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Abstract

Time-resolved optical spectroscopy of organic electronics as a function of local environment

by

Benjamin Lawrence Cotts

Doctor of Philosophy in Chemistry

University of California, Berkeley

Associate Professor Naomi S Ginsberg, Chair

Organic semiconductors have the potential to form the basis of the next-generation of
electronic devices. Device layers formed from these molecular based materials can be solution
processed at room temperature using techniques such as roll-to-roll printing, making them
cheaper and more sustainable than inorganic alternatives such as silicon. Furthermore, their
properties also enable the development of low-weight and flexible devices to access novel ap-
plications. Yet, solution processing also leads to the formation of complex microstructure via
self-assembly that strongly impacts the function of such devices. A full understanding of the
dependence of device functionality on device structure is needed to direct design of organic
semiconductor based devices to drive widespread commercial adoption. The work of this the-
sis is focused on using time-resolved spectroscopy techniques to study the structure-function
relationships of various organic semiconductors as a function of their local environment.

Chapters 2-4 focus on using transient absorption microscopy to study structure-function
relationships in 6,13-Bis(triisopropylsilylethynyl)pentacene, a model organic semiconductor
with applications in organic field-effect transistors and organic solar cells, as a function of
the local film microstructure. Chapters 5-6 then turn to a time-resolved fluorescence study
of next-generation thermally-activated delayed fluorescence organic light-emitting diodes as
a function of the host matrix polarity.

Organic electronics are a fascinating field of study due to the intertwined relationship
between the chaotic self-assembly of the active layers of these devices and their resulting
functionality. Molecular design of the building blocks of these films affects the ensemble
electronic properties of the entire film not only through the molecular excited states but also
by how those molecular electronic states couple together. Efforts to correlate the impact of
the local physical structure of samples on the resulting local electronic structure will inform
future design decisions in the organic electronics community.
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Chapter 1

Introduction

Semiconductors are a class of materials used in a multitude of devices underpinning mod-
ern society, such as computers. The conductive properties of these semiconductors can be
precisely controlled through sparse doping with atoms that have extra electrons or holes,
allowing the formation of heterojunctions and other device architectures. However, it often
requires multiple expensive lithographic and purification steps to achieve a functioning mod-
ern device, which increases their cost [1–3]. Silicon and other bulk inorganic solid semicon-
ductors have dominated the market for decades, yet next-generation electronics have turned
to newer and potentially cheaper materials. Organic semiconductors represent one class of
next-generation materials that have the potential to lower the cost of important devices like
solar cells and also to access new niche markets based on their unique properties. Neverthe-
less, more work is needed to understand and control the properties of organic semiconductors
with the same fidelity and consistency seen with conventional inorganic semiconductor solids.
A better understanding of the fundamental properties of organic semiconductors is needed
in order to harness their full potential by providing a tighter feedback loop between device
scientists, synthetic chemists, and process engineers.

1.1 Semiconductor basic concepts

Semiconductors are characterized by their intermediate conductivity at room temperature
which falls in between insulators and conductors [2]. This conductivity can also be further
modulated by varying the temperature or, more importantly, by introducing extra charges
via doping. This controllable conductivity can be understood by examining the band struc-
ture of semiconductors, conductors and insulators (Figure 1.1). The large band gap of an
insulator makes it difficult to excite electrons into the free-moving valence band leading to
low conductivity, whereas the nonexistent band gap of the conductor allows free movement
of charge at room temperature. The semiconductor band gap lies in the middle, allowing
the application of controlled optical excitation or chemical doping to vary the conductivity
and enabling the creation of devices such as solar cells and transistors.
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Figure 1.1: The energy difference between the conduction and valence band is known as the
material’s band gap. Metals have no band gap and conduct charge freely. Insulators have
large band gaps and do not conduct charge easily. Semiconductors have intermediate band
gaps that allow for thermal or optical excitation to the valence band for free movement of
charge.

Typical conventional semiconductors are bulk inorganic semiconductors that are highly
ordered crystalline solids made up of single atoms like silicon or germanium. They are
also sometimes comprised of compounds of two or more elements, such as gallium arsenide
(GaAs). The atoms bond together in highly periodic arrangements, coupling together their
atomic orbitals and giving rise to the band structure seen in Figure 1.1 [2–4]. The crystalline,
ordered nature of inorganic semiconductors imparts spatial homogeneity in their band gaps
and other electronic properties throughout the material. This is not always the case for
organic semiconductors.

Organic semiconductors

Organic semiconductors refers to the family of unsaturated hydrocarbons with general prop-
erties of controllable electrical conductivity and light absorption that allow them to be used
in the same general applications as silicon and other conventional bulk crystalline semicon-
ductor materials [3–14]. They were first demonstrated to function at the proof-of-concept
level around the middle of the twentieth century [1, 5, 8] and have slowly improved over the
last 60+ years. Their main appeal lies in their amenability to cheaper processing conditions,
potentially making important technologies like transistors and solar cells more affordable [1,
8–17]. Additionally, organic semiconductors can be deposited onto flexible substrates [18],
opening the opportunity to reach new applications inaccessible to conventional semiconduc-
tors.
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Unlike silicon, where the smallest irreducible unit is a single atom, organic semiconduc-
tors’ irreducible units are individual molecules. These can either be a small molecule or an
extended polymer chain, but always feature delocalized π electron networks that ultimately
provide the pathway used for electron conduction (see Figure 1.2). The σ bonds that pri-
marily hold the atoms together in each molecule are unidirectional and do not extend to
overlap with multiple neighbors, but the π−electrons can extend their travel over the whole
molecule where conjugation is present (See Figure 1.2). Organic semiconductors then rely
on coupling interactions between neighboring molecules to extend this π−electron network
further. However, organic semiconductor molecular interactions generally consist of rela-
tively weak intermolecular forces such as the van der Waals force. As such, the majority of
the optical properties of organic semiconductors originate with the properties of the indi-
vidual molecule [6, 7, 18]. However, with careful molecular design solid films can be formed
with some π−electron overlap between molecules to create ‘exciton delocalization’ (defined
below). This allows the πelectron network to extend across molecules in the film coupling
them together and giving rise to a band structure [4].

Figure 1.2: Organic semiconductor energy bands arise from coupling of delocalized π-
electron networks between neighboring molecules. Top row shows two representations of
delocalization of π electrons in benzene ring. Bottom row shows calculated HOMO orbitals
for TIPS-Pentacene and a Pentacene dimer.

Excitations in these relatively narrow bands (weak coupling) do not behave identically to
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excitations in inorganic semiconductor where the bands are broad and continuous throughout
the material. In particular, organic semiconductors are very susceptible to changes in the
energy levels through local disorder that changes the coupling. Coupling between molecules
is highly dependent on their relative distance and orientation [7, 17, 19], and any fluctuation
or shift in the crystal lattice can disrupt the band structure. This causes electronic properties
of the film to be highly dependent on not only the properties of the individual molecules, but
also the film structure and morphology which also play a role in the nature of the electronic
structure. In films, aligned molecular dipoles can lower orbital energies leading to a red-shift
in absorption, and oscillator strengths and transition dipoles can be altered as the excitations
take on a more delocalized, collective nature. This type of state is referred to as an exciton.

