modulate the
amplitude of the pump pulses at 500 Hz and compress the pulses down to 20 fs. The
probe beam was obtained from the output of the second NOPA. The probe beam
was then directed to a beam-splitter, from which the weak reflected beam was used
to pass through the sample while the strong transmitted part was used as a reference
beam for pulse-to-pulse intensity normalization by a NMOS linear image sensor
(Hamamatsu S3921-128Q, spectral resolution of 14 cm™), and after the sample, both
beams were spectrally dispersed via a spectrograph (Jobin Yvon HR320). Pump and
probe beams were focused and spatially overlapped in the quartz cuvette in which the
solution was continuously stirred (using a small piece of wire dipped in the solution
and a home-built magnetic stirrer).
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Chapter 3. Exciton Dynamics in Solution-Processed

Films of Novel Fullerene Derivatives

Since their inception, fullerenes have been used extensively in the organic
semiconductors industry for diversified applications. In this chapter, we investigate
the photophysics of PCBM and five novel fullerene derivatives, namely PCBMTEG,
BDEG, BC10, BTEG and BTREG. All fullerenes demonstrate similar photophysical
properties in the neat films. However, large differences in the crystallinity of the
fullerenes influences the exciton dynamics in blends with exciton quenchers; where
excitons dissociate into charge carriers in PCBM, PCBMTEG, and BDEG blends,
but do not dissociate in BC10, BTEG, and BTREG blends. Through AFM imaging,
we rationalize that crystallization of fullerenes precludes fine-intermixing in the
blends, thus preventing excitons from reaching the quencher at the course of its
random walk. These results highlight the importance of a thorough morphological
investigation in the manufacture of organic semiconductor devices.

This chapter is based on the following publication:

Sylvia Rousseva, Benedito A. L. Raul, Felien S. van Kooij, Alexey V. Kuevda, Srikanth Birudula, Jan C. Hummelen,
Maxim S. Pshenichnikov, and Ryan C. Chiechi, Phys. Chem. Chem. Phys 24, 13763-13772 (2022)
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3.1 Introduction

The photon absorption in organic semiconductors leads to strongly bound electron-
hole pairs called Frenkel excitons!. In the manufacturing of organic solar cells
(OSCs), a heterojunction composed of electron-donor (donor) and electron-acceptor
(acceptor) materials are typically used to dissociate the excitons into charge carriers?.
In the bulk-heterojunction (BHJ) configuration, the donor and acceptor materials are
blended to obtain nanoscale phase separated domains, ensuring efficient exciton
harvesting over the whole extent of the solar cell®. In BHJ OSCs, if the grain sizes of
the donor and acceptor domains are very small, the probability of charge carrier
recombination increases. On the other hand, if the grain sizes are very large
(exceeding the exciton diffusion length), the excitons may recombine before reaching
the donor-acceptor interface. Thus, knowledge of exciton dynamics is fundamental
for the morphological optimization of the active layer*®.

Since the inception of the BHJ, fullerenes have been used extensively as the acceptor
material in BHJ OSCs. The excited states in fullerenes are weakly emissive, with
reported PL quantum yield of ~0.2 - 0.14% in solutions, and values below the
instrument detection limits in films®. Such low PL quantum yield values are typically
attributed to the high vyield of formation of triplet excitons through efficient
intersystem crossing of singlet excitons that are induced by the large spin-orbit
coupling in the fullerenes®*!. Additionally, charge transfer transitions in crystalline
fullerenes have been demonstrated to contribute to charge carriers generation!?3,
which further contributes to low PL quantum yield values of fullerenes and possibly
the short exciton diffusion lengths values*>4. The aforementioned photophysical
properties of fullerenes are among the most common reasons why there are few
investigations reporting time-resolved PL properties of this class of materials®®4,

In this Chapter, we investigate the photophysical properties of PCBM and five
novels C,, derivatives (Figure 3.1), with a particular focus on the role of fullerene
derivatives as light absorber. The materials can be separated into two groups: (1)
PCBM and BC10-2 with non-polar side chains, and (2) PCBMTEG, BDEG, BTEG
and BTREG all containing various lengths of polar ethylene glycol side chains. All
fullerenes demonstrate similar photophysical properties in the neat films. With time-
resolved PL volume quenching technique, we found that crystallization plays a
crucial role on exciton dissociation in the blend films containing fullerenes and
exciton quenchers. We observe an effective exciton dissociation in blends films
containing PCBM, BDEG or PCBMTEG; however, in blends films of BC10, BTEG
or BTREG, no exciton dissociation was observed. With the help of AFM imaging,
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we attribute the later to the crystallization of fullerenes which drives their self-
assembly rather than allowing for fine-intermixing between the quenchers and
fullerene derivatives in the blends. Since the fullerene derivatives domains within the
films are much larger than the exciton diffusion lengths of ~10 nm, the excitons
recombine before reaching the fullerene/quencher interface. These results further
reiterate that crystallization dynamics should meticulously be taken into account
during the manufacture of BHJ OSCs.

n=2 70-BDEG
n=3 70-BTEG
n=4 70-BTrEG

70-BC10

Figure 3.1. Chemical structures of the fullerene derivatives.

3.2 Results and Discussion

3.2.1 Absorption and Photoluminescence

Figure 3.2 shows the absorption spectra of the neat films of fullerene derivatives and
the exciton quencher (4-(5-phenylthiophen-2-yl)phenyl)amine (TPTPA). The
TPTPA neat films exhibit strong absorption at 400 nm while the absorption of the
fullerenes elongates to 700 nm. This allowed us to use an excitation wavelength of
550 nm for a selective generation of excitons in fullerenes derivatives. The PL spectra
of the fullerene derivatives in solutions, matrices and neat films obtained upon
temporal integration of the PL maps (Figure 3.3) over all the time delays are shown
in Section 3.5.1. The dispersion of the molecules in PMMA matrix prevents
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intermolecular interactions in the solid state, therefore acting as benchmark between
diluted solutions and neat films*>-'”. For all the molecules, the PL spectra in solutions
and matrices peak at ~690 nm (~1.8 eV); whereas in the neat films the PL spectra are
slightly red shifted to ~700 nm (~1.77 eV) due to intermolecular interactions.
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Figure 3.2. Absorption spectra of TPTPA (yellow), PCBM (red), BDEG (orange),
PCBMTEG (blue), BC10 (cyan), BTEG (violet) and BTREG (black) neat films.
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Figure 3.3. Normalized PL maps of fullerene derivatives neat films following excitation
at 550 nm.
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3.2.2 Exciton Dissociation

The excited-state dynamics of fullerene derivatives were measured in solution, in the
PMMA matrix, and in neat films. The excited-state lifetimes were obtained by
integrating the PL maps across the measured spectral range (1.4 - 2 eV) and fitting
the resulting PL transients with a mono-exponential decay function convoluted with
a Gaussian apparatus function. The PL of all six derivatives exhibited mono-
exponential decay (Section 3.5.1), with excited state lifetime values ~ 800 ps in
solution/PMMA matrices and ~ 550 ps for the neat films (Figure 3.4). It has been
demonstrated that in conjugated polymers, excitation migration is faster in films
compared to solutions due to the efficient interchain hopping favored by closely
packed chains®!®, Consequently, excitons in the neat film diffuse fast towards non-
radiative decay channels, which increases the probability of exciton quenching?®2L,
Using the same analogy, the short-excited state lifetime in fullerene neat films as
compared to solutions and matrices can be explained by diffusion limited quenching
at non-radiative decay channels.

The neat films of PCBM molecules have been demonstrated to exhibit
intermolecular charge transfer (CT) transitions that allows for significant polaron
pairs generation'?. Hence, we can reasonably associate the non-radiative decay
channels in the fullerene derivatives to intermolecular charge transfer transitions that
facilitate charge carrier generation. The concentration (c¢) of intermolecular CT
transitions in the neat films can be estimated using the Stern-Volmer equation?:

c= (i—i) L (3.1)

T T/ 4mrD

where ¢ is the excited state lifetime in the neat films (550 ps), 7, is the excited state
lifetime in solution or matrix (800 ps), r is the sum of PCBM and exciton radii which
is typically set at 1 nm, D is the exciton diffusion coefficient (5 x 10™*cm?2s™1)
(obtained from Monte Carlo simulations, which will be discussed later). Inserting
these parameters in equation (3.1), the concentration of intermolecular CT transitions
in neat films is estimated to be ¢ = 9 x 107cm™=3, which isinthe 1017 — 108cm™3
concentration range reported for non-radiative decay channels for many organic
semiconductors?!,
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Figure 3.4. Representative logarithmic experimental PL decay transients plots of all the
fullerene derivatives in solutions (red), matrices (blue) and neat films (black), and the
respective fitting (solid lines) convoluted with a Gaussian apparatus function of ~10 ps.
Each PL decay transient is re-scaled by a factor of 3 with respect to the previous. See
Section 3.5.1 for PL decay transients of all the fullerene derivatives.

We now turn our attention to the exciton diffusion length (Lp), which is another
important parameter for organic photovoltaics. We used the PL volume quenching
technique combined with Monte Carlo simulations to determine the value of exciton
diffusion length. In the PL volume quenching experiments, the material of interest is
mixed with a small amount of another material that behaves as an exciton quencher.
When the PL is measured, an acceleration in the PL decay is observed due to exciton
guenching. This method alleviates the difficulties involved in controlling the
thickness of the films and intercalation at the interface, which is necessary in the case
of surface/bilayer quenching techniques®. In the PL volume quenching technique,
the quencher is assumed to be miscible and randomly distributed throughout the
material of interest. The selected quencher molecules should have suitable energy
level alignment such that electron (or hole) transfer from the donor (or acceptor) to
the quencher molecule is possible. Furthermore, the selected quencher should not
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absorb at the excitation wavelength so that excitons can selectively be generated in
the host material (in this case the fullerene).

In this study, we selected TPTPA as the quencher material, as it has been previously
used to investigated the exciton diffusion in organic semiconductors films?24,
Blended films with molar ratios of quencher: fullerene varying from 0.165 % to 11
% were fabricated and the time-resolved PL was measured. An excitation wavelength
of 550 nm was used where TPTPA does not absorb (Figure 3.2).
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Figure 3.5. Experimental (symbols) PL quenching efficiencies versus TPTPA content for
PCBM (red), BDEG (orange), PCBMTEG (blue) and BC10/BTEG/BTREG (black). Solid
lines represent the Monte Carlo modeled results.

The PL quenching experiments results separated the fullerene derivatives into two
categories. For PCBM, PCBMTEG, and BDEG, the PL decay demonstrated the
expected trend: as the quencher concentration was increased, the PL decayed faster
due to quenching of the exciton by hole transfer at the fullerene/TPTPA interfaces®.

