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To achieve net zero carbon emission required for a sustainable economy, global energy
production requires a clean and reliable solution. Photovoltaic technology that directly converts
sunlight into electricity has demonstrated its potential in contributing to a carbon free energy
future. Among myriad solar technologies, photovoltaic cells based on organic semiconductors
offer unique advantages of being light weight, flexible and low cost and have shown promising

photovoltaic performance with efficiency climbing over 18%.

In state-of-the-art organic solar cells, a mixture of polymer electron donor and electron acceptor
molecules converts light energy to electrical energy. The rapid performance advancement from
11% to over 18% in recent years is largely achieved by the replacement of fullerene molecules
with small molecules as electron acceptors, known as non-fullerene acceptors. These new
materials not only unlock promising photovoltaic performance but more importantly pose new
photophysical questions that challenge the research community’s original understanding of
organic solar cells and suggest new design rules. Central to the photophysics of organic solar
cells, as reviewed in Chapter 1, is the charge-transfer state formed between the electron donor
molecular and the acceptor molecule. The work presented in this thesis focuses on understanding

the properties of the charge-transfer state and its role in mediating energy loss in solar cells.



Contrary to the traditional model in which significant driving energy is required to separate
tightly bound electron-hole pair in the charge-transfer state, one surprising finding to the organic
solar cell community is that the most efficient polymer/non-fullerene organic photovoltaics have
negligible driving force for charge separation. Furthermore, compared to fullerene acceptors,
non-fullerene acceptors have appreciable absorption, implying that charge generation via hole
transfer from acceptor to donor could play an important role. In Chapter 2, via detailed time-
resolved and steady state spectroscopic studies, we discover a slow yet efficient generation of the
charge-transfer state and charge carriers via hole transfer using a model blend of polymer and
non-fullerene acceptors. Our findings also allude to a new photophysical scheme in charge
generation that was not observed in polymer/fullerene blends but important to efficient

polymer/non-fullerene acceptor blends.

Another remarkable property of many efficient polymer/non-fullerene blends is their high
photoluminescence efficiency and consequently small non-radiative recombination loss,
suggesting that “a great solar cell is also a great light emitting diode” also applies to organic
solar cells and prompting research efforts on improving the luminescence efficiency of charge-
transfer states. Based on Shockley-Queisser’s theoretical framework, an ideal solar cell should
only suffer energy loss from radiative recombination as it is unavoidable, and that any non-
radiative recombination is excess. In organic solar cells, however, due to molecular vibrations,
non-radiative recombination loss contributes a significant amount to total energy loss. Current
research efforts have shown that the non-radiative recombination loss follows an energy-gap law
where higher gap materials have intrinsically lower loss. Moreover, photoluminescence yield of
the charge-transfer state can be limited by that of the local exciton of the lower bandgap material

when these states quantum mechanically mix. In Chapter 3, I combine spectroscopic methods

II



and molecular dynamic calculations to examine in detail what molecular properties determine
photoluminescence yield of the charge-transfer state and non-radiative recombination loss of the
solar cell. After demonstrating an intrinsically emissive yet charge-generating small molecule
blend, I show that due to wavefunction mixing between the charge-transfer state and the local
exciton, both photoluminescence quantum yield and lifetime of the local exciton influences
emission of the charge-transfer state. The latter is a new consideration for selecting materials for
efficient organic photovoltaics and light emitting diodes. In Chapter 4, I propose and show
current progress on a previously overlooked spectroscopy method directly detecting
wavefunction mixing between the charge-transfer state and the local exciton of non-fullerene
acceptor molecules. Our findings and proposal provide direction for molecular design and

material selection to limit energy loss in organic solar cells.
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Chapter 1. Introduction

With inevitable demand for renewable and sustainable energy resources as the global economy
expands, photovoltaic technology that directly converts solar energy to electricity provides a
significant solution. Despite successful commercialization of solar panels, in order to transform
global energy production to significantly reduce carbon emission, low-cost and mass deployable
photovoltaic technologies are required. Organic semiconductors owning unique advantages of low
cost, light weight and easy processability have gained significant research momentum and led to
exciting technological breakthroughs in organic solar cells (OSCs). However, compared to silicon
and inorganic photovoltaics, OSCs suffer from inferior photovoltaic efficiency. Understanding the
fundamental physical and optoelectronic properties of semiconductors have historically been
crucial to advance their photovoltaic performance.

Central to the physics of organic semiconductors is a unique photoexcited species known as the
charge-transfer state. The succeeding chapters is dedicated to understanding the role of the charge-
transfer state in the working mechanism and thus performance of OSCs. In the following sections
of this chapter, I first review the working mechanisms of organic photovoltaics, followed by
material development that aims to improve efficiencies of photophysical events. I then discuss the
origins of energy loss in OSCs.

Understanding of these topics prompts the research questions that are studied in detail in Chapters
2 through 4:

1. What are the kinetics of charge generation upon photoexcitation of non-fullerene
acceptors in OPVs?

2. What is the lower limit for non-radiative recombination loss in charge transfer-based
organic donor/acceptor blends?

3. What is the origin for low non-radiative recombination loss in OPV blends incorporating
emissive non-fullerene acceptors?

These topics are crucial to improving charge generation efficiency and suppressing charge
recombination loss to realize more efficient OSCs.

1.1 Mechanism of organic solar cells

The working principles of an OSC, or organic photovoltaic (OPV) device, involve a series of
electronic processes. Broadly, it can be described in four steps: photon absorption, charge
generation, charge recombination and charge collection, as shown in Figure 1.1. Efficiency of
these photophysical processes and thus the overall photovoltaic performance of the solar cell is
determined by the fate of the photogenerated species.

Due to low dielectric constants of organic molecules (e~2-4), photoexcitation of organic molecules
results in strongly bound electron-hole pairs, known as Frenkel-type excitons.! This is unlike
photoexcitation of inorganic materials, where electrons and holes can readily dissociate into free
carriers. For photovoltaic applications, the nature of excitons in organic molecules requires
efficient pathways to overcome the coulombic interaction between the electron and hole to
generate charges.
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Figure 1.1 Operating principle of organic solar cells in an anode/BHJ/cathode model structure.
The blue ellipse represents the NFA molecule, and the purple rod represents the polymer donor.
Excitons form upon absorption of light, then migrates to the D/A interface and forms charge-
transfer states. CT states can separate into free electrons and holes, which can transport to and be
extracted by the electrodes. For each step towards charge extraction, a reverse process, i.e.,
recombination, can happen that leads to energy loss.

In 1986, C.W. Tang demonstrated a bilayer photovoltaic device using copper phthalocyanine and
a perylene polymer derivative.> However, a bilayer structure is doomed to give inferior
photovoltaic performance.? The photogenerated excitons have relatively short diffusion lengths on
the order of 10 nm. In order for excitons to reach the donor/acceptor interface, the thickness of the
absorbing material is limited, and consequently photon absorption suffers. A breakthrough in the
1990s solved this conundrum when Alan Heeger reported an absorbing layer spin-cast from a
mixture of polymer as the electron donor and fullerene molecules as the electron acceptor, known
as a bulk heterojunction (BHJ).# The nanoscale mixture in the BHJ architecture results in higher
interface density between donor and acceptor materials.®> As a result, a greater number of excitons
are generated near the donor/acceptor interface, leading to increased charge generation.

In a BHJ OPV device, following photon absorption, an exciton in either donor or acceptor material
diffuses to the donor/acceptor interface. At this point, the electron on the excited donor or hole in
the excited acceptor can transfer the charge to the ground state of the acceptor or donor respectively,
thereby forming a coulombically-bound electron-hole pair localized in the donor and acceptor
materials, known as the charge-transfer (CT) state. Fundamentally, the CT state results from the
interaction between the wavefunctions of the donor and acceptor material in their excited and
ground states.®



As an intermediate between the exciton and fully dissociated charges, the fate of CT states governs
charge generation and recombination.” Ideally, CT states dissociate into free electrons and holes,
which can be extracted at the electrode to generate current. However, CT states can also recombine
before forming free carriers and free carrier can also recombine with CT state (back arrows in
Figure 1.1). These undesirable processes lead to a significant amount of energy losses in organic
solar cells,®? as discussed in detail in Section 1.4 and 1.5. The final step in OPV operation is charge
extraction of the photogenerated carriers at the electrode. In an efficient solar cell, charge
extraction must out-compete charge recombination. Many research efforts have focused on
optimization of the energetics between the absorbing material and electrode via building energy
cascades or improving morphology.?

1.2 Material development of OPV

In BHJ OSCs, fullerenes have been commonly used as the electron acceptor material mixed with
polymer donors.'®!* Due to highly symmetrical structure, fullerenes possess a number of
advantageous properties.'* Because the lowest unoccupied molecular orbitals (LUMOSs) are
delocalized across the entire 3D surface, isotropic and efficient charge transport can be achieved.
This results in nanoscale pure fullerene domains in the polymer/fullerene BHJ blend within the
diffusion length of the exciton, which is beneficial for efficient exciton splitting.'>

Fullerenes also have significant drawbacks.!* Due to its highly symmetrical structure, optical
transitions are largely forbidden, limiting absorption in the UV-visible range of the solar spectrum.
Less symmetrical fullerene acceptors such as PC70BM and its derivative have been designed, but
the synthetic yield of such molecules is considerably low. Second, fullerene molecules have low
optical tunability. The 3D cage structure makes it difficult to modify the frontier orbital energies.
Consequently, when blended with a polymer, optical absorption and photocurrent generation are
limited. Lastly, the morphology of polymer/fullerene is unstable and requires fine control to
achieve efficient photovoltaic performance. Although pure fullerene domains are beneficial for
exciton splitting, larger aggregates beyond the exciton diffusion length can form over time, thereby
leading to exciton and carrier decay before reaching the donor/acceptor interface or the electrode.

Research efforts have focused on synthetic strategies on the polymer donor and morphological
control to mitigate the aforementioned challenges.>!>'® Large-gap polymer donors have been
developed to compensate for fullerene’s low optical absorption. Via hybridization of the electron-
donating and electron-accepting units in the polymer chain, namely push-pull hybridization, small-
gap polymer donors such as PTB7-Th have been demonstrated. Other strategies include using high
boiling-point solvent additive to control morphology!” and adding a second polymer molecule to
enhance photon absorption.'® These efforts lead to over 10% power-conversion efficiency.

Until recently, strategically designed electron accepting materials replaced the fullerene
acceptors.>!%20 The development of new non-fullerene acceptors (NFAs) has advanced the
performance of organic photovoltaics, with power conversion efficiencies (PCEs) now
approaching over 18%.2! Compared to fullerene acceptors, NFAs have a number of attractive
properties that not only benefit the solar cell efficiency but also prompt new photophysical
questions.

1. Most NFAs contain electron-donating and electron-accepting units, thus rendering strong
absorption in the visible-near IR region. This not only appreciably enhances photon absorption in



the solar cell, but also complements the absorption profile of wide-gap polymer donors. When
NFA molecule is photoexcited, a significant number of excitons can charge-transfer to the polymer
donor, forming charge-transfer states which can dissociate into photocarriers. Charge generation
via hole-transfer from the acceptor molecule has been a previously overlooked topic
polymer/fullerene OPVs because of fullerene’s inferior photon absorption. We examine in detail
the kinetics of hole transfer from NFA to polymer donor in Chapter 2.

2. Polymer/NFA blends can achieve small energetics offset between low gap exciton and charge-
transfer state due to NFA’s readily tunable bandgap. Energetics of the CT state including its
adiabatic energy and the energetic offset with the low gap exciton largely determine the energy
loss in organic solar cell. This topic will be discussed in detail in the next section.

3. Small non-symmetrical acceptors could lead to a highly intermixed morphology, which requires
novel morphological control to ensure efficient exciton splitting and charge transport.

Overall, the development of NFAs push the field into higher photovoltaic performance.
Understanding of the kinetics and thermodynamics of photophysical processes and the governing
molecular properties is crucial to further improvement of organic solar cells.

1.3 Energy loss in organic solar cells

To achieve high efficiency, a solar cell must minimize the energy loss in photon-to-electron
conversion. In this section, we review origins for energy loss processes in an organic solar cell and
analytical methods for determining the loss terms, as this understanding is crucial for material and
device design.

Overall, the total energy loss of an OPV device is defined as the energy difference between the
energies of the low gap exciton (Eg;) and the free carriers (E g rier), Shown in Eqn. 1.1. In the
solar cell research community, E_,;or 1S commonly described via the concept of open-circuit
voltage (Voc), which is the maximum voltage a solar cell can output. Energy loss in an ideal solar
cell is described by the Shockley-Queisser theory. Shockley and Queisser assume that an ideal
solar cell where (1) absorptance is step-like, i.e. total absorption above step-like bandgap, and zero
below), (2) only radiative recombination is present, and (3) all generated electrons are collected.??
In this regime, the maximum voltage output can be predicted based on the bandgap of the solar
cell and is thus known as Shockley-Queisser voltage limit (Voc, sq). Nevertheless, a real solar cell
suffers from excess loss processes due to: (1) less-than-1 charge generation efficiency, (2) broad
bandgap leading to additional radiative recombination, (3) molecular vibration and structural
defects giving rise to significant non-radiative recombination loss. Thus, the energy loss, or the
open-circuit voltage loss (AV,¢) in a solar cell can be separated into energy lost from charge
generation from excitons of the donor and acceptor to form charge-transfer states (AViparge—gen)s

and energy lost from radiative and non-radiative recombination of charge-transfer states' (AV,.q4,
AVyraa), as shown in Eqn. 1.2 and Eqn. 1.3.8

! This includes recombination of free carrier, as charge-transfer state is the intermediate between exciton and free
carriers. The recombination of free carriers is non-geminate and bi-molecular, whereas charge-transfer recombination
is geminate or mono-molecular.



In the next few paragraphs, we describe the sources of each loss term and ways to reduce loss.

AE = Eg1 — Ecarrier Eqn. 1.1
AE = AEnarge-gen + DErgq + AEnrqq  Eqn. 1.2
AVOC = AVcharge—gen + AVrad + AVnrad Eqn- 1.3
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Figure 1.2 Energetics of organic solar cell. The left panel shows the orbital energies of the donor
(D) and acceptor (A) molecule and the energies of the bandgap and the CT-state in the
corresponding D/A blend. The right panel shows the state energy and sources of energy loss in an
OPV device.

Charge generation loss

The energetic offset between the donor and acceptor molecule directly relates to the charge
generation loss. As Figure 1.2 shows, HOMO and LUMO energy differences between the donor
and acceptor molecules govern the Esi-Ect offset, which can be tuned by modulating the chemical
structures of the donor and acceptor molecules. As S1 and CT energies come closer, “driving force”
for exciton dissociation is reduced. Traditionally, this is considered detrimental to the charge
transfer efficiency because significant energy is thought to be required to overcome the coulombic
interaction between the electron and the hole in the exciton. However, many reports have
demonstrated efficient power-conversion efficiency in donor/acceptor blends with minimal S1-CT
offset.?32° Furthermore, modulating the offset energy also influences the vibronic coupling
between the S1 and CT and hot exciton dissociation.?”-?

The optical bandgap Esi can be determined by three methods.?’ The most common method uses
the onset of the absorption or the photoaction spectrum. A more well-defined estimation is to use
the intersection between the normalized absorption and emission spectra. Lastly, the optical
bandgap can be determined via the photoaction spectrum. This method accounts for the
interference effect of transport layers and electrode on the bandgap in a device. Analytically, the
absorptance is interpreted as a superposition of a distribution of sharp step-functions, as described



by Shockley-Queisser, with different bandgap energies. Thus, the photovoltaic bandgap energy is
the average bandgap energies in the distribution.

To determine the energy of the CT state, highly sensitive experimental methods are usually
required. For polymer/fullerene blends, CT state lies lower in energy than the optical bandgap Es;.
This means that the CT state is visible in the absorption and emission spectra, but it only shows
extremely weak features due to their low density of state and low oscillator strength.® Thus,
photothermal deflection spectroscopy and Fourier-transform photocurrent spectroscopy are used
to detect CT state.?>3°

Radiative recombination loss

Detailed balance analysis shows that radiative recombination in solar cells is unavoidable. The
solar cell has non-negligible absorption below the bandgap, which extends into the blackbody
emission spectrum. Based on Kirchoff’s radiation laws, a grey body when in thermal equilibrium
with the ambient environment must emit an equivalent amount of radiation it absorbs.?! In a real
solar cell, sub-bandgap states such as the CT state result in excess thermal absorption, leading to
unwanted radiative recombination. Radiative recombination loss can be reduced by sharpening the
absorption band-edge. Polymer/fullerene blends has prominent radiative recombination loss, as
CT states are low-lying relative to the low gap S1 state. Polymer/NFA blends has lower radiative
recombination loss, as low as <0.1¢V in the most efficient organic solar cells.’> However, this is
still significant compared to inorganic and perovskite solar cells. Details on radiative
recombination loss calculation are included in Appendix B.

Non-radiative recombination loss

All non-radiative recombination processes lead to excess energy loss. These processes include a
variety of events such as geminate and non-geminate transition of CT state to the ground-state,
recombination via the triplet state, Auger recombination and morphological defects.* The
luminescence efficiency of the solar cell under charge injection determines the non-radiative
recombination loss as shown by Eqn. 1.4. A full derivation can be found in Appendix B.

qAVyraa = —kTIn(EQEg,) Eqn. 1.4

Non-radiative recombination loss contributes significantly to the total energy loss in organic solar
cells. This is 0.3-0.4 eV in polymer/fullerene blends and as low as 0.2 eV in polymer/NFA blends,
compared to ~0.18 eV for commercial silicon,* 0.025 eV for GaAs cells** and 0.034 eV for
emerging perovskite solar cells.®

Since CT state mediates charge generation and charge recombination (Figure 1.1), recent research
efforts to reduce non-radiative recombination loss have focused on understanding the less-than-
ideal radiative efficiency or luminescence efficiency (PLQY) of the CT state. As shown by Eqn.
1.5, PLQY of the CT state is determined by the fraction of radiative transition rate in the total rate.

Given the promising luminescence quantum efficiency achieved in organic light emitting diodes
(OLED:s), it is perplexing what molecular properties limit the photoluminescence of charge-
transfer states in OSCs, currently below 0.1%. Furthermore, we ask: what is the lower limit for
non-radiative recombination loss in organic solar cells? This motivated the work presented in
Chapter 3, where I study the photovoltaic performance and the photoluminescence properties of a



model OSC using an intrinsically emissive donor/acceptor blend. To approach this topic, I examine
the theoretical frameworks that uncover the molecular properties governing PL properties of
charge-transfer state. This understanding will provide insight for molecular design of OSCs with
low energy loss.