Types of excitons

The excitation of an electron to the valence band leaves behind a positive vacancy in con-
duction band referred to as a hole. These are coulombically attracted to each other, and
the bound pair is a quasi-particle that is referred to as an exciton. The strength of this
binding energy is highly dependent on the dielectric constant of the film, which affects the
screening between the two charges. In conventional inorganic semiconductors the dielectric
constant is high (e.g. Si εr ∼11.7), and correspondingly the binding energies are typically
very low (∼ .01 eV). These are referred to as Wannier-Mott excitons (Figure 1.3), and they
rapidly dissociate from thermal fluctuations to produce free carriers. In contrast, organic
semiconductors have decidedly lower dielectric constants on the order of εr ∼4. This leads to
lower screening and much higher exciton binding energies on order of multiple hundred meV
[7, 17]. The exciton radius of these ”Frenkel” type excitons (Figure 1.3) are much smaller
(∼ 1 nm or less), extending over only a few molecules. Additionally, the larger binding
energy leads to long lived excitons, remaining bound until their decay due to fluorescence
or nonradiative recombination with lifetimes on the order of ∼1-10 ns. Charge separation
only takes place at heterojunctions where there is a donor-acceptor interface that provides a
driving force for the hole and electron to dissociate. As such, the dynamical processes that
take place during the lifetime of an exciton in an organic semiconductor film have a strong
effect on performance.

1.2 Exciton dynamics

Exciton dynamics refers to the different photophysical processes that can occur to an exciton
after it is created, generally after absorption of a photon in this thesis. These processes are
all fast as they take place before the end of the exciton lifetime of ∼1-10 ns. Some of
these dynamical processes shown in Figure 1.4 are productive in a device context and some
are non-productive. Time-resolved spectroscopies can measure these ultrafast processes and
learn under what conditions the efficiency and propensity for the productive pathways is
maximized. These processes will be important in the following chapters.
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Figure 1.3: Two major types of excitons in semiconductors. In inorganic semiconductors the
Wannier-Mott type exciton has large delocalization, with low exciton binding energy, causing
the hole and electron to quickly dissociate. In organic semiconductor films the excitons are
referred to as Frenkel excitons. Due to the lower dielectric screening of the organic film there
is a larger interaction between the hole and electron and hence a higher binding energy. A
driving force is required to cause the electron to separate, usually a heterojunction.

Radiative Relaxation

S0
1

kfl−→ Sv0 + hν

T1

kph−−→ S0 + hν
(1.1)

Here and in the following, for each state the subscript refers to the electronic state and
the superscript, if specified, refers to the vibrational energy state. For example, S0

1 , refers to
the first singlet excited state in the 0th vibrational energy level.

Radiative relaxation includes both fluorescence (kfl) and phosphorescence (kph). Fluo-
rescence refers to the radiative transition between two states with the same spin symmetry,
whereas phosphorescence is the radiative transition between two state of different spin sym-
metry. Therefore, in typical organic molecules, fluorescence refers to the transition between
excited singlet states (S0

1) and the ground state singlet (Sv0 ), and phosphorescence is the tran-
sition between the first triplet state (T 0

1 ) and the ground state (S0) as seen in equation 1.1.
Fluorescence lifetimes are usually on the order of ∼1-10 ns, while phosphorescence lifetimes
are much slower as the transition is spin-forbidden, taking place over 100 µs to multiple ms.
The yield of these radiative transitions are highly dependent on molecular design and local
environment, which is important in organic light-emitting diodes (OLEDs) [7, 17, 20–22].
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Figure 1.4: Energy level diagram depicting all generally possible pathways for an exciton
in an organic semiconductor thin film. Typical energy levels include: the ground state (S0),
the singlet excited state (S1

0), thermally excited singlet state (Sn1 ), the triplet state (T1),
correlated triplet pair (TT), and the charge separated state (C.S.), as well as the common
excited state processes found in organic semiconductors, including: thermalization (kth),
fluorescence (kfl), intersystem crossing (kisc), phosphorescence (kph), internal conversion
from the singlet (kSic) and triplet (kTic), singlet fission (ksf ),triplet annihilation (kta), charge
separation (kcs), and charge recombination (kcr) all labeled with their corresponding rate
constants.

Internal Conversion

S0
1

kSic−→ S0

T1

kTic−→ S0

(1.2)

Internal conversion refers to non-radiative relaxation of excited states through coupling
to vibrational modes. The precise mechanism of such transitions is generally not very well
understood, but depends on the molecule(s) having access to different conformations to
allow for redistribution of energy. As such, the magnitude of kic is highly dependent on
the individual molecule and the particular medium surrounding the molecule. A more rigid
chromophore will tend to have a lower kic [23–25].
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Intersystem Crossing and Reverse Intersystem Crossing

S0
1

kisc−−⇀↽−−
krisc

T1 (1.3)

Intersystem crossing refers to a radiationless transition from the singlet state (S1) to the
triplet state (T1) or vice versa. This process is predominantly the source of any population
of the triplet state of molecule(s) after absorption of a photon, as direct absorption into the
triplet state from a singlet ground state is unlikely. Generally, intersystem crossing is used to
refer to the transition from S1 to T1 and reverse intersystem crossing is used to describe the
opposite process. Reverse intersystem crossing is highly important in a new form of OLEDs
that use the thermally activated delayed fluorescence (TADF) to capture electrogenerated
triplet states [26] (see Chapters 5 and 6).

Singlet Fission

S0
1

ksf−−→ TT (1.4)

Singlet fission is a unique process that occurs in a select few organic semiconductors where
the energy of the S1 state is roughly twice the energy of the T1 state. It is a radiationless
transition between two different excited states, the S1 state and the correlated triplet pair TT
state. It is often very fast, on the order of 100 fs in pentacene [27, 28]. The TT state can also
dissociate into two free triplet states (2T1) on separate molecules after singlet fission takes
place. Therefore, after absorption of a photon to the first singlet state (S1), the excitation
can split into two triplet states, which yields two electrons in an photovoltaic application.
This is a form of multi-exciton generation and is the focus of a lot of study to improve solar
cell performance as it provides a method for breaking the Shockley-Queisser efficiency limit
[27–34] (see Chapters 2-4).