The PL quenching efficiency (Q) is quantified asQ = 1—%, where
neat

PLpeng IS the normalized PL decay transient for samples with different TPTPA
content, PL, ..+ IS normalized PL decay transient of the neat films. The PL quenching
efficiency increases to nearly 100% with increase in quencher concentration for the
mixed blends of PCBM, BDEG and PCBMTEG (Figure 3.5). In contrast, for BC10,
BTEG and BTREG no change in the rate of PL decay was observed relative to the
neat films implying a lack of PL quenching.
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The exciton diffusion lengths for PCBM, PCBMTEG and BDEG was determined by
using Monte Carlo simulations to model the PL dynamics® (details in Section 3.5.3).
Exciton dynamics in disordered organic systems are inherently characterized by a
two-step process. Initially, the exciton undergoes spectral diffusion towards lower

2
energy sites until a quasi-equilibrium is reached at IZ—T below the center of the

Gaussian density of states (DOS), after which exciton diffusion proceeds via a
thermally activated hopping mechanism?. The energetic disorder, c ~25 meV was
obtained experimentally from the PL mean energy shift (Figure 3.6) and the exciton
hopping time was used as the only fitting parameter for the Monte Carlo simulations
and determined to be ~2 ps. With these values, the experimental results were
satisfactorily reproduced and an exciton diffusion length of ~10 nm was calculated
from the exciton displacement distribution (Figure 3.7a). The diffusion coefficient
(D) was initially D ~ 6.5 x 10~* cm?s™?! but stabilized at D ~5 x 10™* cm?s™!
after the initial fast downhill migration through the DOS in the first 300 ps (Figure
3.7b). The small magnitude of the initial drop is a result of the small energetic
disorder which at ~25 meV lies on the order of kT. These values are in agreement
with previous measurements for PCBM*52426,

PCBM ““®BDeEc| | PceMTEG

, . . " . 1
BTEG BTREG

5 T . A . r T s v v v v 1.5
0 200 400 12001800 0 200 400 12001800 0 200 400 1200 1800
Time (ps) Time (ps) Time (ps)

Figure 3.6. Experimental (red lines) and MC modeled (black lines) PL mean energy shift.

The MC simulations were not performed for the derivatives where PL quenching was
observed in the mixed films.
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Figure 3.7. Monte Carlo simulated exciton displacement distribution (a) and
exciton diffusion coefficients (b), in PCBM (red), BDEG (orange) and PCBMTEG
(blue) neat films. The first 300 ps in (b) are in logarithmic scale.

For the other three fullerene derivatives BC10, BTEG and BTREG, additional films
were fabricated with quencher/fullerene molar ratios of 14 %, 20 % and 50%;
however, even at 50% quencher loading, the PL transients still demonstrated similar
decays with the same lifetime as the neat films. The absorption spectra of the blend
films confirmed that the quencher TPTPA was in fact present in the films, and no
signs of a new band appearing in the spectrum due to ground-state interactions was
observed 2. We presume that the lack of PL quenching could arise due to phase
separation between the quencher and the fullerene derivatives, negating the
assumption that the blended films are homogeneous.

To gain more insight about lack of PL quenching in BC10, BTEG and BTREG, our
colleague Sylvia Rousseva (Stratingh Institute for Chemistry & Zernike Institute for
Advanced Materials, Groningen) used atomic force microscopy (AFM) to measure
the surface morphology of the films. From the AFM images our colleague observed
that the blends films of TPTPA with PCBM, PCBMTEG and BDEG (Figure 3.8)
appear amorphous, while the blends films of BC10, BTEG and BTREG have some
structural features when the quencher TPTPA concentration is increased?’. Moreover,
the AFM images of the neat fullerene films of BTEG and BC10, demonstrate a
crystalline phase. All this suggests that the lack of PL quenching observed in the
time-resolved PL measurements of the mixed films is caused by the crystallinity of
fullerene derivatives which drives self-assembly of the fullerenes rather than
allowing for intermixing with the TPTPA molecules. Since the fullerene domains
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within the film are much larger than the expected exciton diffusion length, there is a
very low probability of an exciton reaching the interface with the quencher at the
course of its random walk.
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Figure 3.8. AFM images of BTEG, BTREG and BC10 films with an increasing amount
(left to right) of TPTPA. The fullerene/TPTPA weight ratios are given. The AFM
measurements were performed by Sylvia Rousseva (Stratingh Institute for Chemistry &
Zernike Institute for Advanced Materials, Groningen). AFM images were measured using
a Bruker Multimode.

In an attempt to minimize phase separation, films using a variety of spin-coating
conditions and different solvents for BTEG and BTREG were fabricated, but we still
did not obtain different results (Section 3.5.2). Furthermore, to test if a mismatch in
the polarities of TPTPA and the fullerenes was an influencing factor, two new
quencher molecules, BDTPhTEG?" and 0T? were tested with BTEG and BC10.
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BDTPhTEG contains polar EG chains similar to BTEG whereas OT contains alkyl
solubilizing chains similar to BC10. Both in the case of matched and mismatched
polarities, no PL quenching was observed (Section 3.5.2). The presence of the
guencher in the fabricated films was confirmed by measuring the absorption of the
films?’,

Finally, we estimated an upper limit on exciton diffusion in films of BTEG, BTREG,
and BC10 by performing exciton-exciton annihilation experiments?. For this
technique, the PL of the material is measured with increasing excitation power such
that the exciton density in the neat films substantially increases. At higher excitation
powers, when the average distance between excitons become similar to exciton
diffusion length, exciton-exciton annihilation (EEA) is more likely to occur and it is
observed as the acceleration on the PL decay transients. We measured the PL decay
of BTEG, BTREG, and BC10 with a range of excitation power from 10-200 pW,
where 200 W was the maximum power achievable with the experimental set-up.
Within this range, no EEA was observed, thus we estimate an upper limit of ~ 30 nm
on the exciton diffusion from the exciton density (Section 3.5.4). We repeated these
experiments with higher pulse energy at the excitation wavelength of 405 nm which
allowed us to lower the no-EEA range down to 15 nm (Section 3.5.4). The further
increase of excitation fluence was limited by sample photo-degradation which was
more prominent at 405 nm than at 550 nm. Therefore, the EEA experiments place the
singlet exciton diffusion length of BC10, BTEG, and BTREG within the same range
as PCBM.

3.3 Conclusions

In this Chapter, we investigated the photophysics of novel fullerene derivatives. By
combining PL volume quenching technique and MC simulations we extracted
exciton diffusion length of ~10 nm in solution processed layers of PCBM,
PCBMTEG and BDEG, whilst for BC10, BTEG and BTREG it was not possible to
accurately measure the exciton diffusion lengths with the PL volume quenching
method due to the microcrystalline nature of the films. Nevertheless, we estimated an
upper limit on the exciton diffusion length of 15 nm for BC10, BTEG and BTREG
which is in the same order of magnitude as PCBM. Since small changes in the length
or polarity of side chains can have large effects on the crystallinity and morphology,
comparison in terms of BHJ devices performance might provide ambiguous results
unless the morphology is thoroughly analyzed. Thus, the findings presented in this
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Chapter, highlights the importance to meticulously take into account the
crystallization dynamics during the fabrication of BHJ devices.

3.4 Methods

3.4.1 Sample Preparation

The samples were prepared as described in reference [27].

3.4.2 Time-resolved Photoluminescence and Absorption

Time-resolved photoluminescence data were acquired using a streak camera (C5680

from Hamamatsu) equipped with a spectrograph. The excitation wavelength was
obtained by focusing the output from the mode-locked Ti: sapphire laser (Mira 900)
into the Newport SGC-800 hollow fiber and selecting the portion of the white light
with a band pass filter of 550 nm central wavelength and FWHM of 10 nm. The
excitation power was 50 pW. A long pass filter (OG 610) was placed before the
spectrograph to filter residual excitation light.

The absorption spectra were measured using a PerkinElmer Lambda 900
UV/VIS/NIR spectrometer.
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3.5 Supplementary Information

3.5.1 Photoluminescence Spectra and Transients

The PL spectra of the fullerene derivatives in solutions, matrices and neat films
obtained upon temporal integration of the PL maps over all the time delays are shown
in Figure 3.9. For all the molecules, the PL spectra in solutions and matrices peak at
~690 nm (~1.8 eV), whereas in the neat films the PL spectra are slightly red shifted
to ~700 nm (~1.77 eV) compared to the spectra in solutions and matrices. This is
attributed to intermolecular interactions between closed packed PCBM molecules in
the neat films which causes changes in the energetic landscape, thus allowing for
intermolecular non-radiative decay.
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Figure 3.9. Normalized PL spectra of solutions (red), matrices (blue) and neat films
(black). Each PL spectrum is offset by the corresponding dashed lines. (a) PCBM, (b)
BDEG, (c) PCBMTEG, (d) BC10, (e) BTEG, (f) BTREG.
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Figure 3.10 shows the PL decay transients of solutions, matrices and neat films
obtained by integrating the PL maps in the 1.4 -2 eV spectral range.
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Figure 3.10. Logarithmic plots of the experimental PL decay transients of solutions (red),
matrices (blue) and neat films (black) and the respective fitting (solid lines) convoluted
with a Gaussian apparatus function of ~10 ps. Each PL transient is re-scaled by a factor of

3 with respect to the previous. (a) PCBM, (b) BDEG, (c) PCBMTEG, (d) BC10, (¢) BTEG,
(f) BTREG.
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3.5.2 Photoluminescence Volume Quenching

Figure 3.11 shows the PL decay transients of neat and mixed films. As stated in the
main text, concentration increase of the quencher causes acceleration on the PL decay
transients for PCBM, BDEG and PCBMTEG. However, for BC10, BTEG and
BTREG the PL decay transients do not change with the increase in quencher content.
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Figure 3.11. Normalized logarithmic PL transients of the neat films (black circles) and
mixed films with different quencher/donor molar ratios (colored circles). The solid lines in
(a), (b) and (c) corresponds to Monte Carlo modeled PL decay transients, while in (d), (€)
and (f) are mono-exponential fitting with a lifetime of 550 ps. For clarity, each PL decay
transient is re-scaled by a factor of 3 with respect to the previous. (a) PCBM, (b) BDEG,
(c) PCBMTEG, (d) BC10, (e) BTEG, (f) BTREG.

To ensure that the PL dynamics of the blends with quenching (PCBM, BDEG and
PCBMTEG) is independent on processing conditions, we prepared neat and mix
films using different spinning parameters (Figure 3.12). By applying the same Monte
Carlo simulations input parameters as used for Figure 3.11, the simulated results
reproduced accurately the PL decay transients, hence demonstrating no change in
dynamics due to spinning parameters.
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Figure 3.12. Normalized logarithmic PL decay transients of the neat films (black circles)
and mixed films with different quencher/donor molar ratios (colored circles) prepared
using different spinning parameters S1 = 250 rpm 1s, 700 rpm 40s; S2 = 500 rpm 40s, 1000
rpm 10s; S3 = 800 rpm 40s, 1000 rpm 10s. The solid lines show the Monte Carlo modeled
PL decay transients. For clarity, each PL transient is re-scaled by a factor of 3 with respect
to the previous. (a) PCBM, (b) BDEG, (c) PCBMTEG.
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We now shift our focus to the samples without quenching (BTEG and BTREG).
Here, we firstly checked the possibility of PL dynamics change with respect to
spinning parameters and concentration of solution for blends with 11.1 % molar ratio
(Figure 3.13). All the PL decay transients were fit with a mono-exponential decay
function with lifetime of 550 ps same as the neat films, which demonstrates no change
in PL decay due to spinning parameters and concentration of solutions. Additionally,
we prepared the BTREG blends using different solvents (Figure 3.14) and still did
not observe any guenching. The fast component of PL decay transient in Figure 3.13a
(sample, 800 rpm —S2-magenta) is due to leakage of excitation light into the streak

camera.
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Figure 3.13. Normalized logarithmic PL transients of mixed films with 11.1%
quencher/donor molar ratios (colored circles) prepared with different concentrations. The
solid lines are the mono-exponential fitting with a decay time of 550 ps. (a) BTEG, (b)
BTREG.