1.4 Molecular origin for non-radiative recombination loss
Modeling CT recombination rates in the two-state electron transfer regime

As mentioned in the last section, when only non-radiative recombination loss from CT states is
considered, the EQEgL is related to the photoluminescence quantum efficiency of the CT state
(Eqn 1.5). radiative and non-radiative recombination of CT states can be described as a two-state
electron-transfer event between CT and ground-state via the Marcus-Levich-Jortner framework.3¢
This scheme assumes that the electron that the electronic coupling between CT and ground-state
is much larger than that between CT and local exciton, as shown in Error! Reference source not
found..3.
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Figure 1.3 Potential energy surfaces of CT (orange) and ground-state (blue). Left diagram shows
a semi-classical description and the right shows a quantum mechanical model, where vibrational
levels and wavefunctions are shown. Radiative transitions are indicated by red arrows and non-
radiative transitions are shown as vibrational wavefunction overlap. Total reorganization energy
is denoted as A, emission energy of highest intensity as E.m and vibrational spacing as A().

In the framework of semi-classical two-state model (Figure 1.3 on the right), the non-radiative
recombination rate is written as the electron transfer rate constant given by the Marcus equation:

_ 2T 1 (_ (ECT—)LCT)Z) 2 - . . )
knr = Ay ey ex “akpTier )’ where I/ is the electronic coupling between ground

state and CT state, and A.r is the reorganization energy being the sum of intermolecular



reorganization (reflecting structural rearrangements upon de-excitation of CT) and inframolecular
reorganization due to vibrations of the molecule. In addition, intramolecular phonon modes must
be treated quantum-mechanically, given that intramolecular phonon modes are “frozen”
( AWinerq ~300-3000cm™) at room temperature and only intermolecular phonon modes
(Awineer~10-100cm™) are activated.’® Since Aw;prer K kT K AWintrq, intramolecular phonon
modes must be treated quantum-mechanically,’’*® and thus, within the Born-Oppenheimer
approximation and Fermi Golden Rule limits, the non-radiative transition rate can be written as

kny = 2ZVEFCWD  Eqn. 1.6

where FCWD (Franck-Condon weighted density of states) factor accounts for transitions between
all vibrational levels of CT and ground-states (Figure 1.3 on the left).

Here, Assuming CT and ground-state have equal intramolecular phonon modes (AQ), it has been
shown that the overlap integral squared between two vibronic states g, and Ypp < Yo |[Ppp >2,

-Scw-t
describing the transition probability, reduces to %It' [L¥~*(S)]?,% S is the Huang-Rhys factor ,

i . . N
S = hq—:, where # is the intramolecular phonon mode energy, t and w are the vibrational quantum

numbers for the ground-state and CT state, respectively, and LY ~*(S) is the generalized Laguerre
polynomial. The initial density of states at a particular vibrational level, t, of the CT state follows
the Boltzmann distribution, and the density of population with energy required for the transition
from the initial vibrational level of the CT state to the ground-state vibrational level, while
satisfying energy conservation, is described as a delta function. At room temperature, we can safely
only consider transitions from the relaxed CT states to all w vibrational levels. Taken together, we
write FCWD for non-radiative transition rate as
1 e_SSW ) —(ECT—AC—WFLQ)Z
0 w 4AckgT

me:O wl! [LO (S)] e c*B qu’l 1.7

where the factor before the sum represents the classical density of states.

FCWD(0) =

Radiative transition can be modeled as spontaneous emission with probability density of <

Yaa |ﬁ|¢ﬁ B >2_ Using the MLJ approach, we then write the radiative rate constant at a particular

photon energy k, (Aw) and integrate over photon energies to obtain the total radiative rate K, (Eqn.

1.9). Based on generalized Mulliken-Hush approach, the transition dipole moment (M) is related

to the electronic coupling (V) and change in dipole moment Ay. 44!

41 C%s?kgtev
D2

k. (hw) = — (h—w)3M2FCWD(hw) [6.94><10—

3megh* \ ¢

]Eqn. 1.8

K, = [ k.(hw)dhw Eqn.1.9

Using this model, it has been shown that both the radiative and non-radiative transition rates of
the CT state follow an “energy-gap law,” where higher CT energy has faster decay rates. More
importantly, the non-radiative recombination loss also follows this trend, where higher CT
energy renders lower loss. Besides the CT energy, non-radiative recombination is sensitive to the
vibronic overlap between the CT and ground state.?®#? This means that non-radiative
recombination loss can be mitigated by tuning the CT energetics relative to the ground-state,
including the reorganization energy, CT adiabatic energy, electronic overlap between the CT and
the ground-state, and the transition dipole moment.



These trends provide important insights for molecular design of high PLQY organic systems for
low voltage loss OPVs. Interestingly, when CT presumes a high adiabatic energy, the non-radiative
recombination rate is extremely sensitive to modifications in the molecular properties.*> The
consequence of this is two-fold: (1) It is extremely important to cross-check molecular properties
obtained from experiments and theoretical calculation. Failure to do so leads to either molecular
properties with no physical meaning or misinterpretation of the physical nature of charge
recombination in an organic system. (2) CT-LE mixing may impede high PLQY of CT because
mixing can also increase the non-radiative transition rate. These topics are studied in Chapter 3.

Beyond Marcus-Levich-Jortner two-state model

As discussed in Section 1.2, frontier orbital energies of NFAs can be tuned to raise the energy of
CT state. This is a common strategy to mitigate the S1-CT energy offset, suppressing energy loss
from charge generation. Recently, several polymer/NFA blends with small AE,_ . exhibits lower
non-radiative recombination loss than what MLJ model would predict.*** Theoretical work
attributes this finding to wavefunction mixing between the S1 and CT state that becomes
significant when CT and ground-state are close in energy.?’*> In the context of OPV, CT-LE
mixing is beneficial because CT state can borrow the emission intensity from an emissive NFA,
thereby enhancing electroluminescence and reduce non-radiative recombination loss. In Chapter
4, I propose an experimental method for directly probing wavefunction mixing in OPV blends with
small S1-CT energy offset. However, CT-LE mixing can hurt PLQY of large gap CT states, as |
will discuss in Chapter 3.
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Chapter 2. Hole-transfer in a polymer/non-fullerene
acceptor organic photovoltaic blend

Adapted with permission from Liu, Y.; Zuo, L.; Shi, X.; Jen, A. K.-Y.; Ginger, D. S. Unexpectedly Slow Yet
Efficient Picosecond to Nanosecond Photoinduced Hole-Transfer Occurs in a Polymer/Nonfullerene Acceptor
Organic Photovoltaic Blend. ACS Energy Lett. 2018, 3, 2396— 2403, DOI: 10.1021/acsenergylett.8b01416.
Copyright © 2018 American Chemical Society

2.1 Overview

We study photoinduced charge generation in a model polymer/non-fullerene acceptor organic
photovoltaic (OPV) blend. Specifically, we focus on hole-transfer kinetics from the photoexcited
non-fullerene acceptor (NFA) thiophene-thieno[3,2-b]thiophene-thiophene-3-
(dicyanomethylidene)indan-1-one (4TIC) to the conjugated polymer donor poly[(4,4’-bis(2-
butyloctoxycarbonyl-[2,2’-bithiophene]-5,5-diyl)-alt-(2,2’-bithiophene-5,5’-diyl)] (PDCBT)
using ultrafast transient absorption and time-resolved photoluminescence spectroscopy. We
measure the hole-transfer dynamics by selectively exciting the 4TIC electron acceptor and
monitoring the bleach of the PDCBT ground-state population. In the blend, we find that the 4TIC
excitons decay with an average lifetime of 7 ps, accompanied by a concomitant rise in the ground-
state bleach of the polymer with a comparable average lifetime that is 60% complete by 8 ps and
95% complete by 100 ps, occurring roughly an order of magnitude slower than in previously
reported polymer/NFA blends. Notably, the ground-state bleach of the polymer continues to grow,
not reaching its maximum until ~1 ns. To explain this long tail in the ground-state bleach rise, we
propose that some 4TIC charge-transfer-like excitons are generated, which undergo hole-transfer
to the polymer on the 100 ps-1 ns time-scale. Our findings provide new insight into the kinetics of
hole-transfer in non-fullerene OPV blends in the regime of small driving force and also support
the proposal that non-fullerene acceptors may generate long-lived charge species upon direct
photoexcitation.

2.2 Introduction

The development of new non-fullerene acceptors (NFAs) has advanced the performance of organic
photovoltaics (OPVs)!~* and reinvigorated the field, with efficiencies now climbing over 14%.2
Compared to fullerene acceptors, NFAs have several notable properties.* First, NFAs have larger
absorption cross-sections than fullerenes that facilitate more efficient light harvesting.>* Second,
unlike fullerenes, NFAs can have extended absorption into the near-infrared (nIR) wavelengths,
thereby complementing the absorption of the polymers.! With such absorption profiles, electron
transfer from the photoexcited polymer donor to the NFA, and hole-transfer from the photoexcited
NFA to the polymer donor, can both contribute to charge generation. Third, the energy levels of
NFAs can be readily tuned to match with those of the polymer donor to minimize open-circuit
voltage loss (Voc).!"* Finally, and perhaps most importantly, while fullerenes exhibit intrinsically
low photoluminescence quantum efficiencies which consign polymer/fullerene cells to large non-
radiative recombination losses, NFAs can in principle avoid this loss, possibly allowing them to
achieve higher Voc and thus close the performance gap with inorganic photovoltaics.” !
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However, these unique properties can also give rise to different charge generation and
recombination dynamics in polymer/NFA OPVs compared to fullerene systems. Because of an
organic NFA’s significant contribution to light absorption, it is of particular interest to investigate
the mechanism and dynamics of hole-transfer from the NFA to the polymer electron donor. Most
recent reports have shown efficient hole-transfer in multiple polymer/NFA systems occurring on
ultrafast timescales,!'™!* with excitons formed at the donor/acceptor interface dissociating within
1 ps. Slower hole-transfer (~1-2 ps) then occurs following exciton diffusion from the pure acceptor
region to the interface. These observations appear broadly consistent with the ultrafast charge
generation reported in many fullerene-based OPVs.'420 In contrast, delayed charge generation has
also been suggested in a limited number of polymer/NFA blends.!%?'23 Furthermore, in terms of
energetics, the necessity of a large enthalpic driving force, as often required by the majority of
efficient polymer/fullerene systems, has been challenged in newer studies of polymer/NFA
systems.’1021.22

Herein, we investigate charge generation via hole-transfer from the NFA to a conjugated polymer
donor in a model OPV system. This system, a blend of PDCBT and 4TIC, has minimal driving
force for hole-transfer yet good photon-to-charge conversion efficiency. Importantly, this system
also has clearly separated absorption bands, allowing for selective excitation of the 4TIC NFA,
and selective monitoring of polymer donor’s ground-state signatures, providing clean kinetics for
analysis. We study the dynamics and efficiency of hole-transfer in the PDCBT:4TIC blend by
selectively exciting 4TIC and monitoring the ground-state bleach (GSB) of PDCBT and the decay
of the 4TIC exciton. We find that only 60% of hole-transfer is completed by 8 ps, with 95%
completed by 100 ps, and the last 5% of hole transfer occurring very slowly between 100 ps and 1
ns. Hole transfer here is thus more than an order of magnitude slower than charge generation in
other efficient polymer/NFA OPV systems, yet still highly efficient (~90% quantum yield). To
explain these complex kinetics, we propose that some of the initial photoexcitations immediately
dissociate into polymer/acceptor charge-transfer (CT) states while other photoexcitations result in
CT excitons in the pure NFA region which ultimately transfers the hole polaron to the polymer
over different timescales.

2.3 Photovoltaic properties of PDCBT:4TIC blend

Figure 2.1a shows the structures and the ionization potential (IP) and electron affinity (EA) energy
levels of PDCBT and 4TIC estimated via cyclic voltammetry measurements on films, combined
with the measured optical bandgaps. Jen and co-workers designed the 4TIC molecule based on
ITIC, a widely used NFA that has shown good device performance when blended with various
polymers.?* Compared to ITIC, the core donor unit is replaced by a rigid and more electron-rich,
fused-ring thiophene-thieno[3,2-b]thiophene-thiophene (4T), which we expect to give rise to
stronger intramolecular charge transfer with the acceptor unit 3-(dicyanomethylidene)indan-1-one
(IC).>* Consequently, 4TIC has an extended absorption into the near-infrared (nIR) wavelengths
compared to ITIC (Figure 2.1b, red). The donor PDCBT is a derivative of polythiophene (PT) and
absorbs at shorter wavelengths (Figure 2.1b, black).?2® We determine the driving enthalpy for
hole-transfer from the photoexcited NFA to the polymer donor to be ~-110meV (endergonic) —
suggesting that hole-transfer should be slightly energetically unfavorable based solely on
commonly used CV energetics and assuming only enthalpic terms (see Section 1 in the SI for
details).?’
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Figure 2.1b shows the wavelength-resolved external quantum efficiency (EQE) spectrum for a
ITO/PEDOT:PSS/PDCBT:4TIC (1:2 wt/wt)/bis-Cso/Ag device. The blend generates photocurrent
efficiently across the absorption bands of both the 4TIC (~550-900 nm) and PDCBT (~450-650
nm), with an external quantum efficiency (EQE) as high as 53% in the 4TIC absorption
wavelengths. The optical density of the blend film is 0.4-0.5 in the 4TIC absorption wavelengths
suggesting that the internal quantum efficiency is over 50 % at these wavelengths, assuming a
simple double pass approximation. This indicates a large fraction of 4TIC excitons dissociate to
generate free charge efficiently. Figure 2.1¢ shows the full current-voltage curve for a typical
device prepared from a PDCBT/4TIC blend. These devices show efficient photocurrent generation
and collection, with a short-circuit current density (Jsc) of 16.6 mA/cm?, a Voc of 0.70 V, a fill
factor of 60%, and an overall power conversion efficiency of 6.4+0.4% (averaged over 8 devices).
Since 4TIC has a smaller bandgap than PDCBT, hole-transfer from 4TIC to PDCBT is the only
possible pathway to create hole polarons on PDCBT following photon absorption by 4TIC. Our
observation of efficient charge generation despite a slightly unfavorable driving force is broadly
consistent with other reports of charge generation regardless of low (or even zero) energy offsets
in polymer/NFA blends and serves to underscore the fact that the OPV field has reached the limits
of using electrochemical- or photoemission-based measurements to determine driving forces.
Since hole-transfer is obviously favorable, as seen by the device data in Figure 2.1b-¢ we propose
that the CV-derived values of the driving force are uncertain either because (i) the EA and IP
energy calculations from cyclic voltammetry measurements in solution differ from the values in
the device due to effects such as the role of the counterion on the redox potentials of the organic
materials,?® (ii) IP and EA energies of the donor and acceptor molecules are modified in a bulk
heterojunction structure,?® or (iii) entropic terms play a role and we need to rely on free energies
should be computed using a different formalism,?°=3! rather than simple enthalpic terms. While a
discussion of these points is not our focus here, we highlight the small apparent driving force to
highlight the similarity of this system with many recently reported materials.3-10-2232.33
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Figure 2.1(a) Molecular structures and IP and EA levels of the polymer donor PDCBT and the
non-fullerene acceptor 4TIC. The IP and EA of PDCBT and IP of 4TIC were measured via cyclic
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voltammetry on films. The EA of 4TIC was estimated based on the optical bandgap and the IP of
the 4TIC film. (b) Absorption spectra of PDCBT, 4TIC, and PDCBT/4TIC (1:2 wt/wt) blend, and
EQE of the optimized blend device. (¢) Current density-voltage characterization of the optimized
PDCBT/4ATIC device under AM 1.5G illumination. Device structure:
ITO/PEDOT:PSS/PDCBT:4TIC (1:2 wt/wt)/bis-C60/Ag.

2.4 Hole-transfer kinetics

Having established that efficient charge separation still takes place in PDCBT/4TIC blends, we
next turn to explore the kinetics governing charge generation in this system. In all the following
spectroscopic studies, we selectively excite 4TIC at 810 nm, where PDCBT does not absorb, to
isolate hole-transfer from electron-transfer from donor to acceptor. In these experiments, energy-
transfer is not possible because PDCBT has a larger bandgap than 4TIC, and we excite on the red
edge of the 4TIC absorption band. We then monitor the kinetics of hole-transfer via the ground-
state bleach of the PDCBT polymer.

We analyze the carrier dynamics following 4TIC excitation in PDCBT:4TIC blends and propose
a mechanism to describe the kinetics. We use 810 nm pump laser with 2.5 pJ/cm?/pulse to
selectively excite 4TIC in the blend film. We use low excitation fluences to avoid non-linear
photophysics such as two-photon absorption, exciton-exciton, and exciton-charge annihilation,
(See Appendix A Figure S1), as well as to keep the excitation density relevant to the working
condition of a solar cell, on the order of 107 excitations/cm? (see Appendix A Section 2 for
excitation density calculations). Figure 2.2 shows -AT/T transient absorption (TA) spectra at
selected pump-probe delay times after photoexcitation, and kinetic traces of key photoexcited
species (ps-ns). Figure 2.2a shows evidence for hole-transfer from 4TIC to PDCBT at 1 ps: a
negative signal spans the entire visible spectrum, consistent with a bleach of the absorption of both
PDCBT and 4TIC (Figure 2.1a, black). Importantly, the bleach from 450-600 nm matches the
PDCBT absorption spectrum, complete with vibronic structure, and can only be attributed to the
PDCBT polymer, since 4TIC does not absorb in this region. Since we do not excite the polymer
(see Appendix A Figure S2 for control experiments on pristine polymer films) and since the
PDCBT bandgap is larger than the 4TIC bandgap, the presence of the PDCBT ground-state bleach
presents a clear, unambiguous fingerprint of hole-transfer from 4TIC to PDCBT.