Thermally Activated Delayed Fluorescence

T1
krisc−−→ S0

1

S0
1

kfl−→ S0 + hν
(1.5)

Thermally activated delayed fluorescence (kTADF ) does not appear directly in Figure 1.4,
because it is not a fundamental rate, but rather describes the combination of two independent
processes. In certain molecules that naturally have a very small energy difference between
singlet and triplet excited state (∆EST ), reverse intersystem crossing can occur through
thermal activation of the T1 state to a higher vibrational energy level isoenergetic with the
S1 state. This process is slow, but then can be followed by the normal process of fluorescence
from the singlet state. As mentioned before fluorescence lifetimes are normally ∼1-10 ns,
but TADF is rate limited by the reverse intersystem crossing step, and therefore occurs over
∼10-1000 µs (see Chapters 5-6).
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Triplet Annihilation

T1 + T1
kta−→ S0 + S0

1 (1.6)

Triplet annihilation is often the main pathway to return population from the triplet
state to the singlet state in most organic molecules where the ∆EST is large and reverse
intersystem crossing does not occur. It refers to a bimolecular process of two triplet states
colliding in the film and combining their energy to yield one electron in the ground state and
one in the singlet state. It is therefore highly dependent on the population density within the
film. Triplet-Triplet Annihilation (TTA) is used to break the 25 % limit in some OLEDs,
but is limited to 67 % as the bimolecular process requires two triplet states to yield one
singlet state. One unique form of triplet triplet annhilation is the reverse process of singlet

fission where the correlated triplet pair (TT
kta−→ S0 + S0

1) returns to the singlet state. This
is rapid, because the TT state has an overall singlet in spin and can readily convert back to
the singlet state while the spin correlation persists[35].

Charge Separation and Recombination

Sn1
kcs−→ CS, or

exciton
kcs−→ e− + h+

(1.7)

CS
kcr−→ S1 , or

CS
kcr−→ T1

(1.8)

Finally, the exciton can also split into the free charges of the electron (e−) and hole (h+).
This process is reversible and the separated charges may diffuse through the film and come
back into contact with each other to form an exciton. Generally, charge separation does
not often occur in neat organic semiconductor films as there is no driving force to overcome
the exciton bonding energy. In organic photovolatic (OPV) devices that need the exciton
to separate in order to collect charges and create current there is a heterojunction used to
provide the driving force. One way that charge separation can occur is through immediate
dissociation from a vibrationally excited ‘hot’ state (Sn1 ), that has enough vibrational energy
to overcome the binding force.

1.3 Structure–property relationships determine the

performance of devices based on organic

semiconductors

All of these exciton dynamics are dependent upon the morphology of the organic semicon-
ductor film. A variation in packing structure changes the electronic coupling between the
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molecules and thereby changes the nature of the excitonic state. This change to the elec-
tronic structure will alter the yield of the various dynamical pathways and hence the overall
performance of a device. For example, one packing structure could favor the yield of the
nonradiative pathways, whereas another morphology could cause an increase to the excited
state lifetime and/or fluorescence quantum yield (Figure 1.5). As such, deep understand-
ing of the structure–property relationships is needed in order to achieve high–performance
organic semiconductor (OSC) devices through directed design.

Figure 1.5: Organic semiconductor devices need to be solution processed to be cheap enough
for widespread adoption. The resulting structure in self-assembled solution processed films
must be optimized for the physical arrangement/coupling of organic molecules that yields the
best performance and this optimization process is often done relatively empirically. Directed
design can be achieved through the use of analytical techniques with high spatiotemporal
resolutions, in particular photophysical techniques that can directly measure the nature of
the excited states as a function of local structure.

Solution processing is necessary yet leads to complex structures

Solution processing of organic semiconductors is crucial to realize their full potential by
reducing the cost of devices substantially. There have been initial results demonstrating
roll-to-roll printing of organic electronics at ∼room temperature to dramatically lower the
processing costs compared to boule manufacturing in silicon semiconductors[6, 16, 36–38].
However, solution processing leads to self-assembly of the organic thin films with variable
and chaotic morphologies. This causes local variation in electronic structure that can have
a large impact on device function. For example, processing the film to induce strain in one
direction can alter the π orbital overlap and hence the conductivity[39]. It is this complex
dependence between film formation and optoelectronic properties that is the topic of this
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thesis. For example, processing the film to induce strain in one direction can alter the π
orbital overlap and hence the conductivity[39]. As such, understanding of the structure–
property relationships is needed for efficient optimization of these morphologies to yield the
best performance [16].

The strong connection between structure and functionality in organic semiconductor
films requires advanced analytical techniques with high spatiotemporal resolution in order
to understand their complex photophysics. Theory and intuition can give an idea of the
ideal ordering of molecules for the best properties for the device but only experimentation
can tell which microstructures lead to slight variations in coupling that are really important.
We measure the photophysics as a function of local environment because it allows you to
see how changes to the local environment change the fate of excited electrons within the
material. If you know how the structure changes affect the function of the device then you
know how to target your solution processing to yield the best device.

Device dependence on structure–property relationships

As stated above organic semiconductors have been developed to work in the same appli-
cations as conventional inorganic semiconductors with various levels of success [1, 7, 8, 16,
17, 36]. In all applications, organic semiconductors offer promise of new functionality, lower
manufacturing costs, and ability to be manufactured on flexible substrates to open up new
applications [6, 7, 18, 36]. Three promising applications highlighted briefly here are or-
ganic field effect transistors (OFETs), organic light-emiting diodes (OLEDs), and organic
photovoltaics (OPVs).

OFET

Field effect transistors based on conventional inorganic semiconductors are crucial to the
operation of CMOS sensors, CPU processors, LCD displays, and many other electronic
devices. OFETs aspire to replace inorganics in some of these applications and also open up
new applications in lighweight, flexible displays, RFID tags and electronic ink applications
[7, 36, 40]. The main figures of merit for a field effect transistor are voltage on/off ratio
and charge carrier mobility. The on/off ratio essentially determines the signal to noise ratio
to distinguish between the on and off state of the transistor. The charge carrier mobility
determines the efficiency and performance of the device overall. Crystalline silicon field
effect transistors have mobilities around 103 cm2V −1s−1, whereas current record mobilities
for OFETs are around 100 cm2V −1s−1. However, OFET mobilities started out at only about
10−5 cm2V −1s−1 in the late 1980s and have developed quickly over time [36, 41].

Structure–property relationships in OFETs

OFETs need high charge mobility in the direction between the source and drain of the device.
Small molecules (rather than polymers) are often used for their greater propensity to form
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Figure 1.6: Organic field effect transistors have recently achieved field-effect mobilities in
excess of 1 cm2V −1s−1, making them competitive in some practical applications. Much like
their inorganic counterparts, OFETs employ three electrodes, the source, drain and gate.
When voltage is applied to the gate above a threshold current flows between the source and
drain to create an ‘on’ state, when the gate voltage is zero, no current flows and the device
is in an ‘off’ state.

ordered films with π−stacking networks for charge conduction. Some small molecule OSC
films have anisotropic charge mobilities that are highly dependent on the direction of the
π−stacking within the film. Device manufacturing often targets aligning any π−stacking in
this lateral direction between the source and drain to provide a pathway for charges. One
other large morphology change that can affect the performance of an OFET is the growth of
grain boundaries. Solution processed thin films are usually polycrystalline. At the boundary
between two different domains of the film the crystal structure orientation changes leading to
a disruption of the π−stacking electron network and leading to a higher potential barrier for
charges to pass through. This decreases the mobility of the overall film drastically [42–48].
As such it is necessary to optimize morphology to promote charge transport by minimizing
the number of boundaries in between the source and drain and maximizing alignment of the
π−stacking network.

OPV

Organic photovoltaics convert light into electricity. Both small molecules and polymers are
used in OPV applications. These solar cells try to compete with conventional silicon based
solar cells through cheaper manufacturing and material costs. However, the efficiency of
OPVs is lower than silicon with record power conversion efficiency currently around 10%
compared to ∼25% for crystalline silicon [49–51].