BTREG (11.1% TPTPA quencher)

tay,

—— MTHF
—— Ortho-xylene
—— Chloroform

PL intensity (arb. units)

0 300 600 9S00 1200 1500 1800
Time (ps)

Figure 3.14. Normalized logarithmic PL decay transients of mixed films with 11.1%
quencher/donor molar ratio (colored circles) prepared using different solvents, MTHF
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(red), ortho-xylene (in blue) and chloroform (magenta). The solid lines are the mono-
exponential fitting with a decay time of 550 ps.

To finalize we used different quenchers, namely 0T and BDT. Surprisingly enough,
still no signature of PL quenching was observed even at molar ratios as high as 50 %
(Figure 3.15).
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Figure 3.15. Normalized logarithmic PL decay transients of the neat films (black circles)
and mixed films with different quencher/donor molar ratios (colored circles). The solid
lines are the mono-exponential fitting with a decay time of 550 ps. (a) BTEG and BDT, (b)
BTEG and 0T, (c) BC10 and BDT, (d) BC10 and OT.
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3.5.3 Monte Carlo Simulations

The description of Monte Carlo simulations can be found in chapter 2 and the input
and output parameters are shown in Table 3.1.

The average size of the molecules over three dimensions was estimated as:

3 My,
s="|" (3.2)

where S is the size of the molecule, p is the density of the molecules (1.5 g.cm™3),
M,, is the molecular mass, N, is the Avogadro constant.

Table 3.1. Monte Carlo Simulations parameters.

Description Parameter Value
Lifetime T 550 ps
Hopping distance S ~1.1nm
Quencher fraction QF Variable from 0 to 0.1
Energetic disorder o ~25 meV
Hopping time T ~2ps
Exciton diffusion length Lp ~10 nm
Exciton diffusion coefficient D ~5X 107*cm?2s™t

The exciton diffusion length of ~10 nm was determined from the displacement
statistics as the mean value (Figure 3.7). The exciton diffusion coefficient
of D~5 x 10~*cm?s~! was determined using the differential form of Einstein-
a<I?(t)>
60t
excitons displacement and t is the hopping time.

Smoluchowski relation D = , where < [%(t) > is the average square of
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3.5.4 Estimation of Average Distance between Excitons

The number of excitons per unit area (i.e., the exciton density) is calculated as

Pavg) (Aexc> 1
Ne = —2 | (== (1 — 1079P@exc) (3.3)
€ ( frep ) \ hc ( ) nrfzocal

where Py, is the average excitation power, f.., is the repetition rate of laser
pulses, 4., is the excitation wavelength, h is the Planck constant, c is the speed of
light, 0D (A..) is the optical density at the excitation wavelength, 75,4 is the radius
of excitation spot. The terms in the first and second brackets account to the number
of excitons, the term in the third bracket factors in the percentage of absorbed photons
at the excitation wavelength and the last bracket term computes the area of the
excitation spot. The average distance between excitons can be estimated as one over

1

Table 3.2. Average distance between excitons parameters.

square root of the exciton density, d =

Description Parameter Values
Average excitation Pavg 10-200 pW 30-340 uW
power
Repetition rate of frep 76 MHz 2 MHz
laser pulses
Excitation Aexc 550 nm 450 nm
wavelength
Optical density at OD(Aoxe) 0.22 0.3
excitation wavelength
Radius of the Tfocal 30 um 110 um
excitation spot
Exciton density Ne 5x10% - 1x10% cm™ 4x10% -
5x10% cm™
Average distance d 140 - 30 nm 50-15nm

between excitons
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Chapter 4. Charge Carrier Generation in Star-Shaped
Molecule for Single-Component Organic Solar Cells

Star-shaped molecules represent a promising class of organic materials for
optoelectronics applications due to their multiple channels of charge generation. In
this chapter, we elucidate the role of intermolecular interactions on the excited state
lifetime and charge carrier generation in BTI(2T — CNA — EHex)3; molecule using
time-resolved photoluminescence and femtosecond pump-probe transient absorption
measurements. By varying the intermolecular separation, we found that the bi-
exponential photoluminescence decay in the neat film is attributed to the formation
of inter-molecular charge transfer (CT) excitons that undergo charge carrier
generation. In this manner, the promotion of intermolecular CT excitons is found to
be a feasible way to improve charge carrier generation. These findings are further
discussed in terms of applications for single-component organic solar cells based on
small molecule homojunctions.
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4.1 Introduction

Organic solar cells (OSCs) have recently been in the spotlight owing to their
continuously rising power conversion efficiency (PCE) and stability*®. Several
processes determining the power conversion efficiency of OSCs are different from
those of their inorganic counterparts®*2, Consequently, despite extensive research in
organic photovoltaics field, many fundamental aspects of light-to-charge conversion
are still open for debate®*2°, Due to the intrinsically low dielectric constant of organic
materials, the photoexcitation of organic semiconductors results in a strongly bound
electron-hole pair called Frenkel exciton®. The Frenkel exciton binding energy is
usually above the average thermal energy at room temperature of ~25 meV, which
makes exciton dissociation at room temperature less probable®®. Typically, for an
efficient exciton-to-charge carrier conversion in OSCs, a heterojunction consisting of
electron donating and accepting materials with different energy levels is used to
create an energy level offset that overcomes the Coulomb attraction between the
electrons and holes.

There are several classes of donor materials'®'’, and among them star-shaped
molecular donors are the most promising for efficient exciton dissociation'’*°. The
reason for this is their distinctive structure that involves a combination of
intramolecular donor and acceptor units, which promotes the delocalization of
electron density at the lowest unoccupied molecular orbital to be mainly along the
acceptor units of the molecule®. As a result, the initial exciton dissociation is
achieved — or even in some cases a complete exciton dissociation into charge carriers
is possible — without the need of an external acceptor®®. In this regard, star-shaped
molecules represent a very attractive class of materials not only for bulk
heterojunction (BHJ) architecture, but also for single-component OSCs!"1922,
Although there has been some in-depth research on the photo-physics of star-shaped
molecules®®%2, the role of intermolecular interactions on the bimodal nature of
photoluminescence (PL) decay®'®2® and charge carrier generation has not been
unambiguously elucidated.

In this Chapter, we focus on photophysical studies of the BTI(2T — CNA — EHex)3
molecule® (Figure 4.1) as a model system geared toward applications in single-
component OSCs based on small-molecules homojunctions. To clarify the nature of
bi-exponential PL decay in neat films!81923 we compare the PL decay transients of
BTI(2T — CNA — EHex); molecules at different intermolecular separations. The
time-resolved PL results are combined with pump-probe transient absorption
measurements, from which we demonstrate that the bi-exponential PL decay in neat
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film is due to the formation of intermolecular charge transfer (CT) excitons that
undergo charge carrier generation. The obtained results elucidate the role of
intermolecular interactions for charge carrier generation.

Figure 4.1. Chemical structure of BTI(2T — CNA — EHex)5. The molecule was provided
by Dr. Yuriy N. Luponosov, and the synthesis details can be found in reference [24].

4.2 Results and Discussion

4.2.1 Absorption and Photoluminescence Spectra

The normalized absorption and PL spectra of BTI(2T — CNA — EHex)3 neat film
and at different intermolecular separations in poly(methyl methacrylate) (PMMA)
matrix are presented in Figure 4.2a. PMMA acts as an optically inactive dispersing
agent that allows for comparison of the densely packed molecules in the neat films
versus the isolated molecules in the solid state?>2, The absorption spectra is typical
of star-shaped molecules!®*?"3" with two bands (below 410 nm and in the 410-700
nm range) usually assigned as having a mixed character from the = — m* transition
in BTI-2T unit and the intramolecular charge transfer between the electron-donating
(BTI) and electron-withdrawing (CNA) units. As the intermolecular separation
decreases, the intermolecular interactions become stronger, resulting in pronounced
red-shift of the absorption maximum peak from 500 nm (~2.48 eV) in highly isolated
molecules (at 25 nm intermolecular separation) to 530 nm (~2.34 eV) in the neat film.
Similarly, there is red-shift of PL spectra from 600 nm (2.07eV) in highly isolated
molecules to 690 nm (~1.8 eV) in neat films. The PL spectral width becomes broader
(from 0.3 eV to 0.5 eV, as measured at the full width at half maximum) as the

intermolecular separation decreases from 25 nm to 10 nm. This reflects the fact that
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in the intermediate separation regime (between 25 nm to neat film), the PL spectra
possesses contributions from both densely packed molecules (as in the neat film) and
highly isolated molecules (as at 25 nm intermolecular separation).
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Figure 4.2. (a) Absorption and PL spectra of neat film and at different intermolecular
separations. The transmission of 550 nm long-pass filter used to suppress the excitation
light in the detection channel during all the experiments is represented by a gray solid line.
(b) PL spectra of 10 nm (red lines), 25 nm (gray lines) and neat film (black lines) integrated
over the time range of 1400-2000 ps (top panel) and 0-50 ps (bottom panel). The orange
color represent the PL spectra of 10 nm obtained as a linear combination of neat film and
25 nm at the different integration times. The PL spectra of 10 nm was scaled to unit integral
(i.e., converted to a probability density function).

In Figure 4.2b, we demonstrate the decomposition of PL spectra of the sample with
10 nm intermolecular separation into a linear combination of PL spectra of neat film
and the sample with 25 nm intermolecular separation. At early times (0-50 ps) and
lower energies, the contributions to the PL spectra of the sample with 10 nm
intermolecular separation is 70% from densely packed molecules and 30% from
highly isolated molecules. At later times (1400-2000 ps) and higher energies, the
relative contributions switch with 70% of the PL belonging to highly isolated
molecules and the remaining 30% to densely packed molecules. This further
reiterates that in the intermediate separation regime, the PL bears both contributions
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from densely packed and isolated molecules. Such contributions will also be reflected
in the PL decay transients as it will be discussed later.
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Figure 4.3. Normalized PL maps of molecules at different intermolecular separations. The
excitation wavelength was 520 nm.
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Figure 4.4. PL mean energy shifts of molecules at different intermolecular separations.
The PL mean energy as a function of time was calculated as <w (t) >=[ wS (w, t) dw /[ S
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The PL mean energy shift is calculated as the time-dependence of the mean
frequency of spectral slices of PL maps (Figure 4.3). In disordered medium, the PL
mean energy shift originates from exciton downhill migration to lower energy sites.
With a lack of intermolecular interactions, the excitations become highly localized at
25 nm intermolecular separation, thus, the PL mean energy shift is ~ 0 eV (Figure
4.4). Conversely, in a neat film with stronger intermolecular interactions, the
excitation is no longer confined to a particular molecule, thus, the excitation can
migrate over several molecules, and the PL mean energy shift is ~ 0.1 eV (Figure
4.4). Note that at short delays, the PL mean energy shift for 15 nm intermolecular
separation (Figure 4.4) may not be noticeable. This is because the filter (OG 550)
used to suppress the excitation light in the detection channel during all the
experiments cropped a portion of high energy photons as shown in Figure 4.2a. In
the excited state lifetimes section, we demonstrate that the PL transient of 15 nm
captures the fast relaxation at early times, reinforcing that there is a PL mean energy
shift at 15 nm, albeit a small one.