In the NIR wavelengths, we observe two prominent photoinduced absorption (PIA) features at 960
nm and 1100 nm following photoexcitation (Figure 2.2a). At 1 ps, the 960 nm peak dominates the
NIR wavelengths, whereas at later times the feature at 1100 nm is the only remaining signature.
We assign the 960 nm peak as the absorption of 4TIC exciton generated due to the 810 nm
excitation, based on its similarity with the TA spectra of pristine 4TIC solutions (Appendix A
Figure S7). The 1100 nm peak is likely to be a mixture of various photoexcited species, such as
PDCBT/4ATIC charge-transfer (CT) states and PDCBT and 4TIC polarons (Appendix A Figure
S3). Because the exciton and polaron features overlap spectrally, we decomposed the NIR
spectrum (900 — 1400 nm) into two Gaussian functions representing each PIA feature (See
Appendix A Section 4 and Figure S4-5 for details on spectral decomposition). However, the
kinetics of these exciton and polaron features did not change appreciably after spectral
decomposition (Appendix A Figure S5), and we thus use the kinetics data before decomposition
in all discussions below for simplicity. The orange trace in Figure 2.2b shows a rise with a mono-
exponential time constant of ~2 ps. Roughly 80% of the 1100 nm signature population still remains
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by 5 ns, indicating the presence of long-lived free carriers. Thus, based on the spectral signature
and persistent signal, we assign the 1100 nm peak to absorption of donor and acceptor polarons
and/or long-lived charge transfer pairs.
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Figure 2.2 (a) Transient absorption spectra of PDCBT/4TIC (1:2 wt/wt) film at selected pump-
probe delays of 1, 10 and 100 ps using 810 nm pump at 2.5 pJ/cm2/pulse (green, red and blue) and
steady-state absorption spectra of PDCBT (black, solid) and 4TIC (black, dotted). (b) Kinetics of
4TIC exciton (at 960 nm), PDCBT GSB (at 600 nm), and the charged species of PDCBT and 4TIC
(at 1100 nm). Black traces represent stretched exponential best-fits to the kinetic traces obtained
by re-convolving a stretched exponential with the Gaussian-shaped IRF of the laser system (~250
fs). The charge population is only fit up to 100 ps to characterize its rise. (¢) Scheme for hole-
transfer directly from 4TIC excitons. kex>ct and kex-sas are the first-order rate constants of the
4TIC exciton dissociation to form PDCBT/4TIC CT states and the exciton recombination to the
ground-state, respectively. SO: ground-state 4TIC, S1: 4TIC singlet exciton.

Figure 2.2b shows that the hole-transfer is remarkably slow yet relatively efficient. We note that
only 60% of the polymer GSB (red trace) completes by 10 ps. Yet, the majority of the hole-transfer
(~95%), i.e. PDCBT ground-state bleach rise, tracks almost perfectly with the 4TIC exciton decay,
with average 1/e lifetimes of 8 ps and 7 ps, respectively. We take the correspondence between the
kinetics of the 4TIC exciton decay and the majority of the PDCBT GSB rise to indicate that hole-
transfer from the 4TIC excitons occurs efficiently over the first 100 ps, by which time the 4TIC
exciton fully decays. Notably, this timescale is much slower compared to many polymer/fullerene
and polymer/NFA blends, where charge generation occurs on sub-100-fs timescales.®!'=132! In our
blend system, the donor GSB has a slow rise and low signal magnitude within the instrument
response, suggesting that ultrafast charge transfer is negligible. Rather, hole-transfer most likely
occurs via the 4TIC exciton diffusion and subsequent dissociation into PDCBT/4TIC CT states, a
commonly reported charge generation scheme (Figure 2.2).3° Nevertheless, these PDCBT/4TIC
blends ultimately exhibit efficient charge transfer and good photovoltaic quantum efficiencies
(Figure 2.1¢) even though the timescale for charge transfer in the PDCBT/4TIC blend is ten-to-
hundred times slower than that reported for many typical organic donor/acceptor blends. Based on
the charge generation scheme depicted in Figure 2.2¢, we can quantify the hole-transfer efficiency
within 100 ps as determined by the competition between first-order rate constants of the 4TIC
exciton recombination to ground-state (kex>gs) and hole-transfer from the exciton to
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donor/acceptor CT state (kexsct, Eqn. 2.1). We thus estimate the hole-transfer yield to be around
90%, within 100 ps.

HOle - tranSfeT yleld = kEX%CT / (kEXQCT + kEX%GS) Eqn. 2.1

This ~10-100 ps scale charge transfer is already remarkably slow compared to conventional OPV
blends. We next focus on the remaining ~5% of the bleach population, which slowly completes
from 100 ps to 1 ns. It is unrealistic that this slow phase is due to dissociation of long-lived initial
photoexcited excitons because this would imply a hole-transfer yield of ~45% and would be
inconsistent with the measured device EQE and the estimated IQE at 810 nm, as explained in detail
below. The polymer GSB rise from 0 ps up to I ns can be fit to a stretched exponential function
with average lifetime of 18.3+0.2 ps. Note that the longer average lifetime found here characterizes
the long tail observed in the PDCBT GSB rise. Since the 4TIC exciton decays with an average
lifetime of 8 ps, based on the hole-transfer scheme in Figure 2.2¢, the total hole-transfer yield
would be only ~45%. This is unreasonable given an estimated IQE of 70% based on the high EQE
we observe at 810 nm (Figure 2.1b, orange trace). The conundrum here is to reconcile the fast
decay of the 4TIC exciton with the slow yet efficient hole-transfer indicated by PDCBT GSB rise.
Therefore, we hypothesize that the slow phase of hole-transfer does not originate directly from the
spectrally resolved 4TIC excitons to the PDCBT/4TIC CT state; rather, a separate 4TIC
photoexcited species transfers its hole to the PDCBT on the timescale of tens to hundreds of
picoseconds. Specifically, we consider two possibilities for the generation of the second 4TIC
photoexcited species. First, within the instrument response, some charge-transfer-like species are
formed in the pure acceptor region due to intermolecular interactions between aggregated 4TIC
molecules. These states could then transfer the hole to the polymer molecules on a delayed
timescale, either directly or indirectly. Second, on slower timescales, the 4TIC excitons delocalize
among the 4TIC molecules and generate 4TIC charge-transfer-like excitons with a different
spectral fingerprint. This slower process would thus appear as an additional non-radiative decay
pathway for 4TIC excitons, thereby seemingly competing with CT generation and reducing the
hole-transfer yield according to Eqn. 2.1, but in actuality leading to charges, just at longer times.

Both of these hypotheses invoke the presence of a spectroscopically buried 4TIC intermediate state
(possibly a secondary exciton species of charge-transfer characteristics) and both explain that
despite the existence of highly efficient hole-transfer (~90% within 100 ps), the polymer GSB rise
1s two orders of magnitude slower than the exciton decay. Nevertheless, they differ on the time-
scale and mechanism of the 4TIC intermediate generation. To examine the above two hypotheses,
we performed TA experiments on pristine 4TIC films (Appendix A Figure S6). A PIA peak
centered at ~1100 nm is immediately generated within the instrument response, even without the
presence of the polymer donor, which we propose could be charged species of 4TIC molecules
such as polarons or polaron-pairs (see Section 5 in Appendix A for TA studies on pristine 4TIC
films, Appendix A Figure S6-9).2* Thus, we hypothesize that 4TIC intermediates in the pure
acceptor region of the PDCBT/4TIC blend could be created within the instrument response, i.e. in
parallel with 4TIC exciton generation, as described by the first hypothesis. However, we cannot
completely rule out the possibility that the intermediates are generated sequentially from 4TIC
excitons and we therefore include this pathway in our hole-transfer scheme described below in
detail.
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2.5 Charge-transfer intermediates in pure 4TIC

Generation of secondary photoexcitation species has been reported in various neat homopolymers
such as polythiophenes and poly(p-phenylene vinylene),>*> “push-pull” copolymers such as
PBDTTPD, PCDTBT and PTB-based copolymers,*** and various molecular crystals such as
sexithiophene and polyacene molecules.***® In these reports, the intermolecular photogenerated
species, which exhibit a variety of charge separation and electronic delocalization, are generated
(1) via second-order processes such as exciton-exciton and exciton-charge annihilation, at high
fluences, (2) directly upon photoexcitation, or (3) via ultrafast branching of the exciton on
femtosecond-timescale. In spite of the debate on the origin and electronic nature of the
photoexcited species, the molecular packing and aggregation within solid-state polymer and
molecular crystals are integral to fast charge photogeneration yield.** In the same vein, the
enhanced crystallinity of indacenodithiophene-based NFAs,>% including the 4TIC molecule in this
study,?* is very likely to play a role in inducing electronic delocalization of the primary 4TIC
excitons to form charge-transfer-like species.
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Figure 2.3 (a) Proposed model for charge generation in the PDCBT/4TIC blend upon 4TIC
excitation. (b) Overlay of the normalized exciton and PDCBT GSB kinetics. Best-fits (black) are
obtained by fitting the NFA exciton (--) and polymer GSB (--) kinetics simultaneously to
numerical solutions to the rate equations based on the model in (a). Summary of the rate
constants are shown in Table 1. Inset shows the normalized early-time (up to 20 ps) kinetics of
the exciton and 1 — PDCBT GSB and their best-fits.

To understand the entire hole-transfer process (0-1 ns) in detail, we propose the charge generation
scheme shown in Figure 2.3a. The key aspect of this model is that two populations of 4TIC
photoexcitation, namely the 4TIC excitons and the 4TIC charge-transfer-like excitons (CTXs), can
transfer the hole to the polymer PDCBT. Since we are not able to spectrally resolve the 4TIC CTXs
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and characterize their dynamics, we consider both ultrafast generation parallel with the 4TIC
exciton generation and sequential generation from 4TIC excitons. Our model is described below.
Within the instrument response time, two populations of 4TIC photoexcitation are generated.
Specifically, spectrally resolved 4TIC excitons (Si), a fraction (f) of the total initial
photoexcitations (No), are generated within the instrument response and have three fates: geminate
recombination (Kgx»>gs), direct hole-transfer and generation of CT states at donor-acceptor
interface (Kex>ct), and conversion to the 4TIC CTXs in the pure acceptor region (kex>crx). The
4TIC CTXs can also be generated within the instrument response, with a yield of (1 — f) X N,.
Whether they are generated directly from 4TIC ground-state or from 4TIC excitons is ambiguous.
They then hole-transfer to the polymer and form the PDCBT/4TIC CT state, which ultimately
either dissociate into hole polarons of donor and electron polarons of acceptor molecules (Kct>rc)
or recombine geminately (kcrsgs). Free carriers in 4TIC and PDCBT eventually recombine non-
geminately (Kpi) via interfacial CT states. The rate equations for this model are shown in Eqns.2.2-
5. We omitted the free carrier recombination step in constructing Eqn. 2.5. This is reasonable
because we focus on the charge generation process up to 1 ns, by which time PDCBT GSB has
just saturated, and because the free carrier signal persists out to 5 ns. Figure 2.3b shows that the
4TIC exciton and PDCBT GSB kinetics fit well to the numerical solutions to these equations (rate
constants shown in Table 2.1).

Table 2.1. Summary of rate constants of each step in the proposed hole-transfer model for
PDCBT/4TIC blend and the ultrafast splitting ratio of initial photoexcitation into exciton and CT-
like excitons.

Rate constant 1/e lifetime (ps)
(1/ps)
EX=> CT 0.138+0.002 7.2+0.1
EX = GSa 0.026+0.002 40+6
EX 2 CTX 0.035+0.001 28+1
CTX>CT 0.0090+0.0001 111+1
CTX = GSa 0.0011£0.0002 1000+100
CT = FCa +tFCp  0.076+0.008 13+1
CT - GSa+GSg  0.0009+0.0001 1050+30
Fraction
f 0.89+0.05

Average and standard deviation values were obtained by fitting the NFA exciton and polymer GSB kinetic
traces to the numerical solution to Equations 2-5 ten times. EX: acceptor exciton, CT: donor/acceptor
charge-transfer state, CTX: acceptor charge-transfer-like exciton, GSa¢p): acceptor(/donor) ground-state,
FCagny: free carrier of acceptor(/donor), f: fraction of the initial photoexcitation that generates 4TIC exciton
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We draw attention to three observations. First, the rate constant of donor/acceptor CT formation
(kex>cr) 1s significantly faster than 4TIC exciton geminate recombination to the ground-state
(kex>gs). This indicates that hole-transfer from the 4TIC exciton to the PDCBT/4TIC CT state is
kinetically favorable and thus efficient, as evidenced by the matching normalized kinetics of (1 -
PDCBT GSB) and the 4TIC exciton at early times (Figure 2.3(b), inset). Second, although 4TIC
CT excitons convert to PDCBT/4TIC CTs (kcrx>ct) faster than their relaxation to the ground-
state (KcTx>gs), hole-transfer from the 4TIC CT-like excitons (average 1/e time = 111+1 ps, Table
2.1) is more than 10 times slower than direct hole-transfer from 4TIC exciton (average 1/e time =
7.2£0.1 ps, Table 2.1). Therefore, the presence of the 4TIC CT-like excitons residing on 4TIC
allows for slow charge generation on the PDCBT donor polymer. Lastly, based on Eqn. 2.6, the
total yield of hole-transfer from 4TIC exciton and 4TIC charge-transfer-like exciton is ~94%,
consistent with our estimate based on the exciton and polymer GSB kinetics in the first 100 ps
(~90%). Overall, this scheme matches well with the observed data, demonstrating that a single
hidden or spectroscopically buried state could account for the observed dynamics.

kEX—>CT+kEX—>CTX

Hole — transfer yield = f X
kEX—)GS + kEX—>CT+kEX—>CTX

+(1 - f) x kerx-cr Eqn. 2.6

kcrx-crtkerx-as

2.6 Conclusion

In conclusion, we have studied photoinduced charge generation in a model polymer/NFA system
using ultrafast transient absorption spectroscopy. This system is a useful model system in that it
permits selective excitation of only the NFA acceptor and has an unambiguous fingerprint of
charge transfer in the polymer ground-state bleach. Despite a low driving force for charge transfer,
we find the NFA transfers holes to the polymer efficiently, with a yield ~90%, with ~95% of the
charges generated during the first 100 ps. This timescale is already much slower than most organic
photovoltaic blends reported to date, although there are a limited number of studies reporting
delayed charge generation in efficient polymer/NFA blends, where exciton diffusion to the
donor/acceptor interface is slow?* or lowered charge-transfer driving force likely increases exciton
dissociation barrier.!” Surprisingly, the polymer bleach continues to grow slowly over the next
nanosecond, even though the excitons on the NFA have all decayed after 100 ps. To interpret this
data, we propose that a small fraction of the NFA excitons dissociate into 4TIC CT-like excitons
in the acceptor phase. These states can then transfer hole polarons to the polymer at longer times.
These results are significant because they provide a detailed look at the kinetics of hole-transfer
from a non-fullerene acceptor to a conjugated polymer. They confirm that ~fs scale charge-transfer
is not a prerequisite for efficient photocurrent generation, consistent with a small number of prior
studies on polymer/fullerene**~° and polymer/non-fullerene blends,'??! and also appear consistent,
if indirectly, with proposal that some non-fullerene acceptors may generate CT states or polaron
pairs upon direct photoexcitation.?*
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Appendix A

Experimental method and supplementary information for Chapter 2.
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Chapter 3. Lower limits for non-radiative recombination
losses of charge-transfer states: the role of LE-CT mixing

This chapter is from the submitted manuscript: Liu, Y.; Zheng, Z.; Coropceanu, V., Bredas, J-L., Ginger, D. Lower
Limits for Non-Radiative Recombination Losses in Donor/Acceptor Organic Complexes.

3.1 Overview

the factors controlling radiative and non-radiative transition rates for charge transfer states in
organic systems is important for applications ranging from organic photovoltaics (OPV) to lasers
and LEDs. We explore the role of charge-transfer (CT) energetics, lifetimes, and photovoltaic
properties in the limit of very slow non-radiative rates by using a model donor/acceptor system
with photoluminescence dominated by thermally activated delayed fluorescence (TADF). This
blend exhibits an extremely high photoluminescence quantum efficiency (PLQY = ~22%) and
comparatively long PL lifetime, while simultaneously yielding appreciable amounts of free charge
generation (photocurrent external quantum efficiency EQE of 24%). In solar cells, this blend
exhibits non-radiative voltage losses of only ~0.1 V, among the lowest reported for an organic
system. Notably, we find the non-radiative decay rate, knr, on the order of 10> s~1, approximately
4-5 orders of magnitude slower than typical OPV blends, thereby confirming that high radiative
efficiency and low non-radiative voltage losses are achievable by reducing kn.. Furthermore,
despite the high radiative efficiency and already comparatively slow ki, we find that ki is
nevertheless much faster than predicted by Marcus-Jortner-Levich two-state theory and we
conclude that CT-local exciton hybridization is present. Our findings highlight that it is crucial to
evaluate how radiative and non-radiative rates of the local exciton individually influence the PLQY
of charge-transfer states, rather than solely focusing on the PLQY of the LE. This conclusion will
guide material selection in achieving low non-radiative voltage loss in organic solar cells and high
luminescence efficiency in organic LEDs.

3.2 Introduction

Donor-acceptor (D:A) blends are widely used in efficient organic light emitting diodes (OLEDs)
and organic photovoltaics (OPVs). Detailed balance arguments indicate that these two applications
are two sides of the same coin,? which, as OPVs have climbed to higher efficiencies, has led to
the realization in the organic solar cell community that OPVs should also be bright (radiatively
efficient) if they are to approach theoretical efficiency limits.> Despite recent efforts to improve
the luminescence efficiency of charge-transfer states, OPVs still largely suffer significant energy
losses from non-radiative recombination® compared to inorganic systems like perovskites or
GaAs.5” Typically, polymer/fullerene-based OPVs have non-radiative voltage losses ( AVZY) in
the range of ~0.3-0.4 V,!'° with the most efficient polymer/non-fullerene systems reaching AV
0f 0.2-0.3 V.!""17 While these values approach those for commercial silicon (~0.18 V),!8 they still
compare poorly with AVJY values of 0.027 V for GaAs® and 0.034 V for emerging perovskite
materials.” The so-called “energy gap law”!® for non-radiative geminate recombination rates has
been invoked to set the boundaries for the radiative efficiency of organic D:A blends. Furthermore,
Vandewal and co-workers have suggested that organic blends should have intrinsically high non-
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radiative recombination rates due to the coupling of the electron transfer process with high-
frequency intramolecular vibrations.!® Multiple groups have highlighted the importance of
controlling reorganization energy and disorder to achieve high radiative efficiency.?*>? Despite
these efforts, the radiative and non-radiative rates of organic (macro)molecules in OLEDs and
OPVs are still not fully understood at the microscopic level. For example, remarkably emissive
CT states have been reported with radiative efficiencies exceeding those predicted by the “energy
gap law”.121323.24 Along the same line, after it was demonstrated in 2012 that D:A exciplexes®
can be used to build efficient OLEDs, there have been major advances in exciplex-based OLEDs
with external quantum efficiencies (EQEs) of 20.0% for blue and 24.0% for green emitting
devices.?® Since many exciplex emitters rely on the thermally activated delayed fluorescence
(TADF) mechanism, a significant amount of recent work was mainly focused on understanding
intersystem crossing (ISC) and reverse ISC transitions. In contrast, understanding the transition
rates of the exciplex or CT state itself has received less attention.