Light absorption in an organic semiconductor creates a Frenkel exciton that must disso-
ciate into free charges before the energy can be collected to create electricity. By placing
two organic semiconductors next to each other such that one has high electron affinity and
the other has low affinity, one creates a heterojunction that provides a driving force for the
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Figure 1.7: Planar Heterojunction. The most basic organic photovolatic is a planar het-
erojunction of a electron donating and accepting material. Light is absorbed and excitons
diffuse to the interface before charge separation occurs. Then free electrons and holes diffuse
to the electrodes for charge collection and generation of current.

charges to overcome the binding energy and separate. The simplest conceptualization of
this phenomenon is to have a planar heterojunction with a slab of donating material above
a slab of accepting material as seen in Figure 1.7. However, this has a drawback, as exci-
ton diffusion lengths only reach about 10 nm but typical extinction coefficents of organic
semiconductors require the use of ∼ 100 nm of material in order to harness the full solar
spectrum [7, 52]. Therefore in a planar heterojunction many excitons are lost to geminate
recombination (recombine before separation) before they reach the heterojunction.

Figure 1.8: Bulk heterojunction. Organic photovoltaic with donor and acceptor material
mixed together. This increases the interfacial surface area to increase the amount of excitons
that reach an interface before recombination in order to harvest more charges. The optimal
BHJ increase the interfacial surface area while maintaining percolation pathways for charge
diffusion to the electrodes. However, BHJs are self-assembled in devices.
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The solution to this mismatch between the exciton diffusion length and material require-
ments for absorption is to create a film with a comb-like structure of interlocked domains
of acceptor and donor material. In this structure, referred to as a bulk heterojunction the
surface area of the interface is increased to facilitate the diffusion of excitons to an interface,
while maintaining percolation pathways for collection of free charges. However, the way
to create a bulk heterojunction is through self-assembly via solution processing. This is a
chaotic process and requires optimization to yield the right amount of mixing and optimal
morphology (See Figure 1.8).

Structure–property relationships in OPVs

OPV morphology optimization and questions surround the optimal BHJ structure. Some
groups posit that the presence of a “mixed-phase” of donor and acceptor molecules mixed
together in between pure phases of donor and acceptor can be beneficial[48, 53–56]. However,
more measurement is needed to determine the optimal structure. Other considerations are
similar to OFET morphology structure–property relationships such as optimizing π−stacking
orientation and extent.

OLEDs

OLEDs are the most commercially successful of organic semiconductor-based devices cur-
rently. They have very good display technical metrics and are very energy efficient. As such,
OLEDs are already incorporated into ubiquitous devices like the Samsung Galaxy phone and
the Apple Watch. However, there is still room for improvement that requires fundamental
research to resolve technical challenges remaining before widespread adoption. In particular,
higher energy emission blue OLEDs are inefficient and not as stable, representing a limiting
factor for OLEDs commercially.

OLEDs are multilayered structures (Figure 1.9). In the center emitter layer, organic
emitter molecules are sparsely doped into a small molecule glassy host. In between this
central emitter layer and the electrodes various other layers are deposited in order to aid
charge injection and transport into the emitter layer. All layers of the device are designed to
funnel charges into the center emitting layer and keep the excited charges within this center
layer.

OLEDs are electroluminescent devices, converting electricity into light, the opposite pro-
cess of OPVs. When two random charges (hole and electron) reach an emitter molecule
they both have random spin. Therefore, due to simple spin statistics when the two charges
recombine at an emitter they form triplet and singlet excitations in a 3:1 ratio, setting fun-
damental limits on OLED efficiency. Without any intersystem crossing, a fluorescent OLED
is limited to a maximum internal quantum efficiency (IQE, photons out/charges in) of 25%,
and all triplet excitations are lost to nonradiative pathways. As such, it is advantageous
to design OLEDs to use emitter molecules that include some mechanism to interconvert
between triplet and singlet excitations to be able to reach 100% IQE.
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Figure 1.9: Organic light-emitting diode. OLEDs have multiple different layers in between
the electrodes. These various different layers function to aid charge injection and transport
into a central emitting layer.

Current commercial OLEDs feature an inorganic emitter, which consists of a heavy metal
center surrounded by organic ligands. This heavy metal center serves to increase the spin
orbit coupling of the molecule, which increases the efficiency of intersystem crossing, allowing
all singlet excitations to cross over into the triplet state. Then, as coupling between the
normally dark triplet state and the singlet ground state is also increased, all excitations
can be captured through phosphorescent emission [21, 22]. In a typical RGB display, this
currently works fairly well for both red and green OLEDs, but more research is required
to achieve longterm stability of the blue pixel [57]. This has caused manufacturers to use
inorganic phosphorescence OLEDS (PHOLEDs) for the red and green pixels and fluorescent
emitters for the blue (limited to 25% IQE). This requires the use of a larger blue pixel,
which operates less efficiently and also requires more material to make. Although PHOLEDs
are very successful, the next generation of OLEDs based on thermally-activated delayed
fluorescence (TADF) processes are poised to supplant PHOLEDs in certain areas such as
the blue OLED market. This will be a focus of research later in Chapters 5 and 6.

Structure–property relationships in OLEDs

The OLED emitter layer is amorphous and ideally has no spatially encoded information. It is
a host-guest matrix of either a polymer or small molecule host with sparse doping of a guest
small molecule emitter within it. Nevertheless, there are structure-property relationships
that are crucial. For instance, in Chapter 6 we will discuss how the polarity of an OLED
emitter layer has a dramatic effect on emitter performance.
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Figure 1.10: Organic light-emitting diodes are electroluminescence-based devices. Two
charges (hole and electron) of random spin meet at an emitter molecule to form an excited
state and recombine transition from that excited state to the ground state, emitting a photon.
However, the charges form both triplet and singlets states in a three to one ratio due to spin
statistics. As such the emitter molecule must be designed to be capable of transmuting both
triplet and singlet state energy into light emission to reach maximum efficiency.

1.4 Ways to understand structure–property

relationships

Structure–property relationships that impact the performance of optoelectronics occur across
multiple length– and time–scales in organic semiconductor based devices. In a small molecule
organic semiconductor defects in the packing structure can occur on the nanometer length-
scale. Domain sizes and hence distribution of grain boundaries occur on the 100-1000 nm
scale. Then the entire active area of the device is on the µm to mm scale [48, 56, 58,
59]. To understand how the varied morphology on these various lengthscales impacts the
excited state dynamics and hence the states through which the electrons flow for device
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function requires pairing with advanced time resolution. For an OPV material, this could
mean being able to measure within single domains spatially with sub-picosecond resolution
to measure the propensity of different packing morphologies to support singlet fission. In
a TADF OLED, however, the spatial information is less important but time resolution is
required to measure both nanosecond and microsecond decays to understand the structure–
property relationship. These are the central challenges impeding further adoption of organic
electronics and they require a suite of complementary techniques to access the proper kinds
of spatiotemporal information to direct the design of these next-generation devices.