The observed PL mean energy shifts clearly indicate that relaxation channels with
lower energies emerge with gradual increase of intermolecular interactions. We
assign the relaxation channels with lower energies to intermolecular CT states, as we
next demonstrate that they are associated with PL nonradiative decay and the
generation of charge carriers. Intermolecular CT states refers to the intermediate state
that precedes exciton dissociation in the neat film, and the hole partially resides in
the intramolecular donor unit of one molecule and the electron in the intramolecular
acceptor unit of another molecule. This should not be confused with interfacial charge
transfer state of heterojunctions where the hole and electrons partially reside in
different donor and acceptor materials, respectively.

4.2.2 Excited State Lifetimes

Figure 4.5 shows PL decay transients of neat film and at different intermolecular
separations, the respective fitting parameters are presented in Table 4.1. At 25 nm
intermolecular separation, when the molecules are highly isolated and the
intermolecular interactions are negligible, the PL decays mono-exponentially with a
lifetime of 2.7 ns. As the intermolecular separation decreases, the transients become
bi-exponential. At 15 nm intermolecular separation, the fastest decaying component
of 90 ps contributes with 24% of the relaxation dynamics, and the remaining 76% is
contributed by the slower component of 2.4 ns. The share of the fastest component
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increases from 24% at 15 nm intermolecular separation to 60% in neat film and the
time constant decrease from 90 ps to 60 ps, respectively. This is an indication that the
relaxation channels with lower energies (intermolecular CT states) emerging from
gradual increase of intermolecular interactions promote the initial fast relaxation of
the PL decay. The slower component’s shares also change from 76% at 15 nm
intermolecular separation to 30% in the neat film and the time constants decreases
from 2.4 ns to 1.2 ns, which shows that relaxations through the intermolecular CT
states are still prevalent at later times. Thus, the fast and slow PL decay components
are attributed to the prompt and delayed formation of intermolecular CT excitons,
respectively. These results indicate that the measured PL decay time constants in neat
film are associated with exciton decay rates through the intermolecular CT states, i.e.,
the formation rate of intermolecular CT excitons. Intermolecular CT excitons arise
from a partial charge separation of Frenkel excitons in the neat film, where the
electrons and holes despite still being coupled to a similar lattice distortion,
experience a weaker Coulomb attraction compared to Frenkel excitons.

PL intensity (arb. units)

0200400 800 1200 1600 2000
Time (ps)

Figure 4.5. PL decay transients of neat film and at different intermolecular separations.
The dots represent the experimental data, the lines are the respective fittings convoluted
with a Gaussian apparatus function of ~10 ps according to Table 1. The excitation
wavelength was 520 nm.
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The measured PL decay rates at different intermolecular separations (K) can be
described as the sum of radiative (K,.) and nonradiative (K,,) decay rates:

K = Ky + Kny = Kosnm + Kicer (4.1)

where K is the measured PL decay rates (obtained using K = 1/74y,4), K25 nm is the
measured PL decay rate at 25 nm intermolecular separation and corresponds to the
radiative decay rate, K;-r is the rate of intermolecular CT excitons formation which
corresponds to the nonradiative decay rate. From Equation (4.1), it follows that the
rate of intermolecular CT exciton formation is expressed as K;cr = K — K5 - The
decay rate values are presented in Table 4.1. As the intermolecular separation
decreases more intermolecular CT states are formed, which leads to increase in the
rate of formation of intermolecular CT excitons from 0.5 x 10~% ps~! at 15 nm
intermolecular separation to 5.6 x 10~* ps~? in the neat films.

The relative yield of intermolecular CT exciton formation (Y;.) can be derived using
the decay rates as

Kicr _ Kicr
Kicr + K25 nm K

Yier = (4.2)
thus, for the neat film Y. = 0.6, i.e., 60 % of absorbed photons generate
intermolecular CT excitons, and the remaining 40% are the conventional Frenkel
excitons that either contribute to light emission or undergo thermal relaxation.

The formation of charge carriers is typically preceded by the dissociation of charge
transfer excitons®*°, To support our assignment of the fast relaxation of the PL decay
in the neat film is due to formation of intermolecular CT excitons, we performed
transient absorption measurements to investigate the charge carrier dynamics.

Table 4.1. PL lifetimes obtained from exponential fitting convoluted with a
Gaussian apparatus function of ~10 ps and the PL decay rates.

25 nm 15 nm 10 nm Neat
7,(ay), ps - 90 (0.24) 80 (0.6) 60 (0.7)
7,(ay), ns 2.4 (0.76) 1.8 (0.4) 1.2 (0.3)
Tavg, NS 2.7 2.4 1.7 1.08
K,ps™1(107%) 3.7 4.2 5.8 9.3
Kicr,ps~1(107%) 0 0.5 2.1 5.6
Yier, % 0 12 36 60
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4.2.3 Charge Carrier Dynamics

Numerous studies have demonstrated that when charge carriers are generated on
conjugated molecules, additional absorption bands emerge in the near-infrared
region'**°, It should be noted that the intensity of such near-infrared bands is
proportional to the number of charge carriers. Hence, for the transient absorption
measurements (see Figure 4.10 for setup), the samples were excited with an ultrashort
visible laser pulse (pump), and a near-infrared delayed pulse (probe) was used to
detect the absorption of the charge carriers.

8r 1 ps

14}
[ —e— Neat

_-—0—10nm
| —e—15nm

—_— —_—
o N

-AT/T/Abs (arb. units)
o
)

1.3 14 15 16 1.7 18 19 20
Wavelength (um)

Figure 4.6. Excited state absorption (ESA) spectra of neat film and at different
intermolecular separations taken at 1 ps time delay. The spectra were constructed using the
ESA transients measured at different probe wavelengths upon 550 nm excitation, and
normalized by the absorption of the samples (i.e., the number of absorbed photons) to allow
direct comparison of different samples.

Figure 4.6 shows the near-infrared excited state absorption (ESA) spectra of neat
film and at different intermolecular separations upon 550 nm excitation. The spectra
were constructed from the ESA transients measured at several probe wavelengths,
and normalized by the number of absorbed photons. For highly isolated molecules
(at 25 nm intermolecular separation) the ESA signal was not at the detectable level
even at higher excitation fluences. At 15 nm intermolecular separation, the ESA
signal is clearly detectable, albeit weak. With further decrease of intermolecular
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separation, the ESA signal became stronger with the maximum amplitude attained in
the neat film. This is clear evidence that the ESA spectra mostly reflects the optical
signature from intermolecular excitations (intermolecular CT excitons) rather than
“intramolecular” excitations (strongly bound Frenkel excitons). Hence, we can
reasonably conclude that most of the signal in the neat film is from intermolecular
CT excitons.

F’, o Neat-PL ] i

Neat- PIA @ 1.7 um

Pump @ 550 nm
Probe @ 1.7 um

—AT/T and PL intensity (arb. units)
—AT/T (arb. units)

1 2L

"300
Time (ps)

600 800 1000 1200 0 100 200 600 900
Time (ps)

L1y
0 200 400

Figure 4.7. (a) Normalized PL decay (magenta) and ESA transients of neat film measured
at 1.3 pm (orange) and 1.7 um (black) probe wavelengths. (b) ESA transients of neat film
(black) and at different intermolecular separations (different colors), obtained upon 550
nm excitation and probed at 1.7 pm. Circles represent the experimental data while solid
lines are the respective bi-exponential fitting convoluted with a Gaussian apparatus
function of ~ 0.2 ps according to Table 4.2.

Table 4.2. ESA transients fitting convoluted with a Gaussian apparatus
function of ~ 0.2 ps.

25 nm 15 nm 10 nm Neat
t1(aq), ps - 10 (0.6) 15 (0.7) 25 (0.6)
T5(a,), ps - 50 (0.4) 380 (0.3) 400 (0.4)
Tavg) PS - 40 350 370
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Figure 4.7 shows the ESA transients of the neat film and at different intermolecular
separations, the respective fitting parameters are presented in Table 4.2. In Figure
4.7a, we compare the neat film PL decay with the neat film ESA transients at 1.3 um
and 1.7 um probe wavelengths. There is a clear match between PL decay and the
ESA transients at 1.3 um after considering the 10 ps instrument response of PL
measurements. This presumably demonstrates that the excited state evolution leads
to the recovery of the initial unperturbed state, i.e., the absorption at 1.3 um is mainly
due to intermolecular CT excitons that contribute to PL. However, the ESA transient
at 1.7 um is faster compared to PL decay transient. As the intermolecular CT excitons
are the precursors of charge carrier generation®, we assign the ESA signal at 1.7 um
to be caused mainly by charge carrier absorption. Note that unlike the charge carriers
generated in heterojunctions, in the neat film the charge carrier belongs to the same
material and still experiences a coulomb attraction. Therefore, a further step is needed
for the final charge carrier separation, for instance a built in or applied electric fields
can drive the electron and holes towards opposite electrodes®. This is in full
agreement with our recent findings?® (see chapter 5), where we attribute a complete
charge carriers separation in single-component OSCs based on small molecules
homojunctions to be mediated by the electric fields.

In Figure 4.7b, we compare the ESA transients of different intermolecular
separations probed at 1.7 um where the charge carrier absorption is predominant.
Similar to the neat film, all the ESA transients demonstrate a bi-exponential decay
behavior. As the charge carrier generation is preceded by the intermolecular CT
excitons formation (where the fast and slow PL decay components are associated
with the prompt and delayed formation of intermolecular CT excitons), we associate
the fast and slower ESA decay components to prompt and delayed generation of
charge carriers, respectively. In the neat film, 60% of the relaxation dynamics is
contributed by the fastest component (~25 ps time constant) and the remaining 40%
by the slower component (~ 400 ps time constant). As the intermolecular separation
increase, the ESA transients accelerate, and at 15 nm intermolecular separation the
time constant of the fastest component reaches 10 ps and the slower component 50
ps. Such differences point towards a reduced probability of charge carrier generation
through intermolecular CT states with increase of intermolecular separation.

The obtained results indicate that charge carrier generation in neat films is mainly
mediated by the intermolecular charge separation between neighboring BTI(2T —
CNA — EHex)3; molecules. In this manner, we reason that the rate of intermolecular
charge separation should also be directly dictated by the proximity between the
intramolecular donor units of one molecule with the acceptor units of another
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molecule in the film. An immediate implication of these results should be that,
increasing the number of acceptor units in the star-shaped molecules would
effectively increase the probability of intermolecular CT excitons formation,
therefore maximizing charge carrier generation. We next demonstrate this scenario
in the next PL volume quenching section, by mixing the BTI(2T — CNA —
EHex); molecules with small concentrations of external acceptor molecules as a way
of mimicking the increase of intramolecular acceptor units.