To gain insight into the radiative and non-radiative rates of the CT state as well as the impact of
these rates on the optoelectronic performance, we use a model TADF-emissive blend composed
of 4,4',4"-tris[3-methylphenyl(phenyl)amino]triphenylamine (m-MTDATA) as the donor and tris-
[3-(3-pyridyl)mesityl]borane (3TPYMB) as the acceptor. TADF blends, compared to typical
donor/acceptor OPV blends, are luminescent systems with long PL lifetime due to thermally
activated reverse intersystem crossing from the lowest triplet state to the lowest singlet excited
state.>’ The m-MTDATA/3TPYMB blend is intriguing because it exhibits both a high
photoluminescence quantum yield (PLQY ~22%), and an appreciable photovoltaic external
quantum efficiency (EQEp, max ~24%) for converting incident photons into photocurrent.>'—
We find that the non-radiative decay rate is significantly faster than that predicted by the Marcus-
Levich-Jortner (MLJ) two-state model within the realm of plausible molecular parameters.
Combining our experimental and theoretical results, we conclude that hybridization of the CT
states with the local exciton (LE) states speeds up the non-radiative decay and harms the
photoluminescence quantum yield, leading to additional non-radiative recombination loss. Our
results highlight the importance of controlling CT energetics, namely CT-LE hybridization, to
achieve small non-radiative recombination loss in OPVs and high radiative efficiency in OLEDs.

3.3 An emissive and charge-generating charge-transfer state- based
system: m-MTDATA/3TPYMB blend

Photoluminescence properties

Figure 3.1a shows the molecular structures and reported state energies of both m-MTDATA and
3TPYMB.* We deposited (1:1) blend films of m-MTDATA:3TPYMB by thermal co-evaporation
of the donor and acceptor materials. Figure 3.1b shows the PL of the neat donor and acceptor
materials, as well as the blend. Compared to neat donor and acceptor films, the m-
MTDATA:3TPYMB blend shows a significantly red-shifted PL spectrum, consistent with charge-
transfer state emission, indicating that charge and energy transfer from the local exciton to the CT
state are highly efficient, in good agreement with previous reports.3'32
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Figure 3.1 (a) Energy levels and molecular structures of m-MTDATA and 3TPYMB. (b)
Absorption (-0-) and PL spectra (-) of neat donor (red), acceptor (black) and blend films/devices
(green) overlaid with EL spectrum (blue) of the blend device. The PL spectrum of the blend was
measured from the solar cell device stack.

Figure 3.2 shows the time-resolved photoluminescence (PL) from the blend measured at room
temperature. We observe a clear bi-phasic PL decay with both prompt and delayed emission,
characteristic of TADF materials. Figure 3.2 also shows fits of a bi-exponential decay to the
observed PL kinetics, which yields lifetimes of 4.7 pus and 43 ps for the prompt and delayed decays,
respectively, both consistent with previous reports on this system.3>3*35 On glass substrates, our
blends exhibit a PLQY from the CT state of 22%. This PLQY value is 2-3 orders of magnitude
higher than typical CT emission in OPVs.!>3 Based on our measured PLQYs and lifetimes, we
determine the radiative (k,), intersystem crossing (k;s.), and non-radiative (k,, ) rate constants of
the singlet CT state ('CT) to be k, = 2.75 X 10*s™ 1, k;gc = 89x10*s71, and k,, =
9.8 x 10* s71, respectively (see SI Section 1 for details on the rate calculation). Compared to
previously reported k, and k,,. values for CT states in D/A OPV blends, the
m-MTDATA/3TPYMB blend system exhibits what appears to be a remarkably slow non-radiative
rate—roughly 5 orders of magnitude slower than commonly reported k,,,- values for CT states
(Appendix B Table S1).

Figure 3.2 PL decay shows prompt and
delayed emission with time constants of 4.7
pus and 43 ps. A two-exponential function
convolved with experimentally measured
IRF is fit to the data, shown in blue.
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Photovoltaic properties

Next, we explore the photovoltaic properties of the m-MTDATA:3TPYMB blend. We chose the
following device structure: glass/ITO/PEDOT-PSS/MeO-TPD/m-MTDATA/m-
TDATA:3TPYMB/3TPYMB/Bphen/LiF/Al, in order to avoid formation of any potentially
interfering exciplexes at the interfaces of the active layer and transport layers. The device
demonstrates a maximum incident photon to charge collection efficiency (EQEpy ) of 24% (Figure
3.3a). We measured the refractive indices via ellipsometry and modelled the absorption of the m-
MTDATA:3TPYMB layer in the device (see Appendix B Figure S1) using a transfer matrix
algorithm to calculate the photovoltaic internal quantum efficiency (IQEpy).’” We find that IQEp,
is over 40% over the region corresponding to the majority of the donor and acceptor absorption
spectra. Figure 3.3c¢c shows the electroluminescence quantum yield (EQEg;) measured as a
function of injected current density. In the best performing PV cell, we measure EQEy; to be 1.67%
at injection current equivalent to short-circuit current at 1-Sun illumination condition (average
EQEg;=1.82+0.02%, number of devices, N=6). We thus obtain the corresponding AV/+ according
to Eqn. 3.2 below to be only ~100meV, which places this system among the most emissive charge-
generating organic photodiode structures, comparable to the best OLED-based OPVs reported so
far (Figure 3.3d).!0-12:13.15.16.24.38-43 Rjgyre 3.3b shows that under AM1.5G illumination conditions,
the best performing PV cell yields a V- of 2.12 V (2.12+0.03 V, N=6); however, despite a
photocurrent EQEpy of ~24%, Jsc only reaches ~0.1 mA/cm? (0.09+0.02 mA/cm?, N=6) due to the
wide bandgap and consequent poor overlap with the solar spectrum.
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Figure 3.3 (a) EQEpv and IQEpy spectra, overlaid with PLE spectrum (dashed red line). (b) J-V
curve measured under simulated AM1.5G illumination. (¢) EL (red), EQEpv (blue), and recreated
EQEpv (black) spectrum based on Rau’s reciprocity theorem. The EL spectrum is divided by the
blackbody radiation spectrum and multiplied by a scaling factor to match the low-energy EQE tail.
(inset) Electroluminescence external quantum efficiency (EQEEL) at 1-Sun illumination relevant
injection current. (d) Survey of AV,.9¢ and E.; of previously reported CT-based donor/acceptor
blends (blue and green), a previously reported OLED exciplex-based blend (black) and our blend.

The experimental V- of 2.12 V is 0.73 V lower than the Shockley-Queisser V. limit (VOSCQ) of
2.85 V for the bandgap of 3.239 eV. Thus, we next consider the factors governing the overall
voltage loss in our CT-based TADF-emissive solar cell. Following the well-established framework
based on detailed balance,*** we separate the V. loss into two sources: (1) charge generation
loss (AVSS), which is due to non-ideal EQEpy and (2) charge recombination loss, both radiative
and non-radiative, where AV is related to energy loss due to non-radiative recombination (Eqn.
3.1):
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Voc = Vol + AVSS + AVye + AVE Eqn. 3.1
qAVYE = —kTIn(EQEg) Eqn. 3.2
Table 3.1 Results of the open-circuit voltage loss analysis.
Egqp(eV) V2 (V) AVSE(W) AVE-(V) AVEE(V)  vSEe (V) VIES(V)
3.239 2.85 -0.0484 -0.6 -0.104 2.098 2.11

The radiative voltage loss (AV/) is due to radiative recombination that is not accounted for in the
Shockley-Queisser limit due to additional absorption/emission states below the bandgap (which is
a step function in the ideal SQ case). By analyzing the sub-gap EQE and EL spectra within Rau’s
reciprocity framework (Table 3.1; see Appendix B Section 2 for details), we determine AVj to be
0.600 V. This value is on the higher end compared to efficient BHJ OPVs.!'2713:46 We attribute this
large AV/ to the large offset between E.y and the bandgap (Figure S2), leading to significant
below-gap absorption. Taken together, our voltage loss analysis (1) demonstrates a small non-
radiative recombination loss, among the lowest reported to date in charge-generating organic solar
cells and (2) highlights the challenge of simultaneously reducing radiative and non-radiative
voltage losses in CT-based solar cells.*’

Benchmarking transition rates of the CT state

At this point, we return to analyze the k,,, values in more detail. It is instructive to compare the
emissive properties of the m-MTDATA:3TPYMB blend with those of the m-MTDATA and
3TPYMB components. We measured the radiative rate (kLF), non-radiative rate (k1E) and PLQY,
respectively, to be 5.14x107 57!, 4.2x10% s™! and 11% in m-MTDATA, and 6.44x107 s”!, 8.97x108
s! and 6% in 3TPYMB (see Appendix B Section 3 for details). Interestingly, the PLQY of the
blend (22%) is over twice as large as the respective values for the D and A components. Another
intriguing finding is that the non-radiative rate of the CT state is about four orders of magnitude
slower than the non-radiative rates of the related local-exciton (LE) states despite the fact that the
CT state is located about 0.7 eV and 1.0 eV below the emissive states of m-MTDATA and
3TPYMB, respectively.

Therefore, it is of great interest (1) to examine in detail the radiative and non-radiative transition
rates of the CT state and (2) to correlate the luminescence properties with the photovoltaic
properties in order to understand whether a small non-radiative recombination loss is expected
given the large bandgap in our system.

3.4 Transition rates of CT states in the MLJ framework

The radiative and non-radiative transitions involving CT states are commonly investigated within
the two-state MLJ formalism (see Appendix Section 4 for details).*?!*33% Briefly, in the MLJ
framework, both radiative and non-radiative transitions are described as electron-transfer events
between the CT and ground (G) states. Thus, this model assumes that the electronic coupling (Vcr-
c) between the CT and G states is much larger than that between the CT state and donor and/or
acceptor LE state (Ver.Le). The non-radiative and radiative transition rates can then be written as
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a function of the adiabatic CT energy (Ecrt), electronic coupling (Vcr-g), classical (4.) and
quantum mechanical (A4,,) components of the total reorganization energy (A, = A; + Agm),
frequency of an effective quantum vibrational mode (wyy,), and transition dipole moment
(dcr)- The MLJ model has previously been used extensively to rationalize the experimental non-
radiative voltage losses in polymer/NFA,!%13:15.1624.41-43 nolymer/fullerene,'%!32438-40 and OLED-

based OPV materials*’ (see Appendix B Section 4 for details and further discussion on the two-
state MLJ model).

Molecular dynamics calculation

In order to estimate the non-radiative decay rate constant, the microscopic parameters mentioned
above have to be determined first. On the theoretical side, we started by carrying out molecular
dynamics (MD) simulations to determine the likely morphology of the m-MTDATA:3TPYMB
(Figure 3.4a) blend. We then computed the energy distributions of the lowest excited CT and LE
states as well as of the Vcr.g and Ver.LE electronic couplings by performing time-dependent DFT
(TDDFT) calculations at the SRSH-wPBE-D3/6-31G(d) level of theory for 1,500 D-A complexes
extracted from the MD-derived film morphology. In addition, we performed geometry
optimizations of the neutral and charged configurations of the m-MTDATA and 3TPYMB
molecules to estimate the intramolecular contributions to the reorganization energy A,. Figure
3.4b shows that the singlet ('CT) and triplet (?CT) CT states have similar energy distributions,
with the singlet-triplet energy splitting not exceeding 2 meV. The energy distribution of the lowest
triplet state in the m-MTDATA molecule overlaps with the 'CT and 3CT distributions, which
suggests that the spin-orbit interactions between the CT singlet and triplet states are strongly
influenced by this local triplet state.
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Figure 3.4 (a) Illustration of the morphologies of the m-MTDATA:3TPYMB blend; (b)
Distributions of the energies of the lowest CT and LE singlet and triplet states.

Figure 3.5 shows the results derived for the electronic couplings and reorganization energies.
Figure 3.5a-b shows that the electronic couplings between the singlet CT state and the first LE
singlet excited state (Vr_;g) and those between the CT state and the ground state (Vor_;) have
exponential-type energy distributions with average values of 3 meV for Vyr_;r and 6 meV for
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Ver—c. We estimate the overall reorganization energy to be 0.41 eV, with 0.18 eV coming from
the D component and 0.23 eV from the A component. As seen from Figure 3.5¢-d, the partition
of the reorganization energy over the normal modes indicates that a significant contribution to the
reorganization energy is coming from low-energy (classical) vibrational modes.
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Figure 3.5 Distribution of (a) Vor_; and (b) Vr_ 5 electronic couplings, and vibrational normal
mode contributions to the (¢) acceptor and (d) donor reorganization energy components of 4.

Fitting of experimental photoluminescence data

On the experimental side, information on the microscopic parameters can be obtained from the
intensity and profile of the absorption or emission CT band.>'**>* Here, we estimated Ecr, A¢, Agm
and wg, by fitting the profile of the blend PL band measured at 80 K to an extended version of
the MLJ model that accounts for static disorder (see Eqn. S11). As seen from Figure 3.6a (red
trace), an excellent simulation of the CT band can be obtained by using: Ecr = 2.65 eV, A; =
0.4eV, A4y =0.25€V, wyym = 0.1€V, and 0,=70 meV for the standard deviation of static
disorder (70 meV is in the range of reported values for other D:A blends®*). For high-energy CT
systems, such as the TADF-based system in this study and OLED-material-based systems, the
non-radiative transition rates can vary as a function of the reorganization energy (in particular of
Agm) by orders of magnitude (see Figure S3). Since the MLIJ fitting procedure depends on the
multiple parameters listed above and thus is not unique, we checked what could be the upper limit
of the reorganization energy. We found that MLJ calculations employing A4, 0f 0.39 €V or larger
yield broader PL bands than that observed experimentally, even for negligible values of A, (Error!
Reference source not found.a). Thus, we conclude that, in the present system, A,,, must be
smaller than 0.39 eV. This conclusion is in good agreement with the results of the quantum-
mechanical calculations described above, which yield a value of 0.41 eV for A;.
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We next use Mulliken-Hush formalism to estimate the electronic coupling Ver-g:32

Eqn. 3.3

where Adr_; is the difference between the CT and G state dipole moments. We obtained the
transition dipole moment (d.r_;= 0.05 D) and transition (vertical) energy (E¢;=2.16 eV) from the
PL measurements (see Appendix B Section 5 for details). Ad.r_; can also be estimated
experimentally via electroabsorption spectroscopy.!?>® For the sake of simplicity, we took
Adr_;=23 D, as calculated at the DFT level. Based on Eqn. 3, we estimate a value of 5 meV for
Ver—g, which is in very good agreement with the average value of 6 meV obtained from the
TDDFT calculations, as described above (see Appendix B Section 6 for details on the theoretical
methodology).

Based on these parameters, we calculated k,. and k,,,- within the MLJ framework (see SI Section
4 for details). Figure 3.6b and ¢ highlight that a variation of A, (and A,,) in the range of 0.2-0.6
eV results in a variation of the non-radiative transition rates by many orders of magnitude, whereas
the radiative transition rates exhibit a less dramatic response. Intriguingly, if we employ the
microscopic parameters reported above: Ver_g = 0.01 eV, Ecr = 2.65 eV, 1, = 0.4 eV, Ay, =
0.25 eV, wgm = 0.1 eV and 0,=70 meV, we find that the MLJ theory estimate for k,,. is about 8
orders of magnitude smaller than the experimental value. To reproduce the experimental k,,,- value
using the MLJ model would require 4, values exceeding 0.6 eV and coming nearly exclusively
from quantum vibrational modes (Figure 3.6b). However, if such high 1; were actually the case,
the MLJ model predicts that the PL emission spectrum would be significantly broader and shifted
from the experimental absorption spectrum. Since the actual situation is inconsistent with this
picture, we must conclude that the MLJ framework is unable to provide a self-consistent
description of the transition rates and PL spectrum of the m-MTDATA:3TPYMB blend. More
importantly, this crosschecking exercise again highlights the importance of using the appropriate
microscopic parameters, especially reorganization energy, when predicting CT kinetics and thus
non-radiative voltage loss: While it may be possible to fit spectra and rates, doing so with
unphysical molecular parameters may not provide the sought-after physical insight.
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Figure 3.6 (a) Comparison between the experimental PL spectrum (black) and best-fits from
simulation (red and blue). 4, is fixed at 0.4 €V, 0,=70 meV, wg, = 0.1 eV. Blue trace: 1,,=0.39

eV, Ecr=2.58 eV; red: 1;,=0.2 €V, Ecr=2.65 eV. (b) ky,,- and (c) k, calculated as a function of
total reorganization energy, using the following microscopic parameters: a;,=70 meV, wg, =
0.1eV,and E.r=2.58 eV. For each curve, the total reorganization energy shown in the legend is
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fixed at a certain value (0.2eV, 0.4eV, 0.6eV) and the portion accounted to A, (up to 100% A; with
the balance being A,,,) is varied as indicated on the x-axis. The blue dotted line is the experimental

value.

3.5 Three-state model: Charge-transfer, local exciton and ground
state

From this discussion, it is not surprising that high-energy CT systems could exhibit very small
non-radiative decay rates. For the m-MTDATA:3TPYMB blend, the question in fact is why the
experimental non-radiative rate is dramatically faster than that expected in the framework of the
MLIJ model, even though it appears much slower than most of the reported values for (lower energy)
organic CT states. Finding the explanation requires going beyond the two-state model. Since the
local exciton states formed on m-MTDATA and 3TPYMB efficiently dissociate into CT states, it
means that that the LE and CT states are also electronically coupled. According to our DFT
calculations, the coupling between the CT state and lowest LE state (V-r_.5) 1s about 3 meV. We
have previously shown that a three-state model, which accounts for the couplings of the CT state
with both the LE and ground states, is needed in order to rationalize the radiative and non-radiative
transitions from inter-molecular and intra-molecular CT states.>® In fact, as we have recently found
in the case of D-A neutral radical systems, when the LE state exhibits large non-radiative rates,
even a modest hybridization between the LE and CT states can result in a significant increase in
the CT k,,, value.”” The experimental optical-gap (adiabatic) energies (Erg) are 3.09 eV in m-
MTDATA and 3.5 eV in 3TPYMB (see Appendix Section 3). The k,,,- value for the CT state when
considering CT-LE hybridization can be roughly estimated as:3"->

knr = (1 — fer- LE)knr + fer- LEknr Eqn. 3.4

1% V
fer—1e = [ = LE /( —CTLE LE ) Eqn. 3.5

AELE-cT AELE-cT

where k,,, is the non-radiative rate for the CT state in the three-state model, kpe”’ is the non-
radiative rate for the CT state according to MLJ two-state theory, kLE is the non-radiative rate for
the LE state according to MLJ theory, for_.r describes the contributions of k:E to k,,,., and
AE; g _cr 1s the difference between the adiabatic LE and CT energies.

Using the experimental k:E rates for m-MTDATA and 3TPYMB, the experimental optical-gap
(adiabatic) energy (see Appendlx Section 3), and the DFT electronic coupling between the CT and
LE states (assuming that this coupling is the same for both m-MTDATA and 3TPYMB), we
estimate that CT-LE mixing leads to an increase in k,,, by a factor of about 3x10* s”!; this value is
in very good qualitative agreement with the experimental value of 9.8x10* s°'. To rationalize the
k, value in the context of the three-state model, a similar procedure can be performed for the
transition dipole moments:>%-6°

2
(dgT)z =(1 _fCT—LE)(dCT—G) + fer-Le (drE)? Eqn. 3.6

The derived transition dipole moment can be then used to calculate the radiative rates by means of
Eqn. S8 or S10. For the m-MTDATA:3TPYMB blend, the contribution to k, from CT-LE
hybridization is smaller than that due to CT-G hybridization. Thus, we conclude that the non-
radiative transitions in the m-MTDATA:3TPYMB blend are governed by the coupling of the CT
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states with the LE states while the radiative decay of the CT state is dominated by the CT-G
coupling.