X-ray techniques

X-ray techniques can provide structural information with high spatial resolution and even
chemical specificity. However, many X-ray experiments are done with diffuse large area
beams to avoid damage to the sample. Bulk X-ray scattering experiments (e.g. GIWAXS -
grazing incidence wide angle x-ray scattering, WAXS - wide angle x-ray scattering, and SAXS
- small angle x-ray scattering) are commonly done in order to gain information about the
relative ordering of molecular films and to estimate grain size. X-ray absorption experiments
such as NEXAFS (near edge X-ray absorption fine structure) can provide information about
molecular distribution in bulk heterojunction blends. It can also provide information about
the average molecular orientation in specific samples. This technique can be extended to
have high spatial resolution (∼ 10-20 nm) using scanning transmission X-ray microscopy
(STXM). This technique can only be conducted at beamline installations and requires careful
preparation of samples. Overall, X-ray techniques are widely used and have provided a wealth
of information about organic electronic thin film morphology.

Scanning probe microscopy

Scanning probe microscopy techniques have extremely high spatial resolution for measure-
ments of the morphology of organic semiconductor films. For example, atomic force mi-
croscopy (AFM) has a lateral resolution of ≤10 nm when using a sharp tip and sub–
nanometer height resolution to discern thickness variations across a film [56, 60]. Phase
mode imaging can also reveal the local mechanical properties of the film to help to infer the
amount of ordering in certain samples. Finally, there are advanced SPM techniques which
can also incorporate additional measurements in line such as conductivity to correlate with
topography measurements of the sample in the same location [61–63]. Nevertheless, all of
this structural information is limited to probing of the surface of film.

A more specialized form of SPM is Near-field scanning optical microscopy (NSOM).
NSOM can offer powerful information through subwavelength spatial resolution optical scan-
ning, but it has not been applied to organic semiconductors much as of yet, possibly due to
its complicated implementation and signal throughput limitations [56].

Overall, SPM techniques are highly useful to infer structure–property relationships by
increasing knowledge about the morphology of a film that can be correlated to performance.
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However, it is not facile to obtain time-dependent SPM data to drill down to the fundamental
relationship between morphology and electronic structure.

Electron microscopy techniques

Electron microscopy offers sub–nanometer spatial resolution that can be paired with struc-
tural information gleaned from local electron diffraction experiments. However, EM imaging
of organic electronics has been very limited due to the difficulties of the measurement. Or-
ganic materials are fragile and can be damaged by even brief exposure to the electron beam.
Additionally, TEM images cannot be taken on samples deposited on typical substrates, re-
quiring complicated preparation techniques where the sample is detached from the substrate
and placed onto an electron-transparent substrate such as a TEM grid. There have been
a few groups that have extracted impressive information through careful use of TEM, but
those experiments were limited to specific samples and appear to be painstaking measure-
ments [64–68]. These groups were able to demonstrate extraction of information about phase
segregation and ordering in polymers as well as grain size and relative order in small molecule
materials.

Polarization Microscopy

Polarization-resolved microscopy provides information about the ordering and grain size of
organic semiconductor films. The spatial resolution is limited by the diffraction limit to a
few hundred nanometers. Polarized light is sent through a microscope and the absorption is
monitored as a function of its polarization. Although, this technique averages over the entire
height of the film it can be very useful in ordered film of small molecule organic molecules.
In such films, when the polarization of the light is aligned with the transition dipoles more
of the light is absorbed and when it is orthogonal to the transition more light is transmitted.
From such data the relative ordering of each domain and the orientations can be extracted.

Transient absorption

Transient absorption offers state of the art time resolution on the femtosecond and some-
times even attosecond timescale. Through the use of two ultrafast laser beams, a transient
absorption setup operates by first pumping the sample to an excited state and then prob-
ing the change in transmission from the pump’s presence with a second probe pulse. This
allows for tracking of excited state population over a long range of time usually from the
femtosecond to nanosecond timescale. This technique will be discussed further in Chapter
2.
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Time-resolved fluorescence

Time-resolved fluorescence can also track excited state population by measuring the emis-
sion from a sample over time. With time-correlated single photon counting techniques time
resolution down to ∼ 100 ps can be achieved, measuring decays out to microseconds. Ad-
ditionally, using multichannel scaling photon counting decays out to milliseconds can be
measured efficiently [23].

1.5 Structure of thesis

Solution processing of organic semiconductor devices at ambient conditions will drive widespread
adoption of organic optoelectronics. However, the self-assembly of solution processed films
must be guided to the appropriate morphological targets through a deep understanding of
structure-property relationships. This thesis is directed towards a better understanding of
how local environments of organic semiconductor films play a decisive role in their over-
all function. Chapters 2-4 focus on the structure–property relationships revealed by using
transient absorption microscopy to study TIPS-pentacence (TIPS-Pn) thin films. Chapter 2
introduces the material TIPS-pentacene and the important structure–property relationships
that affect the applications of TIPS-Pn in OFETs and OPVs as well as the transient absorp-
tion microscopy technique and what structure–property relationships it is sensitive to. Then
Chapter 3 introduces a measurement of exciton dynamics of TIPS-Pn within single domains,
utilizing the spatial resolution of TAM to better understand the complex electronic struc-
ture. Chapter 4 dives deeper to show how the polarization resolution of TAM allows access
to extract information about the structure and electronic structure of molecules within the
grain boundaries of TIPS-Pn films. Chapter 5 introduces TADF OLEDs and time-resolved
fluorescence techniques used to measure them. Chapter 6 discusses how tuning of the polar-
ity of a TADF host can alter and optimize the functionality of TADF emitters, followed by
a brief review of future directions.
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Chapter 2

Transient Absorption Microscopy of
TIPS-Pn films

Portions of this chapter are adapted or reprinted with permission from either Wong et
al., ”Revealing exciton dynamics in a small-molecule organic semiconducting film with sub-
domain transient absorption microscopy”, J. Phys. Chem. C 2013, 117 (42), 22111–22122.
Copyright 2013 American Chemical Society; or from Wong et al., ”Exciton dynamics reveal
aggregates with intermolecular order at hidden interfaces in solution-cast organic semicon-
ducting films”, Nat. Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing Group [59,
69]

2.1 Layout of Chapter 2

Chapter 2 introduces our investigations using transient absorption microscopy (TAM) to un-
derstand how the local environment of an organic semiconductor impacts its local electronic
properties and thereby its device performance. Spatially resolved and polarization dependent
TAM is used to examine the structure-property relationships in thin films of a small molecule
organic semiconductor (OSC) 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pn). TIPS-
Pn is a model organic semiconductor with applications in organic field-effect transistors and
photovoltaics. When solution-cast properly, TIPS-Pn forms polycrystalline films with large
ordered domains ∼100 µm in size, making TIPS-Pn an ideal candidate to study with tran-
sient absorption microscopy. Unlike bulk transient absorption which inherently averages over
multiple domains, TAM’s spatially focused beam can fit inside a single domain (see Figure
2.7). As such, TAM enables direct correlation between the transient response of TIPS-Pn
and the local environment and structure of the film to identify structure-property relation-
ships. These relationships can then be used to identify the local structure that yields the
best properties and use that structure as a directed design target by device scientists (Figure
1.5).
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2.2 TIPS-Pn is a model organic semiconductor

The oligoacene family (e.g. tetracene, pentacene) represents one of the canonical groups
of small molecule semiconductors used to study the optoelectronic properties of organic
semiconductors [7, 20, 30, 31, 39, 70–76]. However, most of these oligoacenes are not solution
processable making them non-ideal to directly apply to commercial devices. Additionally,
the dominant intermolecular force in such films is the quadrupole-quadrupole interaction
between the alkyl backbone edge and the π−electron cloud from the backbone face, leading
to formation of a herringbone crystal structure in films (See Figure 2.1). This herringbone
packing structure has relatively limited π−π overlap [47, 75, 77–80], limiting the conductivity
of pentacene thin films in devices.