4.2.4 Photoluminescence Volume Quenching

As previously mentioned, a possible way to maximize charge carrier generation
would be to increase the number of intramolecular acceptor units in the star-shaped
molecule. To that end, we blended the BTI(2T — CNA — EHex)5; molecule with small
concentrations of non-fullerene acceptor to mimic the increase of intramolecular
acceptor units. A planar fused-ring electron acceptor (IC-C6IDT-IC) based on
indacenodithiophene (Figure 4.8) was selected as the acceptor for having suitable
energy level alignment with BTI(2T — CNA — EHex); molecule®*#° which ensures
minimum energy loss and efficient charge carrier generation. Furthermore, 1C-
C6IDT-IC has strong absorption in the 600-800 nm range®, thus combined
with BTI(2T — CNA — EHex)5, the blend provides a wide absorption range from
400-800 nm (Figure 4.8) which maximizes sunlight harvesting for OSCs.

Energy (eV)
2.4 2.0 1.6

. LI
IC-CoIDT-IC

3.2 2.8

T T T
\BTI(2T — CNA — EHex],

Normalized O.D (arb. units)

400 500 600 700 800

Wavelength (nm)

Figure 4.8. Absorption spectra of donor BTI(2T — CNA — EHex); and acceptor 1C-
C6BIDT-IC neat films with the respective chemical structures.
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Figure 4.9 shows the PL decay transients of the BTI(2T — CNA — EHex); neat films
with increasing concentration of IC-C6IDT-IC. The IC-C6IDT-IC /BTI(2T — CNA —
EHex); molar ratios are kept in the low concentration regime varying from 0.95 % —
3%, such that IC-C6IDT-IC molecules simply acts as exciton quenching site
facilitating charge generation through electron transfer. Incremental addition of IDIC
molecules induces increase of shares of the fast PL decay component from 70% to
94% (at 3% molar ratio) and reduction of shares of the slow component from 30% to
6%. Note that the both the fast and slow time constants values remain the same as 60
ps and 1210 ps, respectively. Hence, if we assume the small added concentrations of
IDIC as additional intramolecular acceptor units, the Y;¢ value increases from 60%
to 75% (at 3% molar ratio).

PL intensity (arb. units)
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Figure 4.9. PL decay transients of neat film and films with different IDIC content. The
dots represent the experimental data, the lines are the respective fittings convoluted with a
Gaussian apparatus function of ~10 ps according to Table 4.3. The excitation wavelength
was 520 nm. Each PL transient is re-scaled by a factor of 3 with respect to the previous for
better visibility.

Balakirev et al*, have demonstrated that the BTI(2T — CNA — EHex)3; molecule
when used in single-component OSCs produces an EQE of 4% which is quite low
when compared to similar star shaped materials with EQE as high as 23% obtained
by Mannanov et al*!. Recently, we have studied the effect of oligothiophene bridge
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elongation on the ultrafast photophysics of star-shaped molecules and made a
correlation between the increases in Y;cr with the increase in EQE in single-
component OSCs'® (see chapter 5). By taking into account the aforementioned
findings!®?*4!, the low EQE value of the BTI(2T — CNA — EHex); single-
component OSCs can be attributed to the lower Y;-; = 0.6 value, compared to higher
Yicr = 0.85 value of 3T molecule® (see chapter 5) and possibly lower geminate
recombination of intermolecular CT excitons. The obtained results suggest that
increasing the number of intramolecular acceptor units improves the amount of
charge generation in single-component OSCs.

Table 4.3. PL quenching fitting convoluted with a Gaussian apparatus
function of ~10 ps

Neat 0.95 % 1.9% 3%
71(ay), ps 60 (0.7) 60 (0.8) 60 (0.88) 60
(0.94)
7,(ay), ps 1210 (0.3) | 1210(0.2) | 1210(0.12) | 1210
(0.06)
Tangs DS 1090 1020 900 700

4.3 Conclusions

We have demonstrated that the bimodal nature of PL decay in BTI(2T — CNA —
EHex); neat film is driven by intermolecular interactions between neighboring
molecules. We attribute this to be the reason behind the formation of intermolecular
CT excitons that either contribute to the PL or undergo charge carrier generation.
These results suggest that promoting intermolecular CT excitons is a feasible way to
improve charge generation in single-component OSCs based on small molecules
homojunctions. In the case of star-shaped materials, the further promotion of
intermolecular CT excitons is possible either by increasing the numbers of
intramolecular acceptor units?® or by spatially increasing the separation between the
intramolecular donor and acceptor units'®#? (see Chapter 5). This Chapter further
highlights the broad potential of star-shaped molecules for the development of single
material devices.
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4.4 Methods

4.4.1 Sample Preparation

Neat and mixed films. BTI(2T — CNA — EHex)5 and IDIC (provided by Dr. Yuriy
N. Luponosov) were separately dissolved in chloroform at a concentration of 2 g/L
and stirred at room temperature for 10 hours. The solutions were then mixed to
achieve the desired IDIC/BTI(2T — CNA — EHex)5; molar ratios (0.95% - 3%) and
stirred for another 5 hours. The films were prepared by drop casting the solution in a
plain glass substrate.

Matrices. PMMA (sigma Aldrich, Mw= 120000 g/mol) was dissolved in chloroform
at a concentration of 150 g/L and stirred at room temperature for 8 hours. Solutions
of star-shaped molecule BTI(2T — CNA — EHex); and PMMA were mixed to
achieve the desired average separation between BTI(2T — CNA — EHex)5; molecules
of 10 nm, 15 nm and 25 nm and stirred for 5 hours. The intermolecular separations

were calculated as:
3 Mm 3|1
d= = |[—Xx5.5nm, 4.3)
p NA ny, ny

where, p = 1.18 g.cm™3 is the density of PMMA, M,, = 120000 g.mol™! is the
molecular mass of PMMA, N, is the Avogadro constant, n,. is the BTI(2T — CNA —
EHex); /PMMA molar ratio.

The matrices were prepared by drop casting the mixed solutions in microscope cover
glass substrates.

4.4.2 Time-resolved Photoluminescence

Time-resolved photoluminescence measurements were performed using a streak
camera (Hamamatsu, C5680) and a spectrograph. The mode-locked output from the
Ti:sapphire oscillator (Mira 900, 76 MHz repetition rate) was focused on the Newport
SGC-800 hollow fiber producing a supercontinuum. The excitation wavelength of
520 nm was obtained by selecting a portion of the supercontinuum with a bandpass
filter of 520 nm central wavelength and FWHM of 10 nm. A long pass filter (OG550)
was placed before the spectrograph to filter the excitation stray light. The excitation
power was set between 1-5 pW to avoid the possibility of exciton-exciton
annihilation or photobleaching.
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4.4.3 Transient Absorption

Excited state pump-probe absorption measurements were performed using the Light

Conversion Carbide CB5 (230 fs, 1025 nm, 60 kHz repetition rate) to feed two optical
parametric amplifiers (OPA) operating in the visible range of 520-900 nm (Light
Conversion Orpheus-N-3H) and in the mid-IR range of 1300-2000 nm (Light
Conversion Orpheus-ONE). The Orpheus-N-3H was set at 550 nm (25 fs, pulse
duration) near the absorption maximum of the samples and used as the excitation
source (pump). The Orpheus-ONE output was varied in the 1300-2000 nm range
(pulse duration of 100-350 fs) and used as the probe.

The polarization of the pump and probe pulses were linear and kept parallel during
all the experiments. Neutral density filters were placed right after the outputs of
Orpheus-N-3H and Orpheus-ONE to control the pump and probe powers. A low
excitation fluence of 10 pJ cm™2 was employed to avoid exciton-exciton annihilation.
The pump beam was directed into a LS-110 linear stage to control the time delay
between the pump and probe pulses, subsequently on to a mechanical chopper set at
500 Hz to control the pump on and off stages, and then focused on to the sample. The
probe beam was split to produce a reference beam (detected using a nitrogen cooled
InAs detector) to account for intensity variations with the wavelength, and into the
actual probe beam which was focused on to sample and spatially overlapped with the
pump beam.

After the sample, the pump beam was blocked and the probe beam was directed into

the nitrogen cooled InAs detector connected to a lock-in amplifier. Finally, the
detected transmittance changes of the sample —AT with and without the excitation
pulse (at 500 Hz chopper frequency) was normalized with the reference probe signal
T to obtain—AT/T. To allow for comparison between signals of different samples,
—AT /T was further normalized by the absorption of the samples.
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Figure 4.10. Schematic of the experimental apparatus for TA absorption.
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Chapter 5. Tailored Charge Carrier Generation in
Star-Shaped Molecules for Enhanced Device
Performance

Donor-acceptor molecules with thiophene fragments as the m-bridge represent a
promising class of materials for organic photovoltaics especially in single-component
organic solar cells and other related applications. In this chapter, we present an
approach for controlling the charge carrier generation in star-shaped molecules films
through variation of oligothiophene m-bridge length. We investigate the charge carrier
generation and exciton diffusion of a series of star-shaped donor-acceptor molecules
(1T-4T) by employing time-resolved photoluminescence measurements and Monte
Carlo simulations. We found that variation of the n-bridge length from 1T to 4T
results with decrease in excited state lifetime, which is attributed to efficient exciton-
to-charge carrier conversion in the neat films. Exciton diffusion length is also found
to decrease with the elongation of the m-bridge length as most of photo-generated
excitons are immediately converted into charge carriers within the first 100 ps. The
approach for manipulating charge carrier generation presented here opens up new
pathways for the future development of novel materials for single-component organic
solar cells.

This chapter is based on the following publication:

Yuriy N. Luponosov, Alexander N. Solodukhin, Artur L. Mannanov, Petr S. Savchenko, Benedito A. L. Raul,
Svetlana M. Peregudova, Nikolay M. Surin, Artem V. Bakirov, Maxim A. Shcherbina, Sergei N. Chvalun, Maxim
S. Pshenichnikov, Dmitry Yu Paraschuk, and Sergey A. Ponomarenko, Materials Today Energy 22, 100863 (2021)

99



Tailored Charge Carrier Generation in Star-Shaped Molecules for Enhanced Device
Performance

5.1 Introduction

The performance of bulk-heterojunction (BHJ) organic solar cells (OSC) have been
significantly improving as a result of the development of novel donor and acceptor
materials with better optoelectronic properties*>. In the BHJ configuration, a
nanoscale of phase separated domains of donor and acceptor materials is produced,
which ensures efficient exciton harvesting over the whole extent of the solar cell.
However, due to the less order in the nano-morphology, well define pathways for
charges towards the electrodes are harder to produce which decreases the efficiency
of charge collection®. Furthermore, the nano-morphology is thermodynamically
unstablle>® and the progressive macro-phase separation of donor and acceptor
materials are among the most pertinent causes of instability of BHJ configurations.
In this manner, the fabrication of OSCs based on a single material presents several
benefits over the multi-component BHJ configuration such as, mitigation of
morphological instability, cost reduction and further simplification of the fabrication
process’ 19,

There are several classes of materials used in the fabrication of single-component
(SC) OSCs ranging from polymers to conjugated donor (D)-n bridge-acceptor (A)
small molecules!* ™5, It has been demonstrated that the utilization of the so-called
“double-cable” molecular architecture in which small molecule acceptor fragments
are linked covalently but without m-conjugation to the donor polymer backbone
allows achieving remarkable power conversion efficiency over 8 % in SC OSC**. SC
OSC based on simple conjugated small molecules have also achieved a modest
efficiency of 2.9 %?. Despite the encouraging progress in device performance, the
basic working principle of SC OSC still need to be clarified. It is fundamental to
critically asses the ultrafast photophysical processes leading to photocurrent
generation, which may help accelerate further improvements in device performance
and potentially reach commercial scale applications.