3.6 Influence of LE’s transitions rates on CT state

These findings for the m-MTDATA:3TPYMB system indicate that in D:A blends with CT
energies above 2 eV, the PLQY of the blend can be much larger than the PLQY values of the
pristine D and A components as a result of the very small intrinsic non-radiative rates of the CT
states. However, the blend’s PLQY can decrease due to CT-LE mixing since the large k,,,- value
of the LE state can significantly speed up the CT-state k,,,.. Overall, what these results tell us is
that a strong hybridization between the CT and ground states, and a weak hybridization between
the CT and LE states can result in blends with very large PLQY's even for D and A components
with moderate individual PLQY values.

This phenomenon is in stark contrast with what is found in donor/acceptor blends commonly used
for OPV applications. According to the Shockley-Queisser model, to obtain highly efficient solar
cells, the bandgap (and hence CT-state energies) should be in the range of 1.0-1.6 eV.! In such
instances, the CT non-radiative rates are significant. Thus, in order to minimize the non-radiative
voltage loss, CT-LE mixing with an LE state having a high PLQY is beneficial, in such a way that
the CT-state emission can “borrow intensity” from the LE state.’?*3¢ A small LE-CT energy gap
is then desirable in this case.?*

In order to better illustrate the effect of CT-LE hybridization over a range of CT energies, we
calculated the blend’s (CT) PLQY as a function of LE-CT energy (Figure 3.7, red trace). In this
calculation, the electronic couplings between the CT states and the ground and LE states (Vor_g
and Vgr_1g), the transition dipole moment (d.r_; , estimated according to Eqn. 3.3), the LE
adiabatic energy (E.r), and the LE radiative and non-radiative rates (k:£ and k.E) are fixed as
given in the Figure 3.7 caption. In the two-state model (Figure 3.7, red trace), the blend’s PLQY
saturates when Ecrapproaches 2 eV because k,,,- is significantly smaller than k,.. In the three-state
model, however, the maximum PLQY of the blend is obtained at CT energies of about 2 eV. When
the adiabatic energy of the CT state approaches that of the LE states, the CT-LE hybridization
becomes “activated” and the LE-state large k,,,- value carries over to the CT k,,,. (Figure 3.7b),
which reduces the blend’s PLQY.

Recent OPV studies concluded that in the context of CT-LE mixing, the LE PLQY sets an upper
limit for the CT PLQY. We wondered whether this holds true in the case of high-gap blends, where
the LE k,, contributes significantly to the CT k,,. We calculated the CT transition rates and
PLQY, while keeping PLQY Lk fixed at 10% but considering a range of values for the LE lifetimes
(tyg). Figure 3.7 shows that 7, can affect the blend’s PLQY. Specifically, when 7,z becomes
longer, the blend’s PLQY increases (Figure 3.7¢, solid blue circles), whereas a shorter 7, (open
blue circles) leads to smaller PLQY of the blend. Furthermore, we evaluated the influence of
PLQYLE on the blend (See Appendix B Section 7). In this series of calculations, we increased
kLE or decreased kLE to obtain a higher PLQYLe (80%) (Figure S7). The blend’s (CT) PLQY
maximizes when PLQY k is increased by reducing k:E rather than increasing k:E. Here as well, a
longer 7, is beneficial for the blend’s PLQY at higher CT energies. Finally, we show in Figures
S8 and S9 that a moderate change of the electronic couplings has little effect on the CT PLQY.
Thus, for blends with large LE PLQY values, the CT PLQY increases systematically with an

37



increase in CT energy. This finding is in line with the data obtained for blends where, upon blend
dilution, the blend emission energy and PLQY increase concomitantly.!62
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Figure 3.7 (a) k, (b) k,,,, and (c) PLQY calculated for a range of Ecr values, based on two-state
MLJ (black) and three-state models (blue and red). The red line represents results based on a three-
state model using the LE lifetime (Table S1, 7, ;=2.12 ns), while the blue traces represent results
from three-state model calculations where 7,5 was increased (shown in solid circles) or decreased
(shown in open circles) by 10-fold, by manipulating k, and k,,,- simultaneously. Parameters used:
Ecr=1.0-3.0 eV, Vor_g =10 meV and Vgr_ =10 meV, dgr_g = 0.049 D, dLE = 3.58 D, kLE =
4.2 x 108571 kLE = 5,14 x 10751 are based on parameters for pure m-MTDATA and the blend
(Appendix B Table S1).

3.7 Conclusion

In summary, we have demonstrated that a highly emissive and charge-generating organic
photovoltaic based on a TADF-emitting CT state can exhibit an extremely small non-radiative
recombination loss, AV, of only ~0.1 V and a photocurrent EQE,,,, of 24%. Compared to
previously reported OPV blends, this model system demonstrates an extremely slow non-radiative
recombination rate of 9.8x10* s™1, approximately 4 to 5 orders of magnitude slower than in typical

efficient polymer/NFA blends.

In this context, we re-examined the “Energy Gap Law” for non-radiative voltage loss by using the
two-state Marcus-Levich-Jortner approach and tuning the molecular parameters such as
reorganization energy and change in dipole moment. We find that, for values of reorganization
energies that are consistent with the spectral lineshapes in the MLJ picture, the non-radiative
recombination rate in our blend is much faster than the MLJ model estimates.

As aresult, we conclude that a three-state model that includes the local exciton state in addition to
the CT and ground states is required to understand our observations. We show that the
hybridization between the CT and LE states, which was previously considered to enhance only the
radiative decay rates of the CT states (via intensity borrowing), can in fact also speed up the non-
radiative decay, thus compromising the CT PLQY. Furthermore, in the context of the three-state
model, for organic blends with CT energies over 2.0 eV, to achieve an optimal PLQY requires not
only choosing low-gap components with a high PLQY, but also an evaluation of how the k, and
k., rates from the LE states tune the CT PLQY via CT-LE mixing. This consideration must inform
the material selection for high-gap CT-based OLEDs.
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Appendix B

Experimental method and supplementary information for Chapter 3.
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Chapter 4. Experimental methods for probing CT-LE
mixing
4.1 Introduction

In the past couple of years, there has been significant progress in the photovoltaic performance of
polymer/non-fullerene acceptor OPV blends, with the highest efficiency climbing over 18%.' A
significant amount of research efforts has focused on maximizing the open-circuit voltage (Voc).
As discussed in Chapter 1, three processes hinder an organic solar cell from achieving the
theoretical maximum Voc: (1) non-ideal charge generation, (2) excess radiative recombination due
to absorption in the bandedge, and (3) non-radiative recombination.

Non-radiative recombination loss contributes to a significant amount of the total energy loss in
OPVs. Since the photoluminescence of the charge-transfer (CT) state determines the non-radiative
recombination loss, in Chapter 3, we examine the theoretical limit for non-radiative recombination
loss via an intrinsically emissive CT state-based organic blend.

Using emissive CT states to reduce non-radiative recombination loss has successfully been applied
in some of the most efficient OPV devices.”™ Specifically, high PLQY has been demonstrated in
polymer/NFA blends where CT and LE have small adiabatic energy differences, resulting in non-
radiative recombination loss below 0.2 V. Intriguingly, the non-radiative loss for several systems
is lower than what the Marcus-Levich-Jortner model predicts.>* Theoretical work has attributed
these observations to wavefunction mixing between CT and LE states.>*% As we discussed in
Chapter 3, wavefunction mixing between CT and LE influences CT’s emission yield only when
CT-LE coupling becomes comparable to CT-ground state coupling. This happens when (1) CT-
GS coupling is very small due to CT’s large band gap (such as in m-MTDATA:3TPYMB blend I
discussed in Chapter 3) and (2) when the CT-LE energetic offset is small. When LE is highly
emissive, CT state can borrow emission intensity via wavefunction mixing.

A three-state model that accounts for energetics of CT, LE and the ground state aptly predicts PL
properties observed in experiments. However, to the best of our knowledge, experimental evidence
that shows CT-LE mixing has not been reported in OPV blends. The main challenge lies in CT’s
low oscillator strength and low absorption and emission thereof. Highly sensitive spectroscopy
measurements are thus required.

Electroabsorption (EA) spectroscopy detects changes in the molecule’s absorption when an
external electric field is applied. It has been shown as a useful approach to study optical charge-
transfer transitions of molecules with applications in chemistry, biology, and material sciences.’
Macroscopic parameters including change in dipole moment and change in polarizability can be
extracted via EA spectra.®~'° Moreover, since certain optical transition becomes allowed under an
electric field, EA is a powerful tool to examine in detail the energetics of electronic structures of
the molecule.'"!* It has been shown to detect the electronic coupling between excited states that
are close in energy!>'%1% and to determine binding energies of Wannier exciton in perovskite
materials'’. In the next few sections, I propose and show encouraging results that electroabsorption
spectroscopy is a useful method to directly probe CT-LE mixing.
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4.2 Origin of field-induced absorption shift

An electric field can interact with the wavefunction of the molecule thereby inducing changes in
the absorption and emission of the molecule. The field-induced shift has three contributions: Stark
effect, change in oscillator strengths of electronic states, and change of the selection rules for
electronic transitions.”!> Under the application of an externally applied electric field F, the
absorption coefficient shift Aa(E) can be described as the difference of the absorption perturbed
by the electric field af (E) and that without an applied electric field a(E).

Aa(E) = af (E) — a(E) Eqn. 4.1

Stark effect describes the energy shift of the entire absorption band by an amount AE via a linear
and a quadratic term based on their field strength dependence (Eqn. 4.2).° The linear term describes
how the electric field acts on permanent or disorder-induced dipoles (m), whereas the quadratic
term describes energy shift due to change of polarizability (Ap) in the presence of the electric field.

AE =Au-F +2F-Ap-F Eqn. 4.2

In the presence of an electric field, energy levels lying close to each other can couple, resulting in
a redistribution of oscillator strength among them. For example, when a forbidden transition lies
close to an absorption, the intensity of the absorption signal will be reduced if the forbidden
transition becomes allowed with the applied field. Thus, the field-induced change in absorption
coefficient is

af (E) = ka(E + AE) Eqn. 4.3
Inserting Eqn. 4.3 into Eqn. 4.1 and taking the Taylor series truncated to the second derivative, we
thus express the field-induced absorption coefficient shift as:

_ _ da(E) , kAE? d?a(E)
Aa(E) = (k — 1)a(E) + kKAE &t Eqn 4.4

This means that electroabsorption spectrum is expected to be a linear combination of the
absorption describing the redistribution of oscillator strength and the first and second derivative of
the absorption describing Stark effect.

Furthermore, reports on polymers, small organic molecules and crystals have shown that new
absorption features that are previously forbidden may appear when an external electric field is
applied, as the electric field breaks the symmetry of the molecules.”'!!3!4 Since the Liptay
equation assumes non-interacting electronic states, EA spectra cannot be fully described.
Theoretical methods such as sum-of-state and redfield theory are commonly applied to explain the
additional absorption features.'!!%1

4.3 Probing energetics of CT and LE via EA spectroscopy
Hypothesis

Previous research has shown that the EA spectrum in small molecules consists of a derivative-like
Stark shift of the lowest optically allowed exciton and its vibronic replicas.'* In donor/acceptor
OPV blends, local excitons of donor and acceptor molecules have randomly oriented dipole,
causing the overall dipole moment to vanish. Stark effect for local excitons is thus dominated by
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the field’s effect on the change in polarizability, namely the quadratic term in Eqn. 4.2.
Consequently, Aa(E) is expected to have a first-derivative lineshape. In contrast, CT excitations
have large transition dipole moments, and thus Au - F dominates the Stark effect. This means that
the second-derivative term in Eqn. 4.4 is expected to dominate the EA response.’

Additionally, interference of an external electric field with electronic states may lead to
redistribution of oscillator strengths. When electronic coupling between CT and LE is significant
such that the emission properties of CT are influenced by the coupling and LE’s energetics, we
expect CT-LE mixing influence the absorption of the CT and LE state and thus their EA signatures
are expected to deviate from derivative lineshapes.

We hypothesize that electroabsorption spectrum of a donor/acceptor blend should reflect the
energetics of its photoexcited states and their interaction. Specifically, we focus on the low energy
regions in EA spectra which indicate the nature of lowest optically allowed photoexcited states:
whether the local exciton of the low gap component or the CT EA response dominates, and whether
there is significant mixing between CT and LE states. We test our hypothesis via the following
types of systems: D/A blend with weak CT oscillator strength, D/A blend with strong CT character
but no CT-LE mixing and D/A blend with CT-LE mixing.

EA spectra of donor/acceptor blends
1. PTB7-Th:PCsBM blend

Previous research has shown that PTB7-Th:PCsBM blend exhibits low electroluminescence
efficiency, indicating weak oscillator strength in CT.* We measured the change in transmission in
terms of AT/T in PTB7-Th:PCsBM. Figure 4.1a shows the normalized AT/T over a series of AC
electric fields. The shape of the EA spectrum is invariant with the applied field and the amplitude
of the low energy AT/T peak scales approximately quadratic with electric field strength (See
Appendix C Figure S2). We thus assign the EA signal to a y3 electro-optic response, as is
typically the case for small molecules, semiconducting polymers and molecular crystals. Figure
4.1b compares normalized AT/T spectrum to the first and second derivatives of the absorption
coefficient. Clearly, the low energy peak closely resembles the first derivative of k, indicating that
the lowest photoexcited state giving rise to this feature has negligible Ay, for example, local
exciton of PTB7-Th. To analyze Stark effect in PTB7-Th:PCsBM, we use Liptay formula, shown
in terms of the change in the imaginary part of the refractive index (k) in Eqn. 4.5.'® Details on
data analysis are described in Appendix C.

_ 2 By _d (AW, Cx _ d (A®)
AA(V) =F {AXA(V) + 15hcvdv( v ) + 30h2czvdv2 ( v ) Eqn' 4.5

where y is the experimental angle between the externally applied electric field and the polarization
of the incident light, and coefficients A, , B, and C, contain information on the transition
polarizability, transition hyperpolarizability, the transition moment between the ground-state and
excited state. At the magic angle of y~54.7, B, and C, simplify to:

A Au?
B_p u

Y = ohe X = cheez Eqn. 4.6

To fit experimental spectrum to the Liptay equation, we use a transfer matrix method to determine
transmittance through the sample stack with and without the field, based on refractive indices of
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each layer in the device stack.!”! This method accounts for light interference and electric field
modulation thereof within the sample stack, which is known to significantly affect optical
absorption. Figure 4.1b shows Liptay equation aptly describes the AT/T low energy peak and its
vibronic features. We obtain Ap to be ~100 A3 and a negligible Au as the fit is dominated by the
first-derivative term. The magnitude for Ap is on the same order for what has been reported for
pure PCE10 polymer and other semiconducting polymers.?%?! More importantly, for the purpose
of our study, first-derivative lineshape observed herein suggest that CT state formed between
PCE10 and PCBM does not give observable EA response.
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Figure 4.1 (a) Energy levels of PTB7-Th and PCsoBM. (b) Comparison of EA spectrum of PTB7-
Th:PCsBM blend with 1% and 2" derivatives of imaginary component in refractive index k. (¢)
Liptay fit of the EA spectrum and its residue.

2. PBDB-T:IT-4F blend

Next, we study the energetics of low-energy photoexcited states in a polymer/NFA blend, namely
PBDB-T polymer as electron donor mixed with IT4F molecule as electron acceptor.?? We expect
efficient CT generation given good photovoltaic performance (EQE~70%). However, we do not
expect electronic coupling between CT and LE in this system for the following reasons. First,
energy levels of PBDB-T and IT-4F shown in Figure 4.2a suggest ~360 meV energy difference
between CT and IT-4F low gap component. Second, PBDB-T:IT-4F exhibits ELQE of 1.9e-5%
and thus non-radiative voltage loss of 0.39 V. These metrics are significantly lower than ELQE in
pure IT4F of 1e-3%. In addition, Figure 4.2b shows that CT emission is significantly red-shifted
from the LE emission by 310 meV. To summarize, we predict that although the CT oscillator
strength is likely to be higher than PCE10:PCsBM, CT-LE electronic coupling is insignificant.

We next examine the electric field induced absorption shift in PBDB-T:IT-4F blend and focus on
the low energy region in the EA spectrum. Figure 4.2¢ shows that PBDB-T:IT-4F EA lineshape
largely follows the second derivative of imaginary refractive index k, with some minor
contribution from the first derivative. This is in stark contrast from what we observed in
PCE10:PCs0BM, which closely resembles the first derivative lineshape.

At present, we are uncertain of what electronic interactions are responsible for this lineshape.
Second derivative lineshape usually stems from field-induced change in dipole moment, which in
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the case of PBDB-T:IT-4F, may come from two sources. A secondary exciton may exist in pure
small non-fullerene acceptors films.?*?* NFAs with IT-unit core tend to have high crystallinity and
can thus form small aggregates that generate a secondary exciton with more charge-transfer
character. It has been argued that in polymer films, aggregates of chains with the highest excess
polarizability, give the largest EA response.'! EA response from the secondary exciton in IT-4F
may thus lead to a second derivative lineshape (see Appendix C Figure S4 for EA spectrum of
pure IT-4F sample). Another species that may give rise to the observed lineshape is CT state
formed at the interface of PBDB-T and IT-4F, which has greater electron-hole separation and thus
more polarity (a non-zero Au). Furthermore, it seems that the EA lineshape cannot be adequately
described by Liptay formulism (Appendix C Figure S5). A residue centered around 1.55eV with a
Gaussian shape remains. It is possible that a new absorption becomes accessible due to electric
field perturbation. Theory calculations will provide a clearer picture for the energetics in a
heterogeneous blend film such as the blend here.

Regardless of ambiguous interpretation of the measured EA spectrum, it is interesting to see that
species with CT character, whether a secondary exciton in IT-4F or CT state formed at
donor/acceptor interface, contribute substantially to the EA low energy region and lead to second
derivative lineshape.
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Figure 4.2 (a) Energy levels of PBDB-T and IT-4F. (b) Normalized EL emission spectra of pure
IT-4F and PBDB-T:IT-4F blend devices. (¢) Electroabsorption spectrum of PBDB-T:IT-4F and
first and second derivatives of imaginary refractive index k.

3. PTO2:Y6 blend

Finally, we study a model system that is known to have CT-LE mixing, namely PTO2 as donor
mixed with Y6 as small molecule acceptor. The energetic offsets of LE and CT in PTO2:Y6 blend
is estimated to be ~50 meV (Figure 4.3a). This blend shows an outstanding ELQE of 0.08% and

low AV, 0of 0.18 V, which is credited to intensity borrowing via CT-LE mixing.?