6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) is a solution processable analog of
pentacene. It can be solution cast to form films with large domains from common organic
solvents. This allows TIPS-Pn to be adapted to cheap roll–to–roll printing methods [39,
79–81]. To facilitate such processing, bulky alkyl chains are added to the central carbons of
the pentacene’s middle ring in order to solubilize the molecule. This has the added benefit
of disrupting the herringbone packing structure, causing TIPS-Pn to pack in a brick-layer
structure that exhibits greater π − π overlap (See Figure 2.1) [82].

Figure 2.1: (a) Chemical structure of pentacene. (b) Chemical structure of TIPS-pentacene
(c) Cartoon of herringbone structure of pentacene thin film. (d) Cartoon of brick-layer
structure of TIPS-pentacene thin film. Lines denote approximate orientation of pentacene
backbone in c and d, with π− electron cloud projecting out perpendicular to lines. As such,
intermolecular π− electron overlap is increased in TIPS-Pn film where the backbones are
oriented closer to face to face and the interfacial distance is decreased.
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The TIPS-Pn crystal structure orientation on the substrate of a device also affects its
properties. The isopropyl groups of the alkyl side chains are generally attracted to substrate
surfaces causing the pentacene backbone to be oriented “edge on” with respect to the sub-
strate. This causes the the brick-layer packing direction to lie parallel to the substrate. As
such, TIPS-Pn exhibits highly anisotropic charge carrier mobilities, as conductivity through
the pentacene π−electron network parallel to the substrate is high compared to conduction
through the alkyl side chains perpendicularly away from the substrate. Fortuitously, this
lateral direction is the most device relevant for moving between contacts in an OFET 1.6.
Anthony et al. initially reported in 2001 resistivities of TIPS-Pn to be 2.5 · 106 Ω · cm along
the b axis of the crystal where the greatest π−overlap occurs (see Figure 2.2). Then 5 · 108

Ω· cm along the other parallel-to-substrate a axis. As mentioned above, the resistivity along
the perpendicular c axis where is no intermolecular π-electron overlap is considerably higher.
Anthony et al. reported the c-axis resistivity to be 3 · 1010 Ω· cm. Nevertheless, these are
all lower resistances than the reported ∼ 1 · 1012 Ω· cm for single crystal pentacene with the
less favorable herringbone structure [79].

Beyond applications in OFETs, oligoacenes are also well known to undergo efficient
singlet fission after excitation. For example, pentacene is known to exhibit ultrafast singlet
fission on the timescale of ∼ 100 fs [27, 28] within the herringbone structure. Excitations in
TIPS-Pn also undergo singlet fission in the brick layer packing structure. This provides an
opportunity to use TIPS-Pn as a system to study how the local structure in each domain
affects its propensity for singlet fission.

TIPS-Pn application in OFETs

As mentioned in Chapter 1, one of the major applications for TIPS-Pn is as the active
layer in OFETs. TIPS-Pn was one of the first solution processed organic semiconductors
to reach hole mobilities above 1 cm2 · V −1 · s−1 [83], soon after being developed in the lab
of John Anthony [79] in the early 2000s. Further development of the processing conditions
has tuned the structure of films to attain even higher mobilities. For example, the group
of Zhenan Bao pioneered techniques to strain the lattice of TIPS-Pn to further increase the
hole mobility to 4.6 cm2 ·V −1 ·s−1 in 2011 [39]. Such mobilities are already competitive with
amorphous silicon transistors [36, 84] and still have room to improve. For instance, although
the crystal [82] and electronic [59, 72, 85] structure of the domains has been characterized
some, analogous information for the domain interfaces, crucial to the function of OFETs, is
unknown [69].

TIPS-Pn application in singlet fission enabled photovoltaic

As mentioned in section 1.3, organic photovoltaics offer a promising route to cheap, lightweight
solar panels to help solve the energy crisis. However, more work is needed to push the ef-
ficiency of such solar cells beyond 10% while maintaining performance over long device
lifetimes [49–51, 86].
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Singlet fission (SF) is an intense field of study because of its potential to improve solar
cell performance. Singlet fission is a multiexciton generation (MEG) process that produces
two electrons from a single photon to provide a pathway to boost efficiency, potentially even
beyond the single junction thermodynamic Shockley-Queisser limit [27–34, 87]. For example,
Yang et al. observed IQEs up to 170% for certain wavelength ranges in a TIPS-Pn/PbSe
quantum dot bilayer solar cell, proving the principle in a device architecture [34]. Congreve
et al. also observed IQEs above 100% in a pentacene based singlet fission photovolatic
earlier in 2013 [29], with additional similar results summarized by the same authors in a
review article by Lee et al. [33]. Device development of SF-enabled PV will evolve even
further with increased understanding of how the packing structure of TIPS-Pn films affects
the efficiency and speed of the singlet fission process.

2.3 TIPS-Pn thin film sample preparation and

characterization

For our experiments films were prepared from solution casting methods in order to be certain
that structure-property relationships that we studied were directly applicable to projected
commercial analogs. The local structure of films was characterized to monitor local thickness,
orientation, and order to draw such structure-property relationships.

TIPS-Pn film preparation

Model TIPS-Pn samples for optical measurements were dropcast from solution onto pre-
cleaned glass substrates. The substrates were sonicated in acetone, soap and water, and
then isopropyl alcohol for 10 min each. In between each sonication step the substrates were
rinsed with the solvent and then dried with nitrogen before being placed into the next bath.
During deposition the substrates were placed onto an aluminum block on top of a hotplate
held between 60-70◦C. 5 mg/mL TIPS-Pn solution in toluene was filtered (0.2 µm pore size)
and then dropcast onto the substrates using enough solution to cover the entire coverslip
(∼40 µL for cm diameter round substrate). The substrates were immediately covered with
a 100 mm petri dish to control the evaporation rate. This yielded ∼600 nm thick films with
fingerlike domains ∼50-150 µm wide and multiple millimeters long (Figure 2.2b). Samples
were removed from the glovebox and mounted face down onto large rectangular coverslips for
TA measurements. Additionally, for the studies conducted to analyze the grain boundaries,
film deposition was conducted in a glove box using dry toluene to limit incorporation of
impurities.