One of the central aspects that determines the process of exciton-to-charge carrier
conversion in SC OSCs is the probability of exciton dissociation. The n-bridge length
in D-n-A systems controls the extent of intramolecular photoinduced electron-hole
separation, which results in a charge-transfer state a precursor for free charges in
OSCs!8, Hence, it is reasonable to expect that the probability of exciton dissociation
into charge carriers should be controlled by the extent of intramolecular D-A
separation.
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We have demonstrated in Chapter 4 that intermolecular interactions play a central
role on exciton dissociation into charge carriers. In this Chapter, we extend our
investigations to the effect of oligothiophene (T) n-bridge length for charge carrier
generation and exciton diffusion. With time-resolved photoluminescence (PL)
measurements, we show that the elongation of oligothiophene nt-bridge in star-shaped
molecules from 1T to 4T (Figure 5.1) leads to decrease in exciton lifetime which is
attributed to the formation of intermolecular CT excitons that facilitates efficient
exciton dissociation into charge carriers. Furthermore, with Monte Carlo simulations,
we show that the exciton diffusion length decreases with the elongation of
oligothiophene w-bridge reaching 2 nm for the 4T molecule. The short exciton
diffusion length is found to be least important for SC OSCs based on the star shaped
molecules, in particular when the formation of charge carriers is predominant as in
the case of 3T and 4T molecules. The obtained results provide insight into how the
intramolecular D-A separation in star shaped molecules affects the exciton dynamics
and charge carrier generation, which is beneficial for future development of novel
materials for highly efficient SC OSCs.

\_\ NC o NC.
CN NC. _CN
S CN S
1T 2T

NC =

NC'

CN
CN
NG NC.
CN

1
NC_ _CN

/./‘/_ [ s!‘
N
3T aT

CN S
S
s
S

Figure 5.1. Chemical structures of the star-shaped molecules: 1T, 2T, 3T and 4T.
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5.2 Results and Discussion

5.2.1 Absorption and Photoluminescence

Figure 5.2 shows the absorption spectra for 1T-4T neat films. Two types of
absorption bands are observed. The bands in the region of 3.5-2.75 eV are attributed
to the m—m* transition in the conjugated phenylene-oligothiophene fragment and the
intense bands in the lower energy region (2.75-2 eV) are attributed to intramolecular
charge transfer (CT) between the electron-donating triphenylamine and electron-
withdrawing dicyanovinyl blocks!®?° or to their mixed characters?. The absorption
maxima is red shifted with increase of the oligothiophene length from 1T to 2T and
less pronounced from 2T to 3T. And finally, a more pronounced red shift is observed
from 3T to 4T. This trend is attributed to increase in the conjugation length?>2, with
the addition of thiophene units.

Wavelength (nm)
800 700 600 500 400
_T Neat films

—27T

F—— 4T

Normalized O.D. (arb. units)

20 25 3.0 3.5
Energy (eV)

Figure 5.2. Absorption spectra of neat films. 1T (red), 2T (blue), 3T (orange) and 4T
(black).
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Figure 5.3 shows the PL spectra of the molecules in PMMA matrix and neat films
obtained by integrating the PL maps (Figure 5.4) in the 0-1500 ps range. The
molecules dispersed in PMMA matrix at low concentration were used as a reference
solid-state environment without intermolecular interactions®-27.

Energy (eV) b Energy (eV)
232221201918 17 16 15 232221201918 1.7 16 1.5

T T T T T T T T T T T T T T T T T T
Filter transmission = T Ehs T

Matrix | Neat film]

o

Photoluminescence (arb. units)
Photoluminescence (arb. units)

4T 4T

550 600 650 700 750 800850 550 600 650 700 750 800850
Wavelength (nm) Wavelength (nm)

Figure 5.3. Normalized PL spectra of molecules in PMMA matrix (a) and of neat films (b)
for 1T (red), 2T (blue), 3T (orange) and 4T (black). The spectra were obtained by
averaging the PL maps (Figure 5.4) over all time delays. Gray solid line in (a) represent
the transmission of 550 nm long-pass filter used during the experiments; the 1T spectrum
is slightly cropped by the filter in the higher energy region. For clarity, each PL spectrum
is vertically shifted with respect to the previous one.
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The PL maximum positions as determined from fitting the 25-70% (depending on
spectrum’s signal to noise ratio) top part of the spectra with a Gaussian function are
shown in Table 5.1. The increase in thiophene units results in a red shift of the PL
spectra in both matrix (by 0.14 eV) and neat films (by 0.23 eV). However, in the
matrices, the shift is only observed from 1T to 3T. The PL maximum from 3T to 4T
matrices do not vary and its position is centered at 625 nm. This feature can be
explained by the following reasons. On one hand, (i) the 4T fragment (the longest
within this series of molecules) may lead to an intense and red-shifted n—n* transition
band?® overlapping partly with the intramolecular CT band. On the other hand, (ii)
with the addition of thiophene units, the number of torsion angles between thiophene
units increases making non-planar and hence less conjugated conformations more
probable?®!, As a result, these two factors (i-ii) can decrease the intramolecular CT
efficiency and lead to a blue shift of the corresponding intramolecular CT band3233,
In the neat films, these two factors (i-ii) are not predominant, as demonstrated by the
variation of the PL maximum position from the 3T molecule (at 720 nm) to 4T (at
730 nm).

Table 5.1. PL spectra fitting parameters

Material PL maximum (nm) Fitting percentage
1T-matrix 585 25%
2T-matrix 615 35%
3T-matrix 625 35%
4AT-matrix 625 35%

1T-neat film 645 25%
2T-neat film 700 40%
3T-neat film 720 50%
4T-neat film 730 70%
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Figure 5.4. Normalized PL maps of the 1T — 4T molecules in PMMA matrix (a) and of
neat films (b). The excitation wavelength was set at 520 nm.
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5.2.2 Charge Carrier Generation

Figure 5.5 shows PL decay transients in matrices and neat films obtained by
integrating the PL maps (Figure 5.4) in the 550-820 nm (2.25-1.5 eV) spectral range.
All the matrices exhibit mono-exponential decays with lifetime of 1600 ps for 1T,
2T, 3T, and 800 ps for 4T (see Table 5.2 for fitting parameters). The shorter lifetime
of 4T matrix as compared to other molecules is also attributed to the two factors (i-
ii) mentioned above, that is, (i) possible overlapping between the n—n* transition band
with the intramolecular CT band, (ii) higher conformations (torsions) along the
oligothiophene bridge with the addition of thiophene units. These two factors (i-ii)
can lead to highly efficient non-radiative recombination of intramolecular CT
excitations.
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Figure 5.5. PL decay transients for 1T-4T compounds. Experimental PL decay transients
data in the matrices and neat films are depicted by open and close circles, respectively,
while the solid lines show the respective fitting convoluted with a Gaussian apparatus
function of ~ 3-10 ps. For clarity, the PL transients of 1T, 2T and 3T are offset by
multiplying by a factor of 30 with respect to the previous transient.
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In sharp contrast to the matrices measurements, all the molecules demonstrate bi-
exponential PL decays in the neat films. There is a clear decrease in exciton lifetime
with the elongation of the oligothiophene bridge (nT, n=1-4). The shortest
component decreases from 200 ps to 10 ps from 1T to 4T, and its share increases
(Table 5.2). By using time-resolved PL and pump-probe transient absorption
measurements, in chapter 4 we demonstrated that in neat films of densely packed
star-shaped small molecule efficient exciton-to-charge carrier conversion occurs
within the first 200 ps, which leads to generation of intermolecular CT excitons.
Similarly, we assign the shortest (within the first 100 ps) components of PL decay
transients in the nT star shaped molecules to the prompt formation of intermolecular
CT excitons, which facilitates the generation of quasi-free charges. This is in line
with the increasing values of the external quantum efficiencies, the respective short
circuit current density, and an increase in the radius of the initial charge separation
observed from 1T to 4T as demonstrated by Luponosov et al®*.

The slower component in the PL decay transients is attributed to delayed formation
of the intermolecular CT excitons during exciton diffusion. The share of this
component gradually decreases from ~0.4 in 1T to ~0.1 in 4T (Table 5.2) making the
almost immediate formation of the intermolecular CT excitons the dominant channel.
Note that both increase in the lifetimes and disappearance of the fast-decaying PL
component in the matrices signify no formation of the intermolecular CT excitons
due to the lack of intermolecular interactions (see Section 5.5.2 for details).

Table 5.2 Excited-state lifetimes, efficiencies of formation of intermolecular CT
excitons and exciton diffusion lengths. The values in parenthesis show shares of

. : 2
the exponents. The average exciton lifetime was determined as: 74,4 = ZZ‘QT‘TT‘
Note that 10 ps is at the verge of the apparatus resolution.

1T 2T 3T 4T
Matrix T, ps 1600 1600 1600 800 (or
1600)

7, (a),ps  200(0.6) 40(0.65 15(0.72)  10(0.87)
Neat film 7, (a,),ps 1600 (0.4) 830(0.35) 280(0.28) 250 (0.13)

Tavg) PS 1400 770 250 200
Qcre, % 13 50 85 75 (or 87.5)
Lp,nm 10 5 3 2
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We define the yield Q. of formation of the intermolecular CT excitons as Q.7 =
1- T“% where 7,4 is the average PL lifetime in the neat films and 7 is the PL

lifetime in the PMMA matrices. Hence, in the neat films Q. rz=13, 50, 85 and 75%
for 1T, 2T, 3T and 4T, respectively. As previously mentioned, the main two factors
(i-i1) causing the shorter lifetime in the 4T matrix are not predominant in the neat
film; for this reason, the Q.7 value for 4T can also be estimated not taking into
account the non-radiative recombination caused by those two factors (i-ii). Hence,
the lifetime in 4T matrix can be considered to be similar to the other molecules (1600
ps), which results with an Q.5 value of 87.5 % for the neat film of 4T molecule.
These results imply that for 4T and 3T there are only 12.5% and 15% excitons
available for subsequent diffusion, while for 2T and 1T this number increases to 50%
and 87%, respectively. Evidently, the higher the amount of excitons available for
subsequent diffusion, the higher will be the probability of long-range diffusion. This
is demonstrated in the next section, where is shown that the exciton diffusion length
decreases with the elongation of oligothiophene bridge.

The obtained results demonstrate the efficiency of exciton dissociation in the
solution-processed neat films of the star-shaped molecules, especially for 4T and 3T,
rendering them highly suitable for single component OSCs as demonstrated by
Luponosov et al**.