Figure 4.3b shows that the low energy EA lineshape clearly deviates from the derivative lineshape.
We suspect that CT-LE mixing may be the reason for this. As a reminder, field-induced absorption
shift may come from three contribution: Stark effect, redistribution of oscillator strength among
nearby state, and new absorption feature due to symmetry breaking. If there is existing mixing
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between CT and LE even in the absence of an electric field, the EA response from LE exciton is
likely to deviate from derivative shapes.
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Figure 4.3 (a) Energy levels of PTO2 and Y6. (b) Electroabsorption spectrum of PTO2:Y6 and
first and second derivatives of imaginary refractive index k.

4.4 Future direction

We have shown that EA response in a heterogeneous sample is very sensitive to the nature of
photoexcited states and their interaction among these states. To fully understand if and how CT-
LE mixing influences the blend’s field-induced absorption, we would like to design a series of
polymer/NFA blends, where we vary AEct.LE by gradually tuning the HOMO energy of the donor
relative to the acceptor’s HOMO. Then, we would like to compare the blend’s EA lineshape in the
low energy region. Qualitatively, we expect stronger second-derivative shape as AEct.Lg decreases
and new absorption feature that is not accounted for by the Liptay equation. To fully understand
energetics reflected in EA spectrum, we propose to couple theoretical calculation with
experimental measurements such as sum-of-state calculation!"'> and molecular dynamics
calculation.® The latter has previously used to predict absorption spectrum of polymer/NFA blend
where CT-LE mixing is significant.

Appendix C

Experimental method and supplementary information for Chapter 4.
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Appendix A. Supporting Information for Chapter 2

Experimental Method

Device fabrication and characterization 4TIC was synthesized as previously reported*® and
PDCBT was purchased from 1-Material Inc. The device structure of optimized PDCBT/4TIC solar
cells is: ITO/PEDOT:PSS/PDCBT:4TIC (1:2, wt/wt)/bis-Cg/silver. ITO substrates were pre-
etched, cleaned via sonication in micro-90 detergent, deionized water, acetone, and isopropanol
solution, and plasma cleaned with O, for 5 min prior to spin-coating. PEDOT:PSS was spin-coated
at 4000 rpm for 30 s, followed by annealing at 150°C for 15 min. The donor and acceptor materials
were dissolved in a donor/acceptor ratio of 1:2 by weight and a total concentration of 12 mg/ml in
anhydrous o-chlorobenzene in N, glove box and the solution was kept stirring at ~75°C overnight.
The solution was spin-coated at 2000 rpm for 1 min and the film was annealed at 150°C for 5 min.
Bis-Cg solution (in methanol, 4 mg/ml) was then spin-coated at 3000 rpm for 1 min. A 100 nm
thick layer of Ag was evaporated under high vacuum (<1x10 Torr). PDCBT/4TIC films used in
spectroscopy experiments were prepared using the same procedure described above. Pristine 4TIC
and PDCBT films were casted in o-chlorobenzene and spin-coated on clean glass substrates at
1600 rpm for 1 min.

For external quantum efficiency measurement, excitation light was produced by a monochromated
Tungsten-Halogen lamp and was modulated at 220 Hz using a Stanford Research Systems SR450
Chopper Controller. Photocurrent was detected by a Stanford Research Systems SR830 Lock-in
Amplifier referenced to the chopper controller. External quantum efficiency was calculated using
a calibrated photodiode. The irradiation area on the pixel was 0.013 cm?.

The current density-voltage curve was measured with a Keithley 2400 source meter under AM
1.5G illumination. The photocurrent was calibrated with an IR photodiode. The irradiation area on
the pixel was 0.013 cm?.

Transient absorption spectroscopy Samples used in TA experiments were prepared using the
protocol described above and were epoxy-sealed in N, glovebox. The pump pulse was generated
via Coherent Inc./Light Source OPerA optical parametric amplifier from a fraction of the output
(800 nm, 50 fs, 1 kHz) of a Coherent Libra Ti:Sapphire amplifier. The other fraction of the
amplifier output was focused onto CaF, or sapphire crystals to generate supercontinuum probe
pulse. The probe beam was spectrally aligned with the pump on the sample. The encapsulated
sample was irradiated with 810 nm laser pulse. We used a variable short-pass filter and an 800 nm
cut-on filter to obtain a narrow laser profile centered at 810 nm. Laser beam profile was measured
at the sample position using a Thorlabs CCD camera beam profiler (BC106N-VIS) to ensure the
irradiation had a Gaussian profile and to calculate the irradiation area. The pump excitation fluence
per pulse was calculated based on average power measured with the Coherent FieldMater laser
power meter, the beam diameter obtained from the Thorlabs beam profiler software (~0.7 mm,
1/e? cut-off), and pulse frequency. Signals were detected using a CMOS and an InGaAs fiber
optics-coupled photodiode array spectrometer. The pump-probe delay up to 5.6 ns was set using a
mechanical translational stage. Data was taken in random order of pump-probe delay to avoid
influence of laser power fluctuation during scan and was collected using the HELIOS software.
The IRF of the TA set-up was measured using a thin glass substrate. The kinetics profiles at several
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wavelengths were fit to the Gaussian function and its first- and second-order derivatives to obtain
the true time-zero (ty) and pulse-width (t,) (Equation S1).
, _ o t=tg 5 2
Signal(t) = exp [~(; 7, 7=)%] X (A + Bt + Ct?) (S1
Time-resolved photoluminescence Time-resolved PL spectra were collected using a Hamamatsu
streak camera with a synchroscan unit. The same samples used in TA measurement were irradiated
with 810 nm pulse pumped at 1 kHz from a Coherent Inc./Light Source OPerA optical parametric

amplifier. The IRF of the tr-PL set-up was measured with a sanded-glass sample in the same optical
geometry as the sample measurements.

Steady-state PL spectroscopy Steady-state PL. measurement was performed on a home-built set-
up. A 660 nm diode-pumped solid-state laser was used for excitation. The sample was mounted in
cryostat with liquid N, as the cryogenic gas and the temperature was controlled with a digital
temperature controller. PL. emission was focused onto the detector via a combination of two lenses.
A 700 nm (cut-on) filter was used in front of the detector to block the scattered laser excitation.
Signal was detected by fiber-coupled OceanOptics USB2000+ CCD spectrometer. The spectral
response of the detector was corrected with the spectrum of a calibrated white-light source taken
in the same optical geometry as PL. measurements of the sample.

Electrochemical measurements Samples were prepared by spin-coating 4TIC or PDCBT on clean
FTO substrates dried overnight with molecular sieves and were immersed in 0.1 M
tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile. FTO, Ag/AgCl and Pt wire
were used as the working, reference and counter electrode, respectively. CV measurements were
performed using a scan rate of 0.1 V/s. The change in absorption was recorded when a negative or
positive voltage was applied to the sample.

Supplemental Information

Section 1. Driving force for hole-transfer

We used the method reported by Ren et al. to calculate the driving force for hole-transfer.*’
Rigorously, the hole-transfer driving force should equal to the free energy difference between the
acceptor exciton and the donor/acceptor CT state. Based on this method, the driving force for
photoinduced hole transfer from an excited electron acceptor to a ground state electron donor is
approximated as the enthalpy energy difference between the electron affinity of the acceptor
exciton and the ionization potential (IP) of the ground state donor (Equation S2&3) Nevertheless,
this definition has been shown to be more appropriate than the common oversimplification of
estimating driving force by taking the difference between the ground state IEs (or EAs) of the
donor and acceptor molecules to calculate the driving energy for hole- (or electron-) transfer.*’4

AEnote-transfer = EAmm- [Acceptor] = 1Py +[Donor] (S2)
EAwum- = EAwm-—EJF"  (S3)

Based on cyclic voltammetry data, we determined [Py, [Donor] =-5.49 eV and EAym.[Acceptor]
= -3.82 eV. The value for E," is determined to be ~1.59 eV based on the red absorption peak.
Thus, the driving force for hole-transfer from 4TIC exciton to the PDCBT polymer is ~-80 meV.
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Section 2. Excitation density calculation

To ensure our spectroscopy studies are carried out in the excitation density regime relevant to the
working condition of OPV devices under AM 1.5G illumination, we calculate the excitation
density based on Equation S4&S5. We used 810 nm excitation at a fluence of ~2.5 pJ/cm?/pulse
on ~80 nm-thick PDCBT/4TIC blend, pristine 4TIC, and pristine PDCBT films.

number of absorbed photons

Excitation density = —— —— (S4)
film thickness X excitation area
_10-0D
Number of absorbed photons = fluencex(1-10 ) (SS)
photon energy
(a) (b)
1.8 1.0/
~le . —— 2.5 yj/cm?
'3 14 ~ 0.8/ — 5 ujfem?
><12 o §06 —— 20 yj/cm?
— . : [ ]
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Figure S1. (a) Log-log plot of the 4TIC exciton signal versus excitation fluence (uJ/cm?/pulse) in
PDCBT/4TIC blend films. The 4TIC exciton signal is recorded as the maximum signal upon
photoexcitation fluence between 2.5 and 50 pJ/cm?/pulse. Linear regression (red trace) is
represented by log(signal) = 1.00 X log(fluence) + 0.04. Slope of 1 indicates that two-
photon absorption is absent in this fluence range. (b) Decay traces of 4TIC exciton (at 960 nm) at
various excitation fluences. Exciton decay is dependent on excitation fluence as low as 5
wJ/cm?/pulse, likely due to non-linear processes such as exciton-exciton annihilation and exciton-
charge annihilation as well as exciton diffusion, which are normally concentration dependent. We
therefore use 2.5 pJ/cm?*pulse in our TA studies to avoid such non-linear kinetics. Excitation
wavelength: 810 nm.
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Section 3. TA experiments on pristine PDCBT films

To verify that we only photoexcited the 4TIC molecules in the polymer/NFA blend, we
performed control TA experiments on pristine PDCBT films. We observe no bleach signal of the
ground-state absorption when the pristine PDCBT film was photoexcited at 810 nm, the excitation
wavelength we used in TA measurements of the blend system (Figure S2, red).

In addition, we photoexcited the pristine PDCBT film at 480 nm and observed a ground-state
bleach signal. This spectrum is used as a reference spectrum along with the steady-state absorption
spectrum of PDCBT to assign the PDCBT GSB signature observed in blend film’s TA spectra
(Figure S2, green).
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Figure S2 TA spectra of pristine PDCBT film using 480 nm (green) and 810 nm excitation (red).
The peak at ~480 nm is the laser profile.
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Figure S3. (a) AA spectra of PDCBT when reduced and oxidized electrochemically. (b) AA
spectrum of 4TIC when oxidized electrochemically overlaid with the TA spectrum of the PIA
feature centered at ~1100 nm.
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Section 4. Spectral decomposition of nIR TA spectra

To obtain the kinetics of excitons and polaron-pair involved, we decompose the NIR TA spectra
into representative spectra of exciton and charged species, using a method previously described by
Rolczynski er al.* Since the exciton and charged-species signatures overlap in the NIR spectra,
we used a linear combination of two Gaussian peaks to describe NIR spectra up to 200 ps by which
time the 960 nm peak has completely vanished (Figure S4). The center wavelengths and widths
of the Gaussian peaks are determined by fitting each Gaussian to a section of the selected NIR
spectrum. In the global fitting procedure, only the intensities of the Gaussian functions are varied.
Figure S4(a) and (d) show that the linear combination of two Gaussian functions does not fit the
data perfectly. However, we rule out the possibility that a third species is hidden in the spectrum
for the following reasons. First, the residue spectra at different pump-probe delay times are
different (Figure S4(b)). Second, a three-Gaussian fit did not improve the fitting (Figure S4(c)).

In addition, we compare the kinetics of the two PIA features (centered at 960 nm and 1100 nm)
before and after spectral decomposition. We find that in both blend and pristine 4TIC films, the
overlapping of the PIA peaks does not skew the true kinetics revealed by spectral decomposition
(Figure S5).
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Figure S4. Spectral decomposition of the nIR spectra of pristine 4TIC (a) and blend (d) films into
linear combination of two Gaussian functions. The intensities of the Gaussian functions are varied
at each time-point and the sum of the Gaussians is fit globally to the data matrix. The residue is
defined as the left-over signals after decomposition, i.e. the original data matrix - the best-fit matrix.
(c) and (d) Contour plots of the residue matrices obtained after two-Gaussian (¢) and three-
Gaussian (d) decomposition are represented, repsectively.
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Figure SS5. Comparison of exciton and polaron-pair kinetics before and after spectral de-
composition (a) in pristine 4TIC and (b) in blend. Black traces represent kinetics obtained after
de-composition.

Section 5. TA and time-resolved PL experiments on pristine 4TIC system

We investigate exciton dynamics in 4TIC in the absence of a donor via TA and time-resolved PL
(tr-PL) spectroscopy. We use low excitation fluence of ~2.5 wJ/cm?pulse to avoid non-linear
photophysics and to keep the excitation density relevant to the working condition of a solar cell.
Figure S7(a) shows the visible and nIR TA spectra of a pristine 4TIC film at selected pump-probe
delay times after excitation at 810 nm. Upon photoexcitation, the 4TIC GSB appears immediately
in the visible spectra. At 1 ps, a positive TA signal dominates the NIR spectrum. This signal
consists of a peak at around 960 nm and a tail spanning throughout the rest of the NIR wavelengths.
The peak at 960 nm decays quickly by 50 ps, whereas the tail evolves into a Gaussian-shape at
later times and has a slow decay component. Based on these observations, we attribute this positive
TA feature to a superposition of two PIA peaks centered at 960 nm and at 1100 nm, which are
assigned to exciton and 4TIC polaron-pair signature (explained in detail in the next few
paragraphs).

To obtain the true kinetics of the exciton and polaron-pair, we decompose the NIR spectrum (900—
1400 nm) into a mixture of two Gaussian functions representing the ~960 nm and ~1100 nm
features (details described in Section 4 above, Figure S4&S5). However, the kinetics of exciton
and polaron features do not change appreciably after spectral decomposition (Figure S6(a)).
Figure S7(b) shows the ps-ns kinetics of the GSB, the exciton and the polaron-pair. We obtain the
decay rate of these species by re-convolution of multi-exponential decay functions with the
Gaussian-shaped IRF of the laser system (~250 fs). The rate constants are shown in Table S1. The
4TIC exciton kinetics is well described by a sum of two exponential components. A majority of
excitons are quenched with time constant of ~2 ps, and the rest decay with a lifetime of ~20 ps.
The 4TIC polaron is generated within the instrument response time and decay with a sum of three
mono-exponential rates: ~14 ps, ~150 ps, and longer than the nanosecond timescale. The long
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lifetime of over 5 ns is typical for non-geminate recombination, suggesting that a fraction of
polaron-pair may dissociate into free carriers.

Now we discuss assignment of the NIR TA spectral features. We assign the narrow TA feature
around 960 nm to the 4TIC exciton absorption based on the following observations. TA
experiments on 4TIC solution shows a photoinduced absorption feature centered at around 930 nm
(Figure S7(a)). This TA feature has a similar spectral signature to the short-lived 960 nm feature
in pristine 4TIC film. The small spectral shift of ~30 meV may be due to different delocalization
and bandwidth of the exciton in solution and in film. In solution, the 930 nm PIA signal appears
within the instrument-response limited rise-time and decayed mono-exponentially with a life-time
of ~400 ps. These observations are expected for exciton kinetics. To check if the 930 nm feature
is indeed from the absorption of the 4TIC exciton to higher energy levels, we monitor the PL
emission of 4TIC solution using the same excitation wavelength and fluence as in TA. We find
that PL emission decayed mono-exponentially with a lifetime of ~510 ps by convolving a mono-
exponential function with the measured IRF. The matching lifetimes of PL emission and the TA
feature verify that the 930 nm feature in solution and the 960 nm feature in film originate from
4TIC exciton absorption (Figure S7(b)).

Intriguingly, 4TIC film has a much longer PL emission compared to the 4TIC exciton decay in TA
(Figure S6(b), blue trace). Both tr-PL and TA experiments are performed using the same
excitation wavelength and fluence. We determine the lifetime of PL to be ~40 ps by re-convolving
a mono-exponential function with the measured IRF to fit the observed PL. Unexpectedly, this is
significantly longer than the TA exciton feature’s lifetime (fitting to a stretched exponential, we
obtain an average life-time of 2.2 ps). Delayed fluorescence has been observed in neat polymer
films and molecular crystals and attributed to the presence of interchain or charge-transfer like
photoexcited species.*-° Specifically, these states can slowly return to the singlet exciton, which
fluoresces at a much longer time-scale. Thus, we consider the possibility that a second
photoexcited 4TIC species is generated, which then leads to delayed fluorescence via the exciton.
Note that if the initial 4TIC excitons are regenerated from this second species, we will expect a
slow decay component in the TA exciton feature. However, we are limited by the S/N ratio of our
TA set-up and cannot resolve this slow decay component in exciton kinetics. Nevertheless, our
kinetics data suggest that 4TIC polarons are generated on the ultrafast scale in pristine 4TIC films
and regenerate the 4TIC excitons at a much longer time-scale.

Furthermore, the positive signal centered at 1100 nm corroborates the presence of a secondary
4TIC excited state. First, we rule out the possibility of triplet excitons. This TA feature appears
within the time resolution of the TA system (~250 fs), but triplet excitons are generated at longer
time-scale. We monitor the change in absorption spectrum when 4TIC is reduced
electrochemically. The AA spectrum is similar to the 1100 nm PIA (Figure S3(b)). Thus, the 1100
nm feature is likely due to absorption of charged 4TIC population, i.e. hole or electron polarons or
polaron-pair. Polaron-pairs have been observed in co-polymers and described as Coulombically
bound electron-hole pairs with charge-transfer character.’'- They have also been referred to as
pseudo-charge transfer excitons® or spatially indirect excitons in molecular crystal.>* Previous
photoinduced absorption spectroscopy studies have shown that interchain polaron-pairs are created
via exciton-exciton annihilation at high fluence while from singlet exciton dissociation at low
fluence.*=1525455 We hypothesize that 4TIC polaron-pairs and/or free polarons might be generated
in the 4TIC film but not in solution, because in films, 4TIC molecules form aggregates, in which
intermolecular interaction is favored. Indeed, compared to the absorption spectrum of 4TIC
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solution, the solid-state 4TIC has a significantly red-shifted absorption spectrum (Figure S8). In
addition, Figure S9 shows that the ratio of 0-0 to 0-1 emission peak decreases as temperature
increases from 80 K to 295 K, consistent with the temperature-dependent PL trend in J-aggregates
observed in various neat polymer systems.’*>’ Furthermore, the interchain species is most likely to
arise from singlet exciton dissociation within instrument response instead of exciton-exciton
annihilation given that our excitation fluence (10! molecules/cm?) is much lower than the fluence
required for exciton-exciton annihilation.>'-3
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Figure S6. TA spectra of 4TIC film at selected pump-probe delays using 810 nm excitation at 2.5
wJ/cm? /pulse(red and green) and steady-state absorption of 4TIC (black). (b) Kinetics of GSB,
exciton and polaron-pair. Dotted black lines indicate best-fit kinetics obtained by re-convolution
of multi-exponential function with the Gaussian-shaped IRF of the TA set-up. Kinetics of excitons
was characterized by a sum of two exponential, whereas GSB and polaron-pairs were fit to a sum
of three exponentials. The rate constants are summarized in Table S1. (¢) Proposed model for
photophysics of the pristine 4TIC film. Red arrows denote generation pathways of 4TIC
photoexcited species (4TIC excitons and 4TIC polaron-pairs), and orange represents fluorescence
emission pathways. Two pools of 4TIC photoexcited species—excitons (S;) and polaron-pairs —
are generated within the instrument response time, of which excitons are emissive. A fraction of
4TIC excitons may also split into 4TIC polaron-pairs. Polaron-pairs may regenerate S;, leading to
delayed fluorescence, and may also dissociate into free carriers (FC) which non-geminately
recombine to the ground-state.