TIPS-Pn film characterization

Height measurements of films were taken using a combination of optical profilometry and
atomic force microscopy (AFM). Optical profilometry measurements were taken on an ADE
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Figure 2.2: (a) Chemical structure of TIPS-Pn. (b) Linear transmission image of a TIPS-
Pn film. Orange and green spots denote locations where data is discussed in the text. (c)
Bulk linear absorption spectrum of TIPS-Pn film (black) and spectrum of the pump and
probe pulses (red). (d) Orientation of a TIPS-Pn molecule in a film, where the plane formed
by crystal axes a and b is parallel to the sample plane and shown here as parallel to the
page. Adapted with permission from Wong et al., ”Revealing exciton dynamics in a small-
molecule organic semiconducting film with sub-domain transient absorption microscopy”, J.
Phys. Chem. C 2013, 117 (42), 22111–22122. Copyright 2013 American Chemical Society.

MicroXAM-100 optical profilometer. Crosses were scribed into the sample to delineate re-
gions of interest and to provide a zero for the thickness measurements as seen in Figure 2.3.
Profilometry measurements of thickness were spot-checked with AFM measurements as a
cross-reference.

Bulk linear absorption measurements were taken on a Cary 100 UV-Vis spectrophotome-
ter. Film optical densities typically were ∼0.3 at 700 nm.

Polarized local optical microscopy was also used to measure the relative order and ori-
entation of different domains locally. This can be seen clearly in Figure 2.4, where the
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Figure 2.3: Optical profilometry allows for large field of view height measurements in order
to get a relative height measurement for a region of interest (a) Optical microscopy linear
transmission image of TIPS-Pn film with ROI area marked with a square. Scribed cross is
also visible in image. Cross provides a fiducial marker and a zero height measurement (b)
Optical profilometry measurement of roughly same area as image with square marking same
ROI (scale bar of z is microns) (c) ROI zoomed in optical image with colored dots marking
area of a possible scan that can now be cross-referenced for height.

different domains are starkly apparent. In this false color image we observe the domains to
be oriented ∼55 degrees apart. White light was sent through either a monochromator or
bandpass filters and then through a rotatable polarizer before being focused onto the film
and imaged onto a camera. The same setup was used without changing any optics to image
a blank substrate to provide a baseline transmission measurement. This yielded pixel by
pixel measurements of absorption as a function of polarization. Such measurements help
determine the extent of single domains and their orientation. For example, the following
equation provides a quantification of order locally:

relative order parameter =
Absmax(θpol)− Absmin(θpol)

Absavg(θpol)
(2.1)

The equation 2.1 provides an approximate measurement of how “ordered” the film is
locally, relative to other locations in the film. The difference between the absorbance maxi-
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mum and minimum as a function of polarization will increase in more ordered regions where
the film dipoles are aligned to increase the polarization response. It is divided by the average
absorbance in order to account for local thickness when making comparisons across the film.
This provides a coarse measurement of order within films and highlights the usefulness of
polarized optical microscopy which could be conducted in the same apparatus as our TAM
experiments to easily measure the same regions of interest.

Figure 2.4: (a) Linear transmission image of a TIPS-Pn film. (b)false color local absorption
polarization-dependent optical microscopy image showing the angle of maximum absorption
locally. This distinguishes between the different domains of the films and allows us to measure
their relative orientation.

2.4 Transient Absorption Spectroscopy

Transient absorption (TA) spectroscopy, also known as pump-probe, is one of the most
common nonlinear spectroscopies. Here we focus on optical pump and probe to study the
evolution of the electronic excited states of organic semiconductors, although it is possi-
ble to study other excited states (e.g. vibrational, rotational etc.) using light of different
wavelengths.

As can be seen in Fig. 2.5 TA uses two ultrafast laser beams to interrogate the sample as
a function of time [88]. The first laser pulse, the pump, is tuned to a resonant transition of
the sample and prepares population in the excited state. The second pulse, the probe pulse,
arrives at a controllable time delay to interrogate the sample. The signal recorded is the
change in transmission of the probe pulse with and without the pump present as a function
of time delay. Typically this signal is also normalized by the transmittance of the probe
without the pump present to allow comparisons between different experiments. Therefore
the observed signal is as follows:

∆T

T
= T pump on

probe − T pump off
probe (2.2)
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Figure 2.5: In transient absorption two ultrafast laser beams are overlapped within a sample.
Then the change of transmission of a probe beam is measured as a function of the time delay
between the pump and probe beams. This allows for tracking of both light and dark excited
state population with resolution of <100 fs

This normalization factor accounts for variations in specific setup and sample day to day
and allows for comparison with results from other laboratories for replication.

The ∆T
T

signal is measured as a function of the time delay between the pump and probe
pulse to allow tracking of the excited state population. The sign of the ∆T

T
signal also

provides critical information. Positive ∆T
T

signals indicate that the presence of the pump
pulse causes more of the probe to pass through the sample unabsorbed. This is generally
assigned to either a ground-state bleach (GSB) or stimulated emission (SE). GSB occurs from
the fact that when the pump is absorbed some of the sites for potential absorption are no
longer active (i.e. bleached) and cannot absorb another photon from the probe. This causes
more of the probe to transmit through the sample to the detector. Stimulated emission
results from the probe pulse causing stimulated emission from the pump-prepared excited
state, thereby producing more photons with the pump present, recorded as increased probe
transmission. SE typically occurs at probe energies near the excitation wavelength or slightly
red-shifted from that energy to track the stokes shift. Then negative transient absorption
signals are assigned to be excited state absorptions (ESA). ESAs occur when molecules are
first excited to an excited state with the pump pulse and then another photon from the probe
pulse is absorbed to excite the species to an even higher excited state. As this transition
is not possible without the pump pulse, the ∆T

T
< 0 for ESA because more photons are

absorbed when the pump is present to facilitate the extra transition between excited states.
This description is a simplistic picture for basic understanding of the transient absorption
signal but is detailed enough to allow correct interpretation of data. The reader is referred
to Mukamel [89] or course notes by Tokmakoff[90] as starting points for more information.

Figure 2.6 displays cartoon TA data to demonstrate how transient absorption can track
excited state population over time. When the time delay is negative this means the probe
is arriving before the pump pulse to provide a baseline for the measurement. At time zero,
when the two pulses are overlapped, the signal is typically near peak intensity, and then
decays as population returns to the ground state. The decay curve then can be fit to a
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Figure 2.6: Example TA data showing the peak at time zero where the pump and probe
pulses overlap and the decay of excited state population overtime

function that describes a proposed kinetic system for how excited state population evolves
in the sample’s electronic structure. These fitting functions are usually a sum of exponentials:
e.g. A1 · e−x/t1 +A2 · e−x/t2. The fidelity of the fit to the data and other knowledge about the
sample (e.g. constraints from theory, structural characterization, etc.) test the validity of the
proposed kinetic system. This type of analysis can also be applied locally within different
regions of a polycrystalline film to learn about perturbations to the electronic structure
caused by local morphological changes.