5.2.3 Exciton Diffusion

The next issue to address is the distance over which the excitons can diffuse. The
knowledge of exciton diffusion length (L) is an essential aspect to be considered
for morphology optimization of bulk heterojunction solar cells®**°, but least
important for SC OSCs if fast formation of the charge carriers is predominant. To
investigate the exciton diffusion in solution processed films, time-resolved volume
quenching experiments (Section 5.5.2) were performed*'. The fullerene derivative
PCesBM was used as a quencher molecule and dispersed at different concentrations
in the films of the molecules under investigation. Figure 5.6 summarizes the PL
guenching efficiencies as a function of average separation between the quenchers.
For all the molecules, the PL quenching efficiency is minimal at large separation
between quenchers (i.e., at low PCsBM concentrations). Considerable quenching is
achieved when the average separation between quenchers is short.
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To obtain quantitative information about the effect of the oligothiophene bridge
length (nT, n = 1-4) on exciton dynamics, we performed Monte Carlo simulations
(see Section 5.5.3 for details) to extract the values of exciton diffusion lengths. The
exciton diffusion lengths amount to ~10 nm, ~5 nm, ~3 nm, and ~2 nm for 1T, 2T,
3T and 4T (Table 5.2), respectively, which is mostly determined by the number of
excitons available for subsequent diffusion after the prompted generation of charge
transfer excitons as detailed in previous section. Note that due to fast initial PL decay
in 3T and 4T (Figure 5.5 and Table 5.2) approaching the apparatus resolution, the
uncertainty in exciton displacement might be substantial.
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Figure 5.6. PL quenching efficiencies versus average separation between quenchers for 1T
(blue square), 2T (green circle), 3T (red triangle) and 4T (black star). The PL quenching
efficiencies and average separation between quenchers were determined as described in
Section 5.5.2. The solid lines are the Monte Carlo modeled results (Section 5.5.3).
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The obtained results demonstrate a clear correlation of the exciton diffusion length
with the length of the oligothiophene bridge. Similarly, to the exciton lifetime, the
exciton diffusion length decreases with increase of thiophene units. Therefore, it is
reasonable to argue that these two are interconnected, i.e., the intramolecular CT
excitation is transferred to the intermolecular CT exciton almost immediately if the
energetic conditions are favorable, otherwise the formation of intermolecular CT
exciton is delayed, so that the available excitons can contribute to the diffusion
process. For these reasons, the short exciton diffusion lengths are not detrimental for
high performance SC OSCs as charge photogeneration is predominant.

5.3 Conclusions

We have demonstrated that significantly enhanced charge carrier generation can be
realized in star-shaped molecules by varying the intramolecular donor-acceptor
spacing. The variation of the oligothiophene n-bridge length from 1T to 4T units
leads to a significant decrease in excited state lifetime due the formation of
intermolecular charge transfer excitons which are the precursors of charges carriers.
Thus, the more spatially separated the donor and acceptor units are, i.e., the longer
the m-bridge, the more efficient the dissociation of intra- and intermolecular excitons
occurs and hence more free charges are generated. The elongation of oligothiophene
n-bridge also leads to a decrease in exciton diffusion length as most of photo-
generated excitons are immediately converted into charge carriers. The concept
presented in this Chapter opens up new avenues for future development of novel
donor-acceptor small molecules for highly efficient organic photovoltaic devices.
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5.4 Methods

5.4.1 Sample Preparation

Matrices

PMMA (sigma Aldrich, Mw= 120000 g/mol) was dissolved in chloroform at a
concentration of 150 g/L and stirred at room temperature for 8 hours. Solutions of
star-shaped molecules (vide infra) and PMMA were mixed to achieve the mass ratio
star-shaped/PMMA of 2.75 x 10~> and stirred for 4 hours. The matrices were
prepared by drop casting the mixed solutions in microscope cover glass substrates.

Neat and mixed films

The solutions of 2 g/L of star-shaped molecules (1T, 2T, 3T and 4T) and PC4yBM
solutions (0.02-0.04 g/L) were separately prepared using chloroform and let stir for
8 hours at room temperature. The solutions were then mixed to achieve the desired
PCgoBM /(1T, 2T, 3T and 4T) molar ratios (0%-9.4%) and stirred for another 4 hours.
The films were prepared by spin coating the solution in microscope cover glass
substrates.

5.4.2 Time-resolved Photoluminescence and Absorption

Time-resolved photoluminescence measurements were performed using a
Hamamatsu C5680 streak camera and a polychromator. The supercontinuum from
the Newport SGC-800 hollow fiber was produced by using the focused output from
the mode-locked Ti: sapphire oscillator (Mira 900) as the pump source. A band-pass
filter of 520 nm central wavelength and FWHM of 10 nm, was used to generate the
excitation wavelength of 520 nm by selecting the portion of the supercontinuum. The
excitation power was set between 2-10 uW. A long pass filter (OG 550) was placed
before the polychromator to filter the excitation light.

The absorption spectra were obtained with a PerkinElmer Lambda 900 UV/VIS/NIR
spectrometer.
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5.5 Supplementary Information

5.5.1 Photoluminescence Mean Energy Shift

Figure 5.7 shows the PL mean energy shift of the molecules in the PMMA matrix
and as neat films. In the matrices where intermolecular interactions are mostly
suppressed, the PL mean energy shift is negligible (~0 eV). However, in the neat
films the shift is substantial indicating exciton cooling toward lower energy states,
signaling the formation of intermolecular charge transfer excitons as discussed in the

main text.
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Figure 5.7. PL mean energy shift of the molecules in PMMA matrix (gray lines) and of
the neat films. (a) 1T (red), (b) 2T (blue), (c) 3T (orange) and (d) 4T (black).The green
solid lines represent the Monte Carlo modeled PL mean energy shift.
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5.5.2 Photoluminescence Volume Quenching

The PL decay transients of neat films and films mixed with different PC4,BM /(1T,
2T, 3T and 4T) molar ratios are shown in Figure 5.8. Concentration increase of the
guencher causes acceleration on PL decay transient due to exciton dissociation at the
donor-quencher interface.

As the exciton lifetimes for 3T and 4T are at the verge of the apparatus resolution it
is difficult to distinguish any PL quenching at small concentrations of quencher (<
1.6% molar ratio). To circumvent this limitation, the PL quenching efficiencies
values (Figure 5.9) were calculated using the Monte-Carlo modeled PL transients.
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Figure 5.8. Logarithmic plots of the normalized PL decay transients of the neat films (black
circles) and mixed films with different content of PC4oBM (colored circles). The PC¢oBM
[star-shaped molecule molar ratios are indicated in the legends. The solid lines represent
the modeled PL decay transients with Monte Carlo simulations. For better representation,
each PL decay transient is multiplied by a factor of 3 with respect to the previous. (a) 1T,
(b) 2T, (c) 3T, (d) 4T.

113



Tailored Charge Carrier Generation in Star-Shaped Molecules for Enhanced Device
Performance

100 1 1 1 1 1 1 1 1 1 1

80

60

40

20

PL quenching efficiency (%)

0o 1 2 3 4 5 6 7 8 9 10
PCBM content (%)

Figure 5.9. PL quenching efficiencies versus PCgoBM molar content for 1T (red square),
2T (blue circle), 3T (orange triangle) and 4T (black star). The solid lines represent the
results obtained from the Monte Carlo simulations.

Figure 5.9 shows the PL quenching efficiencies as a function of molar concentration.
PL quenching efficiency Q was determined as:

_ f PLquenched dt

Q=1
fPLneat dt

(5.1)
where PLgyenched IS the PL decay transient for the samples with different PCeoBM
content, PL,e,¢ iS the PL decay transient for the neat film.

Average separation between quenchers was calculated as:

gz Mmoo (5.2)
p Nany ny ’ .

where p is the density of the molecules, M,, is the molecular mass, N, is the

Avogadro constant, n, is the PCBM/ star-shaped molecule molar ratio, and S =

’ pMTm is the size of the molecule (averaged over three dimensions). The
A

corresponding values are presented in Table 5.3.
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Table 5.3. The density, molecular mass and average size of the molecules.

Material p( g-cm?®) M,, (g-mol™?) S (nm)
1T 1.07 972.36 1.147
2T 1.15 1218.74 1.207
3T 1.19 1465.11 1.269
4T 1.09 1711.48 1.376

5.5.3 Monte Carlo Simulations

Monte Carlo simulations were performed as described in Chapter 2. The simulation
input parameters are shown in Table 5.4.

Table 5.4. Monte Carlo Simulations parameters.

Description Parameter Value
Cartesian lattice X-Y-Z 300-300-300
grid
Lifetime-1 a;
fraction See Table 5.2
Lifetime-1 Tq
Lifetime-2 T,
~ 60, 40, 50 and 60 meV
Energetic o (for 1T, 2T, 3T and 4T,
disorder respectively)
Hopping S Size of the molecule
distance (see Table S5.2)
Exciton fraction EF 107*
Quencher QF Variable from 0 to 9.4 x
fraction 1072
Hopping time ~0.25and 1.8 ps
(variable T (for 1T and 2T/3T/AT,
parameter) respectively)
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The energetic disorder values were determined as described in Chapter 2 and the
hopping time was the only variable parameter. The modeled dynamical PL mean
energy shifts (Figure 5.7) are in good agreement with the experimental results, expect
for some discrepancy at the early dynamics of 1T (< 200 ps) which presumably
originates from the limited resolution of the streak camera.

Figure 5.10a shows the distribution of exciton displacement from which the exciton

diffusion lengths were extracted as the mean values. The exciton diffusion
coefficients (Figure 5.10b) were obtained by using the differential form of the
Einstein-Smoluchowski relation (see chapter 2 for details). The initial part of the time
dependent exciton diffusion coefficient is dominated by fast exciton cooling, and
subsequently the thermal quasi-equilibrium is reached from which the values of
exciton diffusion coefficient where extracted.
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Figure 5.10. Distribution of exciton displacement (a) and time dependent diffusion
coefficient (b) for 1T (red), 2T (blue), 3T (orange), 4T (black).
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Summary

The ever-increasing demand for cleaner sources of energy calls for inexpensive and
highly efficient solar cells. Solution- and vacuum-processable organic solar cells
have gained significant attention as an attractive source of energy owing to their
continuously rising power conversion efficiency, low cost, thin device structure, and

mechanical flexibility.

The absorption of light in organic solar cells generates a strongly bound electron-
hole pair called an exciton. To efficiently dissociate the exciton into charges, a
heterojunction composed of electron donating and accepting materials with suitable
energy levels is typically used to provide the driving force needed to overcome the
Coulomb attraction between the electron-hole pair. The photon-to-charge conversion
in organic solar cells is a complex process that is subject to losses; hence, it is critical
to carefully monitor every step from photon-to-charge conversion, such as exciton
photogeneration, exciton diffusion towards the donor-acceptor interface, and exciton
dissociation into charges. This thesis sheds light on the photon-to-charge conversion
process in organic photovoltaics using a multi-disciplinary approach that combines
results from steady-state and time-resolved spectroscopy, and Monte Carlo

simulations.

The thesis starts with an introduction (Chapter 1) that provides an overview of the
photophysical processes in organic semiconductors relevant for organic solar cells,
formulates aims and objectives, describes methodologies and main findings, and

finally, an overview of the thesis.