Table S1. Kinetics parameters of multi-exponential functions that describe 4TIC exciton, 4TIC
GSB and 4TIC polaron dynamics in pristine 4TIC films upon 810 nm photoexcitation.

ai 71 (ps) a 72 (ps) a3 73 (ps)
4TIC exciton 0.75 2.3 0.25 23 N/A N/A
4TIC GSB 0.74 17 0.18 170 0.08 >5000
4TIC polaron 0.57 14 0.24 150 0.18 >5000
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Figure S7. (a) TA spectra of 4TIC solution at selected times. Contrary to 4TIC films, only one
PIA feature appears in the nIR wavelengths. (b) Comparison of 4TIC PL decay with exciton decay
upon photoexcitation at 810 nm with fluence of 2.5 uJ/cm?/pulse. Kinetic traces of PL emission
and the TA signal at 930 nm were fit to mono-exponential functions re-convolved with the
measured IRFs of the trPL and TA set-ups. We determine the exciton mono-exponential 1/e
lifetimes of PL emission and the exciton TA feature are 480 ps and 504 ps, respectively.
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Figure S8 Absorption spectra of pristine 4TIC film and solution. Red-shift of the absorption bands
in film suggests aggregate formation, leading to intermolecular interaction between 4TIC
molecules.
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Figure S9 Temperature-dependent steady-state photoluminescence spectra of pristine 4TIC film.
We assign the peak at ~1.25-1.3 eV as the 0-1 transition and the peak at ~1.4 eV as the 0-0
transition. PL emission is normalized to the red peak ~1.4 eV to monitor the ratio of 0-0 to 0-1
transition at varying temperature.
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Appendix B. Supporting Information for Chapter 3

Experimental Method

Device fabrication and characterization The device structure of optimized m-
MTDATA:3TPYMB solar cells is: ITO/PEDOT:PSS (50nm)/Meo-TPD (12nm)/m-MTDATA
(10nm)/m-MTDATA:3TPYMB (1:1 by mass)/3TPYMB (10nm)/Bphen (10nm)/LiF (1nm)/Al
(100nm). ITO substrates were pre-etched, cleaned via sonication in micro-90 detergent, deionized
water, acetone, and isopropanol solution, and plasma cleaned with O, for 10 min prior to spin-
coating. PEDOT:PSS was spin-coated at 4000 rpm for 40 s, followed by annealing at 150°C for
15 min. All following layers were deposited via thermal evaporation. For codeposition of m-
MTDATA and 3TPYMB, the 1:1 mass ratio was achieved via controlling deposition rate.

For external quantum efficiency measurement, excitation light was produced by a monochromated
Tungsten-Halogen lamp and was modulated at 220 Hz using a Stanford Research Systems SR450
Chopper Controller. Photocurrent was detected by a Stanford Research Systems SR830 Lock-in
Amplifier referenced to the chopper controller. External quantum efficiency was calculated using
a calibrated photodiode. Pixel mask was used to minimize edge effect, and the irradiation area on
the pixel was ~0.06¢cm?,

We performed variable angle spectroscopic ellipsometry (VASE) measurement to calculate the
fraction of light absorbed by the m-MTDATA:3TPYMB layer in the device. VASE measures the
change in polarization, both the amplitude ratio ¥ and the phase difference A, as light from various
incidence angles reflects or transmits from the material. Spectra of ¥ and A were measured on m-
MTDATA:3TPYMB blend co-deposited onto silicon substrates with 300 nm thermally grown
Si0,, at 3 different incidence angles (55°, 65° and 75°). The complex refractive indices n and k
were modeled using a B-Spline model via the CompleteEASE software from J.A. Woollam Co. A
transfer-matrix algorithm was used to calculate the fraction of light absorbed in each layer of the
solar cell device.! To calculate IQEpy, the EQEpy spectrum was divided by the fraction of absorbed
light in the m-MTDATA:3TPYMB layer.

The current density-voltage curve was measured with a Keithley 2400 source meter upon
illumination of a 385nm LED on the same irradiation area as EQE measurement. The intensity of
the LED illumination was corrected to AM1.5G 1-Sun intensity by spectrally matching to the solar
spectrum.

EL spectrum was measured on the same m-MTDATA:3TPYMB device used for EQE and J-V
measurement. The device was mounted inside a chamber under dynamic vacuum and was held at
a constant bias (Keithley 2400) that corresponded to the short-circuit charge density at AM1.5G
illumination. The electroluminescence was collected and focused into a spectrograph (MS-23001,
Princeton Instruments) using F/# matched optics and the spectra were measured using a LN2-
cooled Si array CCD detector (Spec-10, Princeton Instruments). The spectra were corrected for the
instrument response using a calibrated white light source (HL-P-CAL-EXT, Ocean Optics).

EL quantum yield was measured on a home-built set-up inside a N> glovebox. The device was
mounted onto a holder inside a light-tight enclosure, with glass side facing a large area Si
photodiode (Hamamatsu S3204-08). The holder was designed such that waveguided emission was
blocked from the detector.
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Photoluminescence characterization

PL decay kinetics of the blend film were measured using a Hamamatsu streak camera with a slow-
scan unit. Samples used in trPL experiments were prepared on glass substrates using the protocol
described above and were kept under dynamic vacuum during measurement. Film samples were
irradiated with 365 nm pulse pumped at 1 kHz from a Coherent Inc./Light Source OPerA optical
parametric amplifier. PL decay of the m-MTDATA and 3TPYMB solution (0.016M) was
measured using a time-correlated single photon counting system (Picoharp 300) using a 375nm
pulsed laser (PDL-800) as excitation source.

Steady-state PL measurement was performed on m-MTDATA:3TPYMB device on a home-built
set-up. A 374 nm solid-state laser was used for excitation. The sample was mounted in a chamber
and placed at a 45-degree angle from the laser beam path. The photoexcitation was focused onto
one specific pixel from the glass side. PL emission was focused onto a fiber-coupled OceanOptics
USB2000+ CCD spectrometer. A 500 nm (cut-on) filter was used in front of the detector to block
the scattered laser excitation. The spectral response of the detector was corrected with the spectrum
of a calibrated white-light source taken in the same optical geometry as PL. measurements of the
sample. Low-temperature PL spectrum was measured by mounting samples in a cryostat (Janis
Research Co., STVP-100) with a temperature controller (Lakeshore 332).

PL quantum efficiency of m-MTDATA:3TPYMB thin film was measured with a Hamamatsu
(C9920-2 integrating sphere system. The film was photoexcited with 365nm beam generated from
monochromated lamp. The excitation intensity and sample photoluminescence were
simultaneously measured using a CCD spectrometer (Hamamatsu C10027). Three measurements
were made (sample in the light path, sample out of the light path, and sample removed) and PLQY
was calculated using the method of de Mello et al.> PL quantum efficiency of m-MTDATA and
3-TPYMB solution (0.016M) was measured in the same set-up.
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Supplemental Information
Section S1 Calculation of kinetic rates

kisc
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Kinetics of TADF-emissive states can be described via the scheme above.? To calculate parameters
of our interest (Kg r, Kg nr» Kisc), we can first write the prompt PL yield (®p), the triplet and singlet

yields (P and ®y), and total PL yield (Pf) as
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Figure S1 Fitting results of ellipsometry data of m-MTDATA:3-TPYMB blend: (a) ¥ and (b) A
at three angles of incidence (AOI). Refractive indices n and k are shown in (¢).

Section S2 Voltage loss analysis
The open circuit voltage loss can be separated into the following terms*, based on the deviation of

the actual short-circuit current /- and dark saturation current J, from their ideal values (J gg and

]g Q) calculated based on the Shockley-Queisser limit®> (Eqn. S1-3). VOSCQ is the ideal open-circuit
voltage in the Shockley-Queisser limits, which assume EQEpv to be a step-function that equals
unity above bandgap and zero below bandgap.’ AV;5¢ is the voltage loss due to a non-ideal charge
generation.” At low photon energies, blackbody radiation spectrum increases in intensity,
resulting in excess absorption by the solar cell and thus, based on Kirchhoff’s radiation theorem,
equivalent emission from the solar cell to the ambient. This absorption edge broadening results in
additional radiative recombination and thus voltage loss, namely radiative recombination voltage
loss (AV}).%7 The last loss term AV}%is due to non-radiative recombination of photogenerated
charge recombination, and is thus determined by the electroluminescence efficiency (EQEg;)

Voo = kq—Tln (]]—0) Eqn. S1

SQ SQ rad
kT ] Jsc . J J
Voc = —1 (—SC Z5C y 20 4 10 ) Eqn. S2
oc =7 n 55 * ]::g * Jrad ™ 0 qn
Voc = Vol + AVSS + AV + AVE Eqn. S3

We briefly explain the procedure for calculating each voltage term, as described in detail in
previous work.*’

1. VOSCQ: We first evaluate the bandgap (E;) as the average of the probability distribution of
E,4 calculated from the first derivative of the EQEpv onset (Eqn. S4). We determine this value to
be 3.239¢V,? which corresponds to an ideal V- of 2.85V in the Shockley-Queisser limits at 295K.°

E, = [\ EyP(Ey)dE, / J. P(E,)dE,, where a and b are the FWHM limits of P(E;) ~ Eqn. S4
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2. AV3E: We evaluate the actual short-circuit current (Jg¢) and the Shockley-Queisser | Ssg via Eqn

S5. For J gg , EQEpy is represented by a Heaviside function with onset at E;. Js. the experimental
EQEpy is used.

Jsc =q f;; EQEpy(E)$am15(E)AE Eqn. S5

3. AV/): We evaluate ]g ? and J54% based on Eqn. S6. To calculate ]g C EQE py 18 represented by a
Heaviside function with onset at E;. For Jj ad the experimental EQEpy spectrum was extended to
lower energy region based on Rau’s reciprocity theorem.” Within the framework of Rau’s
reciprocity theorem, EQEp, and EL spectra are related via the blackbody radiation spectrum (Eqn.
S7), because photogenerated free charges must radiatively recombine. First, we test reciprocity
theorem by recreating the sub-gap tail of the EQEp spectrum with blackbody radiation spectrum
at 295K and the EL spectrum measured at 1 Sun equivalent injection current condition. Figure 3¢
in main text shows that although the large shift of EL spectrum from absorption limits the
overlapping wavelength range between EL onset and EQEpy tail, recreated sub-gap EQEpy tail
follows the overall trend of the experimental EQEpy, spectrum and overlays well over the measured
EQEpy tail. Using the recreated EQEp, spectrum, we then estimated the radiative saturation
current and the radiative recombination loss given a non-step function absorption edge and obtain
AV = 0.600V.

Jo=4q fooo EQEpy(E)¢ppp(E)dE Eqgn. S6
— avy _
¢eL(E) = EQEpy (E)ppp(E) (exp (kT) 1) Eqn. 87
4. AVZL: We determined EQEp;, of the solar cell device to be 1.67% at injection current equivalent
to Jgc at AM1.5G illumination intensity. Based on Eqn. 2 in the main text, AV/'. is thus 0.104V.

Taken together, our voltage loss analysis leads to an estimated Voc of 2.10V, agreeing
quantitatively with our measured value of 2.11V (Table 1 in main text).
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Section §3. PL spectra of m-MTDATA, 3TPYMB and m-MTDATA: 3STPYMB

The transition dipole moments are calculated using the equation below.?’” Parameters are obtained
from PLQY, steady-state PL spectroscopy and PL lifetime measurements on m-
MTDATA:3TPYMB blend film, dilute m-MTDATA and 3TPYMB solution samples. To
determine the adiabatic energies the LE of single components, we found the intersection of
normalized PL and absorption spectra (Figure S5).2% The adiabatic CT energy is found via fitting
EQE and EL spectra simultaneously to a set of Gaussian equation as described in detail in the next
section.

2
_ 6AT*EdndiE

Kpga = Y Eqn. S8
d, g: transition dipole moment from LE state to the ground state
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Figure S2 Normalized absorption and PL spectra of m-MTDATA and 3TPYMB.

Table S1. Summary of molecular and photoluminescence parameters.

m-MTDATA 3TPYMB m-MTDATA:3TPYMB

blend

E,, (eV) 2.9 32 2.18

PLQY 0.109 0.067 0.128

Tinono (5) 212 %x107° 1.04 x 107° 4.7 X 10~° (prompt)

ke (s-1) 5.14 x 107 6.44 x 107 272 x 10

Kar (s-1) 4.2 x 108 8.97 x 108 1.86 x 10°

diporcr D) | 3.58 3.46 0.049
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Section S4. Marcus-Levich-Jortner framework
1. Theory background and derivation

In the Marcus-Levich-Jortner framework, radiative and non-radiative recombination of CT
states can be described as a two-state electron-transfer event between CT and ground-state, under
the assumption that the electronic coupling between CT and ground-state is much larger than that

between CT and local exciton.
CT
D NV NN
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- 7o W
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Figure S2. Potential energy surfaces of CT (orange) and ground-state (blue) with harmonic
oscillator vibrational levels with quantum numbers of ¢ and w, respectively. Vibronic
wavefunctions are shown in color-shaded curves. Radiative transitions are indicated by the arrows
and non-radiative transitions are shown as vibrational wavefunction overlap. Vibrational spacing
is denoted as hQ.

Within this framework, the non-radiative recombination rate is described by the well-
27 yr2 1 exp (_ (Ecr—Acr)?
h JandcrkgT 4kpTAcr
coupling between ground-state and CT state, and A, is the reorganization energy being the sum
of intermolecular reorganization (reflecting structural rearrangements upon de-excitation of CT)
and intramolecular reorganization due to vibrations of the molecule. In addition, intramolecular
phonon modes must be treated quantum-mechanically, given that intramolecular phonon modes
are “frozen” (hwjnrq~300-3000cm™") at room temperature and only intermolecular phonon modes
(Awineer~10-100cm™) are activated.'® Since Aw;prer K kT <K AWintrq, intramolecular phonon
modes must be treated quantum-mechanically,!’'?> and thus, within the Born-Oppenheimer
approximation and Fermi Golden Rule limits, the non-radiative transition rate can be written as

known Marcus formula k,, = ), where V2 is the electronic

K, = Zh—”VZFCWD Eqn. S8

where FCWD (Franck-Condon weighted density of states) factor accounts for transitions between
all vibrational levels of CT and ground-states.
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Here, Assuming CT and ground-state have equal intramolecular phonon modes (% ), it has been
shown that the overlap integral squared between two vibronic states g, and Ypp < Yaq|[Ppp >2,

-Scw-t
describing the transition probability, reduces to L“ [L¥~*(S)]?,"? S is the Huang-Rhys factor ,

S = == where # is the intramolecular phonon mode energy, t and w are the vibrational quantum

numbers for the ground-state and CT state, respectively, and LY ~*(S) is the generalized Laguerre
polynomial. The initial density of states at a particular vibrational level, t, of the CT state follows
the Boltzmann distribution, and the density of population with energy required for the transition
from the initial vibrational level of the CT state to the ground-state vibrational level, while
satisfying energy conservation, is described as a delta function. At room temperature, we can safely
only consider transitions from t=0 to all w vibrational levels. Taken together, we write FCWD for
non-radiative transition rate as
e=SsW X _(ECTZAC_WFLQ)Z
4AckgT

WZW 0 [LO (S)] e c*B Eqn S9

where the factor before the double sum represents the classical density of states.

FCWD(0) =

Radiative transition can be modeled as spontaneous emission with probability density of <
Vaellil¥pp >2, Using the MLJ approach, we then write the radiative rate constant at a particular
photon energy k,.(Aw) in units of s™eV =1 as Eqn. S9 (Unit conversion is shown below) and
integrate over photon energies to obtain the total radiative rate K, (Eqn. S10). Based on
generalized Mulliken-Hush approach, the transition dipole moment (M) is related to the electronic
coupling (V) and change in dipole moment Ap.>!'* Thus, the PLQY can be expressed as Eqn. S12.
We use the full form of this equation since for high bandgap blends, such as the TADF-based blend
herein, non-radiative and radiative rates may be kinetically competitive. AV/': is calculated via
Eqn. 12, assuming the emission probability for CT state is 1.°

! ha 5 _41 C%s%kg™tev
k,(hw) = 3mom( C) MZECWD (hw) [6 94 x 10-41 ALV ]Eqn S10
K, = [ k.(hw) dhw Eqn.S11
K — h4(%)3 VZ'AZ'IZZ J (hw)3FCWD (hw) dhw[6.94x10_4lczszlg+1ev]
PLQY = K +;( =T (1 (:/2|Au| 3 41C%s2kg~1ev] 2m .,
r+Knr 3neoh4\0) [ (h)3FCWD (hw) dhw[6 94x10~ T]*;TV FCWD(0)

Eqgn. S12

Unit conversion:

Since the change in dipole moment is in unit of Debye, we performed the unit conversion below
to obtain s~1eV 1! for k, per radiative transition energy Aw.

0K, 1 (hw 3

k, = he = Srecht T) M?FCWD (hw) X unit conversiton factor

3

[ ! leV] [eV - D]? x

1
s-eV A2 4kg—tm=3][eV - s]* [m] [eV]
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[D]?
[Coulomb]?[s]3[kg] '[eV]?

[10~18statC - cm]?

y (2.998 x 101%m/s)?
eV

[2.998 x 10°statC]?[s]® [1.783 x 10736

[eV]?

2. Range of parameters in energy gap law calculation

Based on previously reported parameter range,”® we varied A¢, Agm, A, V2 and intramolecular
phonon mode, individually, when calculating transition rates as a function of E.r. In each
calculation, the unchanged parameters (“Default value”) for each E.; and the range for the
variable parameter are shown in the table below.

Default value Range
Ecr (eV) - 0.6-2.7
Ac (€V) 0.15 0.05-0.3
Agm (V) 0.15 0.15-0.3
Q) (eV) 0.15
Au (D) 6 4-20
V (eV) 0.01 le-3—1e-1

3. Discussion

As shown in Figure S4, the experimentally determined non-radiative voltage loss of
polymer/non-fullerene aceptor,*!>~! polymer/fullerene,!*?'-2 and OLED-based OPVs? lie within
the calculation range (Table S2). More importantly, for high-energy CT systems, such as the
TADF-based system in this study, and OLED-material-based systems, non-radiative transition
rates can vary by orders of magnitude, whereas radiative transition rates demonstrate a less
dramatic response (Figure S3). Radiative rates vary by “only” 2-3 orders of magnitude due to
reasonable changes in reorganization energies and change in dipole moment throughout the range
of E-r we explored (0.6eV-2.7eV). In contrast, for systems with low-energy CTs (0.5-1.0eV), non-
radiative rates vary considerably more. We note that charge-transfer states in most polymer/NFA
blends are around 1.0-1.5¢V 413242516223 I this energy range, correct non-radiative rates can vary
by 10%-10® for seemingly “reasonable” values of the reorganization energy and other parameters.
For higher E.r systems, such as the TADF-emissive blend herein, the non-radiative rate is
extremely sensitive to changes in the reorganization energy. These observations re-affirm that it is
crucial to (1) control reorganization energy in CT systems to reduce non-radiative voltage loss, (2)
use appropriate microscopic parameters when discussing experimental rates and voltage losses in
the realm of two-state MLJ model.
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Figure S3. Effect on K,., Ky, and AV as a function of E¢r at varying (a)-(c) Agm, (d)-(f) A, (2)-
(i) change in dipole moment Ay and (j)-(1) electronic coupling V2.
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Figure S4 Expanded “energy gap law” (shown in red curve) of AV as a function of Eqr. The
shaded area is calculated range for AV} based on a linear relation between AV} and Eqp — 4.2

Section S5 PL emission spectrum simulation

We simulate the PL emission spectrum based on the MLJ two-state model (Eqn. S15) and compare
it with the experimental PL spectrum. First, we fix E.r at 2.58e¢V determined from experiment,
hQ at 0.10eV and A;,; at 0.4eV. Huang-Rhys factor is varied to obtain the correct spectral peak
position that overlaps with our spectrum. Static disorder (represented by o), which leads to
inhomogeneous broadening of the linewidth of the transition, is also considered.?'3?

We show in Figure S5b that when A;,; is greater than 0.4eV, PL spectrum is expected to be
significantly broader than observation.

Figure S5a shows that A,,, at 0.39eV would lead to the correct spectral shape and that static
disorder o is required to obscure the vibronic envelope. Previously shown, excluding the static
disorder term will also lead to miscalculations of reorganization energy and CT state energy.** For
completeness of our discussion, Figure S6a-b we thus compare k,,,- and k,. calculation with and
without o and show that ¢ has negligible effect on rates.

In Figure 4a red trace, we used E.r of 2.65¢V. To evaluate the effect of E-; on the simulation, we
performed the same calculation as shown in Figure S6¢-d. Our findings in the main text, i.e. k,,,-
from two-state calculation do not agree with experimental data, remain true.

2
SSW —(ECT—AC—WfLQ)

c — WhQ)3 ——[L¥(S)]?e #AckpT+20? Eqgn. S15

o=
w!

1 o)
PL(E) X WZW:O(ECT -1
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Figure S5 . Simulated PL spectra obtained from the following parameters: (a) A;,:q; =0.4eV, 0,=0,
wgm = 0.1eV , Ecr =2.58¢V, gy =0.20eV  (black) or 0.39eV (red), and (b) Aiora

=0.6eV, 0,=70meV, wg,, = 0.1eV, E¢r=2.7eV, 1,,=0.59%V.
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Figure S6 Comparison of (a) k,- and (b) k,,- with and without static disorder in Equation S9. The
lighter color traces are shown in main text Figure 4b. (¢) k: and (d) k. calculation using
Ect=2.65¢Vand phonon mode of 0.1eV while varying A;,:4; from 0.2 to 0.6eV and ratio between
Agm and A..
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Section S6. Electronic structure calculations

The morphology of the m-MTDATA/3TPYMB) blend was derived by means of molecular
dynamics (MD) simulations based on the all-atom optimized potentials for liquid simulations
(OPLS-AA) force field.?® Point charge parameters of carbon, oxygen, sulfur, nitrogen, and
hydrogen atoms of the donor/acceptor molecules were obtained via DFT calculations and
employed for MD simulations. These parameters were shown to provide fairly accurate packing
density when compared to experimental values.*® The methodology consists of randomly placing
250 molecules each of donor and acceptor molecules in a simulation box at density of less than
0.1 gm/cc. We perform a NVT simulation at 1000 K for at least 1 ns followed by at least 5 ns
1sobaric-isothermal ensemble simulation at 1 bar and 300 K. A time step of 1 fs was used to
integrate Newton’s equations of motion. Long-range energy and coulombic corrections and
particle mesh Ewald (PME) with accuracy of 0.0001 was used for computing long-range
electrostatics as implemented in GROAMCS. Within these simulations we observe that the density
of the

Excited-state calculations were performed by means of time-dependent DFT (TDDEFT)
calculations based on the Tamm-Dancoff approximation (TDA by using tuned range-separated
SRSH-wPBE-D3 functional and 6-31G(d) basis set. The geometry optimization of the donor and
acceptor molecules was obtained at the same SRSH-owPBE-D3/6-31G(d) level.

The tunning of the range-separated parameters (w) was performed by minimizing the error
function J(®):
J(@) = [€nomo(@) — IP()]* + [€,ymo (@) — EA(w)]?

Here, eyomo and €,ym0 are the energies of highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO); IP and EA denote the vertical first ionization potential and electron
affinity of the system. A value of 0.10 bohr™! was derived for the optimal value of ®.

All the excited-state calculations were performed with the Q-chem 4 package and, MD simulations
were carried out using GROMACS software.3!*? A dielectric constant of 3 was used in all these
calculations.
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Section S7 PL emission spectrum simulation

We calculate the ki, kor and PLQY for a range of CT energies using the three-state model described
in the main text. For the main text figure, we fix all microscopic parameters, except Ect. According
to Eqn.5 in main text, this varies the fcr.Le too, and therefore this calculation demonstrates the
effect of AEct.Le on the CT-LE mixing and the CT transition rates and PLQY.

Values of the parameters used are based on experimental value of the low gap component m-
MTDATA donor and the CT state.
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Figure S7. k., kar and PLQY of the CT state calculated at a range of CT energies when PLQY of
the LE is varied. Black: two-state calculation. Red: three-state calculation where PLQY of LE is
10%. Green: Three-state calculation where PLQY of LE is 80% by increasing transition dipole
moment or by slowing down ki, is also shown.
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Figure S8. k:, kor and PLQY of the CT state calculated at a range of CT energies when the CT-G
and CT-LE electronic coupling vary from 1 mev, 5 meV to 10 meV. PLQY of LE is 10%.
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Figure S9. k:, kor and PLQY of the CT state calculated at a range of CT energies when the CT-G
and CT-LE electronic coupling vary from 1 mev, 5 meV to 10 meV. PLQY of LE is 80%.
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Table S2. Summary of Ect, PLQY, k: and kyr values of CT states in donor/acceptor OPV blends.
Ect 1s determined by fitting EQEpv tail and EL spectra to a set of Gaussians (T), or by the
intersection between normalized absorption and PL spectra (}). Systems in ref 35 are reported to
show CT-LE hybridization that increases k;. A;,; obtained from EQEpy and EL fitting (* indicates
the numbers were tabulated from the original published figure).

Ect Ator | PLQY ke (s) knr (s7) Ref
m- 0.128
MTDATA:3TPYMB 2.587 | 0.41 | (prompt) 2. 75E+04 1.87E+05 | This work
PIDSe-PhQ:PCBM 1.35¥ | 0.19* | 9.1E-05 1.08E+05 1.19E+09 | 3¢
PIDT-PhQ:PCBM 1.41% | 0.19* 1.3E-04 9.71E+04 7.25E+08 | 4
PIDT-PhanQ:PCBM 1.431 | 0.19* 1.9E-04 1.47E+05 7.81E+08 | 34
PIDSe-PhanQ:PCBM 1.42+ | 0.19* | 2.2E-04 2.99E+05 1.39E+09 | 3
PCE10:FIDTT-2PDI 1.67 | 0.15 1.4E-04 3 43E+05 2.52E+09 | 4
PNOz4T:PC71BM 1.58% -- | 8.0E-03 2.32E+07 2.88E+09 | 3
PDCBT-2F:IT-M 1.67% - | 1.2E-02 1.58E+08 1.30E+10 | 3°
PTB7-Th:IEICO 1.67% -- | 7.0E-03 9.94E+07 1.41E+10 | 33
PBQ-QF:IEICO-4F 1.36% -- | 1.0E-04 4.38E+06 438E+10 | ¥
PvBDTTAZ:O-IDTBR 1.7% -- | 1.2E-02 1.75E+08 1.44E+10 | 33
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Table S3. Summary of Ect and AV, values in donor/acceptor OPV blends.

Polymer:NFA Ecr AVur Ref
PCE10:FIDTT-2PDI 1.6 0.292 | ¢
P3TEA:SF-PDI2 1.72 0.26 | 36
PBDB-T:ITIC 1.5 035[ "
PDCBT-2F:IT-M 1.67 021 %
PTB7-Th:IEICO 1.45 023 %
PBQ-QF:IEICO-4F 1.36 0.29 | ¥
PvBDTTAZ:O-IDTBR 1.7 0.25 |
BDT-ffBX-DT:SFPPDI 1.79 0.22 |2
BDT-ffBX-DT:PDI4 1.79 0.28 | 20
BDT-ffBX-DT:PDI6 1.79 0.26 | 2
PBDB-T:NCBDT 1.54 0373 | 7
PBDB-T:NCBDT 1.54 0.402 | 7
P6:Y11 1.38 0.175 | 1°
P6:Y11 133 0.201 | 1°
P6:Y11 1.32 0.202 |
PBDB-TF:BTP-4F 1.4 023 |
PBDB-TF:BTP-4Cl 1.4 0.206 | %7
D-0F:8C-ITIC 1.12 0.32 | 2
D-2F:8C-ITIC 1.38 031 |2
D-4F:8C-ITIC 1.41 0.23 | 2!
D-0F:ITIC 1.1 0.32 | 2
D-2F:ITIC 1.36 0.34 | ¥
D-4F:ITIC 1.48 0.27 | ¥
D-0F:IT-4F 1.08 0.46 | 2
D-2F:IT-4F 1.08 0.36 | 2
D-4F:IT-4F 1.14 0.35 | 2
Polymer:fullerene Ecr AVur Ref
PIPCP:PC61BM 1.46 027 | *
DCV5T-Me:C60 1.47 031 %
PM6:PCBM 1.6 0.402 |
APFO3:PC61BM 1.64 033 |
APFO3:PC61BM 1.66 0.38 |
APFO3:PC61BM 1.66 032 |
APFO3:PC71BM 1.63 0.41 |
APFO3:PC71BM 1.66 041 |*
Dihexyl-PTV:PC61BM 1.22 0.45 | *
High-Tg-PPV:PC61BM 1.44 0.38 |
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24

LBPP5:PC71BM 1.39 0.41
MDMO-PPV:PC61BM 1.41 031 |
MDMO-PPV:PC61BM 1.47 0.34 | *
MDMO-PPV:PC61BM 1.53 0.35| %
MDMO-PPV:PC61BM 1.53 0.36 | **
MDMO-PPV:PC61BM 1.52 0.31 ]
0C9-PEO-PPV:PC61BM 1.34 0.48 | %
P34T:PC61BM 1.18 0.48 | %
P34T:PC61BM 1.15 0.46 | **
P35T:PC61BM 1.21 042 |
P35T:PC61BM 1.18 0.46 | **
P35T:PC61BM 1.17 0.45 |
P35T:PC61BM 1.15 043 |*
P36T:PC61BM 1.24 0.43 | %
P36T:PC61BM 1.22 0.44 |
P36T:PC61BM 1.21 0.45 | %
P36T:PC61BM 1.2 0.44 |
P3HT:PC61BM 1.37 0.34 | %
P3HT:PC61BM 1.2 042 |
ReRa-P3HT:PC61BM 1.47 0.33 | *
PBDTTPD:PC71BM 1.54 04|
PCDTBT:PC71BM 1.48 0.39 | %
PCPDTBT:PC71BM 1.29 0.38 | %
PCPDTBT:PC71BM 1.25 0.37 | *
TQm6:PC71BM 1.45 031 |*
TQmS8:PC71BM 1.48 0.35|*
TQmEH:PC71BM 1.43 0.34 | *
TQp6:PC71BM 1.21 0.48 |
TQp8:PC71BM 1.27 041 |*
TQpl12:PC71BM 1.31 033 |*
D-0F:Bis-5.1-PCBM 1.18 0.47 |
D-2F:Bis-5.1-PCBM 1.44 0.46 | *!
D-4F:Bis-5.1-PCBM 1.59 0.36 | *!
D-0F:PC70BM 1.15 0.37 |
D-2F:PC70BM 1.27 0.38 | *!
D-4F:PC70BM 1.44 0.38 | *!
D-0F:C60C70 1.09 0.38 | *!
D-2F:C60C70 1.09 0.37 |
D-4F:C60C70 1.36 0.47 | !
OLED-based Ecr AVur Ref
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BF-DPB:TmPPPyTz 2.5 0.09 | ¥
TAPC:TmPPPyTz 2.57 0.12 | %
TCTA:TmPPPyTz 2.58 0.14 |
BF-DPB:B4PYMPM 2.49 0.11 | *
m-MTDATA:B4APYMPM 2.15 0.19 | ¥
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Appendix C. Supporting information for Chapter 4

Experimental methods

Electroabsorption spectroscopy measurement

Figure S7 shows the experimental set up for the electroabsorption measurement in the transmission
mode. During the measurement, an alternating electric field is applied to the sample via a voltage
waveform with its frequency (w) and amplitude programmed on the function generator. The
sample is oriented with respect to the monochromated polarized light such that the electric field
across the sample and the electric field of the incident light cross at the magic angle (~54.7°). The
transmitted light is focused onto a silicon photodiode. The detected signal is amplified via a current
pre-amplifier and outputs to a lock-in amplifier and a Keithley voltmeter. The lock-in amplifier is
synced to 2w of the applied AC field and detects the change of transmitted light intensity due to
the field. The Keithley voltmeter detects the transmitted light intensity.

Sample fabrication

The sample for EA measurement is a multi-layer capacitor-type device with the following structure:
ITO/Cytop/SiO»/active layer/Si0,/Cytop/Al (Figure S8). This structure allows for the
measurement to be performed in the transmission mode while eliminating direct charge injection.
Transparent ITO substrates act as the bottom electrode. Cytop solution is spin cast onto the
substrate to form an insulating layer. SiO2 is deposited as a second insulating layer via electron-
beam under high vacuum. The organic solution is spin cast onto the substrate to form a 50-100nm
thin film. Then, SiO2 is e-beamed and Cytop solution is spin-cast. Finally, a thin Al layer is
deposited via thermal evaporation to act as the semitransparent electrode to allow for light
transmission.

Ellipsometry measurement

We performed variable angle spectroscopic ellipsometry (VASE) measurement to determine the
refractive indices of each layer in the EA sample stack. VASE measures the change in polarization,
both the amplitude ratio W and the phase difference A, as light from various incidence angles
reflects or transmits from the material. Spectra of ¥ and A were measured on material deposited
onto silicon substrates with 300 nm thermally grown SiO», at 3 different incidence angles (55°,
65° and 75°). The complex refractive indices n and k were modeled using a B-Spline model via
the CompleteEASE software from J.A. Woollam Co.

Supplementary information
Section 1. Data analysis of EA

As mentioned in main text, microscopic parameters including Ap and Ap can be extracted via the
Liptay equation. The most common methods directly fit the derivatives of the absorption spectrum
to the Liptay equation.! In one method, the absorption spectrum is reconstructed with several
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Gaussian functions and the linear combination of the Gaussian components and their
corresponding derivatives are fit to the Liptay equation. In the second method, the experimental
absorption spectrum is first smoothed using a filter function and then the derivatives are obtained
by direct numerical differentiation of the smoothened data. Both methods add some ambiguity and
potential artifacts to the EA lineshape, which is a highly sensitive reflection of the macroscopic
parameters. Furthermore, previous reports have shown that optical absorption omits light
interference within the sample stack and thus cannot be used to model EA response.

We fit the experimental spectrum to the expected change in transmittance via a transfer matrix
method based on refractive indices (n and k).? This method is more robust because (1) the original
experimental data, rather than a reconstruction based on Gaussians, is used, (2) with good S/N
ratio, no data smoothing is necessary, and (3) light interference between each sample layer is
accounted for. Briefly, EA response reflects the change in n and k of the active layer due to the
external electric field. This effect can be expressed by the Liptay equation.

B, d (k() C 4% (k()
_ 2 X v £
Ak(v) = F {Axk(v)+15hc"dv< v >+30h202vd1’2< v

Derivation for this form of the Liptay equation from Eqn. 4.5 is shown in a previous publication.?
To model transmittance with and without the applied field, we use the corresponding refractive
indices of each layer (only refractive indices of the active layer are perturbed by the field) and a
transfer matrix method. The refractive indices are determined from ellipsometry measurements.
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Figure S1. Fitting results of ellipsometry data of PCE10:PCsBM blend: (a) ¥ and (b) A at three
angles of incidence (AOI). Refractive indices n and k are shown in (c¢).
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Figure S2. (a) Normalized EA spectrum of PCE10:PC60BM at two field strengths. (b) Magnitude
of the low energy AT/T peak as a function of applied field.
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Figure S3. Fitting results of ellipsometry data of PBDB-T:IT-4F blend: (a) ¥ and (b) A at three
angles of incidence (AOI). Refractive indices n and k are shown in (c¢).
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Figure S4. Comparison of EA spectra: PBDB-T:IT-4F and pure IT-4F.
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Figure S5. Fitting result of PBDB-T:IT-4F blend to Liptay equation.
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Figure S6. Fitting results of ellipsometry data of PTO2:Y6 blend: (a) ¥ and (b) A at three angles
of incidence (AOI). Refractive indices n and k are shown in (¢).
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Figure S7. Experimental setup for EA measurement in transmission mode. The angle between
electric field within the sample (shown in red) and field of the polarized light (shown in purple)
is defined as y.
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Figure S8. EA sample stack. Layer thickness is determined via ellipsometry fitting.
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