In Chapter 2, the photophysical properties of triphenylamine-based push-pull
molecules both in solution and the solid state are investigated. Time-resolved
photoluminescence measurements reveal that the excited state of these molecules in

solution is short-lived when compared with the solid state. These results are shown
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to be associated with non-radiative decay through an energetically accessible conical
intersection between the excited and ground state potential surfaces. In this manner,
these findings reveal that the conformational changes of the molecules in solution
open non-radiative decay channels, whereas the confinement of the molecules in the
solid state limits the non-radiative losses. Monte Carlo simulations, combined with
time-resolved photoluminescence quenching experiments, retrieved an exciton
diffusion length of ~16 nm in solution-processed films, which demonstrates that the
short-excited state lifetime in solutions does not necessarily preclude solid state
applications.

The bulk-heterojunction structure is a widely used configuration in the manufacture
of organic solar cells as it ensures exciton dissociation over the whole solar cell,
without compromising the device thickness needed for efficient photon absorption.
Chapter 3 highlights the importance of a thorough morphological investigation prior
to the manufacture of bulk-heterojunction device. The investigation of PCBM and
five novel fullerene derivatives shows similar photophysical trends when the
materials are investigated individually as neat films. However, the photophysical
investigation of the fullerenes mixed with an exciton quencher in the form of a bulk-
heterojunction film showed that excitons dissociate in sample containing some of the
new fullerene derivatives as expected, but hardly dissociate in samples containing the
other derivatives. By carrying out a thorough morphological investigation, these
results are rationalized to be influenced by the crystallization dynamics of some of
the fullerene derivatives that precludes fine-intermixing in the films. In this manner,
photo-generated excitons do not reach the heterojunction interface where they would
dissociate into charges. This peculiarity could have a significant effect on device
performance, hence the need to meticulously account for the crystallization dynamics

during the fabrication of bulk-heterojunction devices.

As previously stated, to dissociate the exciton into charges, a heterojunction
composed of electron donating and accepting materials with suitable energy levels is

typically used. However, it is also possible to dissociate the exciton using a single
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material, thereby making single-material organic solar cells possible. There are
several strategies used to provide the driving force needed to overcome the Coulomb
attraction between the electron-hole pair in a single-component (‘material’) organic
solar cell. Chapters 4 and 5, show that excitons dissociation in single-component
devices is achievable by using star-shaped molecules whose structure involves a
combination of intramolecular donor and acceptors units. Upon photoexcitation, this
combination promotes charge transfer excitons, which are typically considered the
precursors of charge carrier generation. Moreover, Chapters 4 and 5 demonstrate that
both intermolecular interactions and the elongation of the n-bridge length in star-
shaped molecules can control the extent of charge carrier generation. In Chapter 4,
through the variation of intermolecular separation, it is shown that photo-generated
excitons undergo the formation of intermolecular charge transfer excitons (as
evidenced by the bi-exponential photoluminescence decay) which contribute for
charge generation. These findings demonstrate that intermolecular interactions play

a fundamental role for exciton dissociation in star-shaped molecules.

Chapter 5 extends the investigation of star-shaped molecules to explore the effect of
varying the intramolecular donor-acceptor spacing on charge carrier generation and
exciton diffusion. The excited state lifetimes and exciton diffusion lengths decrease
with the elongation of oligothiophene =-bridge lengths. These results are attributed
to an increasing number of photo-generated excitons undergoing charge carrier
conversion within the first 100 ps. Thus, Chapter 5 demonstrate that charge carrier
generation can be tuned by varying the intramolecular donor-acceptor spacing. These
findings provide new perspectives for the future development of novel materials for

single-component devices.

Overall, this thesis provides insights into exciton dynamics and charge carrier
generation in organic photovoltaics. By addressing the relevant steps of photon-to-
charge carrier conversion and identifying the possible loss mechanisms, the presented
results further contribute to a better understanding of the photophysical processes that

lead to photocurrent generation in organic solar cells.
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Samenvatting

De steeds toenemende vraag naar schonere energiebronnen vraagt om goedkope en
zeer efficiénte zonnecellen. Organische zonnecellen, die in oplossing en vaculim
verwerkt kunnen worden, hebben aandacht gekregen als een aantrekkelijke
energiebron vanwege hun continu stijgende efficiéntie, lage kosten, dunne structuur

en mechanische flexibiliteit.

De absorptie van licht in organische zonnecellen creéert een sterk gebonden
elektron-gat paar dat exciton wordt genoemd. Om het exciton efficiént in twee
ladingen uiteen te laten vallen, wordt typisch een heterojunctie structuur gebruikt die
bestaat uit elektron-donerende en electron-accepterende materialen met geschikte
energieniveaus om de drijvende kracht te leveren die de Coulomb-aantrekking tussen
de elektron-gat paren (exciton) overwint. De omzetting van een foton naar lading in
organische zonnecellen is een zeer complex proces, wat gepaard gaat met verliezen;
daarom is het van cruciaal belang om elke stap in de foton-naar-lading conversie
zorgvuldig te bekijken, zoals de exciton-fotogeneratie, de diffusie van het exciton
naar de donor-acceptor-interface en de exciton-dissociatie in ladingen. Dit
proefschrift bestudeert het foton-naar-lading conversieproces in organische
fotovoltaische materialen met behulp van een multidisciplinaire benadering, die de
resultaten combineert van normale en tijdsopgeloste spectroscopie, en Monte Carlo-

simulaties.

Het proefschrift begint met een inleiding (Hoofdstuk 1) met een overzicht van de
fotofysische processen in organische halfgeleiders, die relevant zijn voor organische
zonnecellen. Verder worden de doelen en doelstellingen van het proefschrift
geformuleerd en worden de methodologieén en belangrijkste bevindingen geschetst.

Tot slot wordt een overzicht van het gehele proefschrift gegeven.
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In Hoofdstuk 2 worden de fotofysische eigenschappen van op trifenylamine
gebaseerde push-pull moleculen in oplossing en vaste toestand onderzocht.
Tijdsopgeloste fotoluminescentiemetingen laten zien dat de aangeslagen toestand van
deze moleculen in oplossing korter leeft dan die in vaste toestand. Kan worden
uitgerekend dat dit verschil in levensduur komt door stralingsloos verval. Dit
stralingsloos verval vindt plaats via een energetisch toegankelijk, conisch snijpunt
tussen de potentiaal oppervlakken van de aangeslagen toestand en die van de
grondtoestand. De resultaten laten op deze manier zien, dat de conformationele
veranderingen van de moleculen in oplossing stralingsloze vervalkanalen openen,
terwijl de rigide omgeving van de moleculen in vaste toestand de stralingsloze
verliezen beperken. Monte Carlo-simulaties, gecombineerd met tijdsopgeloste
fotoluminescentie uitdovingsexperimenten, leverden een exciton-diffusielengte van
~ 16 nm op in films die in oplossing werden verwerkt, wat laat zien dat de korte
levensduur van de aangeslagen toestand van de moleculen in oplossing, niet

noodzakelijkerwijs toepassingen in vaste toestand uitsluit.

De bulk-heterojunctie structuur is een veelgebruikte structuur in organische
zonnecellen, omdat het de exciton dissociatie in de gehele zonnecel garandeert, en er
tegelijkertijd kan worden voldaan aan de vereiste dikte van de cel voor een efficiénte
licht absorptie. Hoofdstuk 3 benadrukt het belang van een grondig morfologisch
onderzoek, voorafgaand aan de fabricage van bulk heterojunctie ‘devices’. PCBM en
vijf nieuwe fullereen derivaten tonen vergelijkbare fotofysische eigenschappen,
wanneer deze materialen afzonderlijk worden onderzocht in pure films. Echter,
wanneer deze derivaten worden gemengd met een exciton-quencher in bulk-
heterojunctie films, laat fotofysisch onderzoek zien dat de excitonen van sommige
van deze derivaten inderdaad, zoals verwacht, dissociéren, maar dat ze dat in andere
derivaten nauwelijks doen. Een grondig morfologisch onderzoek laat zien dat
kristallisatie in sommige van deze fullereen-derivaten de fijne vermenging in de films
belemmerd. Dit verhindert dat de excitonen de heterojunctie-interface bereiken, waar

ze normaliter in ladingen zouden worden gedissocieerd. Deze eigenschap kan een
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groot effect hebben op de prestaties van een zonnecel, vandaar de noodzaak om
nauwgezet rekening te houden met de kristallisatiedynamiek tijdens de fabricage van

bulk heterojunctie zonnecellen..

Zoals eerder vermeld, wordt typisch een heterojuncte structuur gebruikt, die bestaat
uit elektron-donerende en -accepterende materialen, met geschikte energieniveaus
om het exciton in ladingen te splitsen. Het is echter ook mogelijk om het exciton te
splitsen met één enkel materiaal, waardoor organische zonnecellen gemaakt kunnen
worden, die slechts uit één materiaal bestaan. Voor deze zonnecellen kunnen
verschillende strategieén worden gebruikt om de drijvende kracht te leveren, die
nodig is om de Coulomb-aantrekking tussen het elektron-gat paar te overwinnen.
Hoofdstukken 4 en 5 laten zien, dat splitsing van excitonen in ‘devices’ bestaande uit
één component, kan worden bereikt met bepaalde stervormige moleculen, die een
combinatie van een intramoleculaire donor en acceptor hebben. Door deze
combinatie worden bij foton-excitatie ladingsoverdracht excitonen gemaakt, wat
doorgaans wordt beschouwd als de voorloper van ladingsdrager generatie. Bovendien
laten hoofdstukken 4 en 5 zien, dat bij deze stervormige moleculen zowel door
intermoleculaire interacties als ook door de verlenging van de m-bruglengte, de mate
van ladingsdrager generatie kan worden beinvloed. In hoofdstuk 4 wordt door
variatie van de intermoleculaire afstand aangetoond, dat door licht gegenereerde
excitonen deels worden veranderd in intermoleculaire ladingsoverdracht excitonen
(dit blijkt uit het bi-exponentiéle photoluminescentieverval), die bijdragen aan het
genereren van lading. Deze resultaten laten zien dat in stervormige moleculen
intermoleculaire interacties een fundamentele rol spelen in de dissociatie van

excitonen.

Hoofdstuk 5 breidt het onderzoek van stervormige moleculen uit, door de
intramoleculaire donor-acceptorafstand te variéren en het effect hiervan te bekijken
op het genereren van ladingsdragers en excitondiffusie. De levensduur van de
aangeslagen toestand en de exciton-diffusielengtes nemen af met de verlenging van

de oligothiofeen-n-bruglengten. Deze resultaten worden toegeschreven aan een
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toenemende hoeveelheid excitonen die binnen de eerste 100 ps worden geconverteerd
in ladingsdragers. Hoofdstuk 5 laat dus zien dat het genereren van ladingsdragers kan
worden getuned door de intramoleculaire donor-acceptorafstand te variéren. Deze
bevindingen bieden nieuwe perspectieven voor de toekomstige ontwikkeling van

nieuwe materialen voor zonnecellen met één component.

Dit proefschrift verdiept het inzicht in de exciton-dynamica en het genereren van
ladingsdragers in organische fotovoltaische materialen. Door naar de relevante
stappen van foton-naar-ladingsdrager conversie te kijken en de mogelijke
verliesmechanismen te identificeren, dragen de resultaten gepresenteerd in dit
proefschrift verder bij aan een beter begrip van de fotofysische processen die leiden

tot het genereren van ladingen in organische zonnecellen.
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