2.5 Transient absorption microscopy

Transient absorption microscopy is an extension of the traditional transient absorption tech-
nique that adds spatial resolution to the measurement by reducing the focal volume of the
pump and probe beams. A typical bulk transient absorption measurement uses beam sizes
of ∼200 µm in diameter (Figure 2.7), while TAM can reach the diffraction limit of a few
hundred nanometers. As such, TAM is particularly well-suited to examining small-molecule
thin films like TIPS-Pn because the characteristic length scales over which order exists can
be ∼10-100 µm, opening up the possibility to interrogate individual homogeneous domains
rather than averaging over a series of them. A similar approach has recently been realized
to provide a contrast agent with molecular specificity in biological imaging [91–95] and also
to understand spatial heterogeneity in the excited state dynamics of inorganic nanostruc-
tures [96–104], graphene [105–108], and OPV polymer blends [109–113]. The results in the
following chapters were previously in the Journal of Physical Chemistry C[59] and Nature
Communications [69] and were the first TAM on single domains of solution-cast polycrys-
talline films of small molecule OSCs.

We built a custom transient absorption microscope in order to access the single domain
information of TIPS-Pn.
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Figure 2.7: Comparing the focal areas of traditional bulk transient absorption and transient
absorption microscopy. TAM allows the focal area to fit into single domains and enables the
additional polarization resolution by not averaging over multiple domains.

Transient absorption microscopy setup

TA microscopy measurements were conducted using a homebuilt optical microscope. An 80
MHz modelocked Ti:Sapphire Coherent Mantis oscillator was used to seed a 5 kHz Coherent
Legend-Elite regenerative amplifier to produce the initial ultrafast laser light. This pumped
an optical parametric amplifier (Coherent OPerA Solo) to produce laser light centered at
700 nm, pumping the S0→S1 transition of TIPS-Pn (Figure 2.2c). The beam was then sent
through a prism compressor to pre-compensate for the group velocity dispersion induced by
the glass optics of the microscope setup. Next the beam was collimated and then split into
degenerate pump and probe pulses in a 4:1 intensity ratio that were fed into a 0.4 NA 10X
Plan Apo Leica objective to yield sub-10-µm-diameter spot sizes (fit to 1/e2) with pulse
duration of ∼35 fs (FWHM). As shown in Fig. 2.8, the collinearly propagating pulses were
offset equidistant from the optical axis of the objective so that they would focus to the same
spot in the sample plane. Energy fluences were set relatively low to avoid sample photo-
damage (400 µJ/cm2 for pump; 100 µJ/cm2 for probe) as confirmed by a power dependence
study. Power was set for the pump and probe beams through separate waveplate and po-
larizer combinations. Additionally, probe polarizations were varied in steps of 15 degrees
from 0◦-180◦ by rotating a second motorized waveplate (Figure 2.8). After passing through
the sample, the transmitted beams were collected using an identical objective to the first,
and the pump beam was removed via spatial filtering while the probe signal was focused
onto a Hamamatsu H9306-03 photomultiplier tube (PMT). The output from the PMT was
split and coupled to two lock-in amplifiers, with one locked to the pump chopping frequency
(500 Hz) to collect the unnormalized TA signal, ∆T, and the other locked to the laser fre-
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quency to collect the probe transmission signal, T. By rastering the sample position using a
computer controlled Physik Instrumente piezostage, spatial maps of ∆T /T were generated.
Additionally, by toggling the kinematically mounted mirrors shown in blue in Figure 2.8,
the beam path could be modified to focus onto a CMOS camera (Thorlabs DCC1545M)
for imaging the beams or sample. Note that our spot size diameter is ∼8 µm wide in the
following chapters. Since TA is a non-linear process requiring three light-matter interactions,
the effective measurement volume diameter is ∼2 µm (FWHM).

Figure 2.8: Schematic of transient absorption microscope. BS = 50:50 beam splitter, RR =
retroreflector, WP = waveplate Pol = polarizer, obj = 0.4 NA 10X objective. Solid blue lines
represent removable mirrors for laser/LED illumination and detecting with PMT/CMOS
camera. Adapted with permission from Wong et al., ”Revealing exciton dynamics in a small-
molecule organic semiconducting film with sub-domain transient absorption microscopy”, J.
Phys. Chem. C 2013, 117 (42), 22111–22122. Copyright 2013 American Chemical Society

Challenges of acquiring TAM data with good signal/noise ratio

One of the major challenges in transient absorption microscopy is acquiring data with a
high signal/noise ratio from a reduced interrogation volume. When the amount of sample
probed is reduced by focusing the laser beam, relative contributions from shot noise and
other noise increase. It is also not possible to simply continuously increase the power of
the laser beams to increase the signal due to the potential to damage the sample, especially
when working with soft materials such as organic semiconductors. Additionally, the amount
of data averaging possible is also limited because of the propensity for equipment to drift
over time potentially moving the laser beams out of alignment. This is pressing in a TAM
measurement where the additional independent variables of x, y, θpr are added to τd, increase
the time of each scan even further compared to a normal bulk TA measurement. As such, our
TAM measurements were undertaken in a temperature and humidity controlled room and
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care was taken to build a robust and vibrationally isolated experimental apparatus. Scans
were also automated and run overnight to minimize human disruption of the apparatus.

Power dependence of TAM measurements in TIPS-Pn films

When focusing the laser beams in a TAM experiment the power of beams must be closely
monitored. This is done not only to prevent damage to the film but also to ensure that the
TA signal measured remains in a linear regime. If the power is raised too high, excitations
in the film begin to interact with each other to distort the measured photophysical response.
For example, at high enough excitation densities it is possible to observe exciton-exciton
annihilation where two excitons are created by photons in close enough proximity to cause
quenching when they migrate into each other (S1 +S1 → S0 +Sn). This process can change
the kinetics of the system to obscure the native kinetic processes and it is generally not
relevant to device operating conditions. As such, care was taken in TAM measurements of
TIPS-Pn to lower the power of both the pump and probe beams to a level where the observed
response to changes in beam power was linear.

The dependence of the TAM signal on pump power measured before the objectives is
shown to be linear in Figure 2.9. This result precludes the possibility of singlet-singlet
annihilation being a prevalent process under our measurement conditions.

Measuring the time resolution and finding time zero in transient
absorption microscopy

In transient absorption experiments it is vital to have an accurate time zero setting and to
know the instrument response function (IRF) when attempting to fit ultrafast processes to
the data. Fortuitously, this is relatively straightforward to measure in a TAM setup. After
focusing onto a sample using the LED light and camera, a neutral density filter is placed in
front of the camera and the laser beams are overlapped into the same sample plane. The
objective position settings are noted and the sample is temporarily replaced with glass. Then,
while keeping the objective positions constant, the glass is brought into focus by moving the
sample stage in the Z direction. The glass will now be close to the correct plane for laser
overlap and good signal, and the precise Z-position can be uncovered through a Z scan while
keeping the time delay fixed at time zero. Next, to find the time resolution and the precise
time zero, a high power TA scan is conducted on the glass sample near time zero. This gives
rise to a ∼ Gaussian signal dominated by the Optical Kerr Effect (OKE). The peak of such
a signal corresponds to time zero and the width is the convolution of the two pulse widths.
Simple division by 2

√
2 of the recorded width reveals a single pulse width. Then the glass

can be removed and replaced with the sample, the objectives are still held constant and the
sample is brought into focus with the sample stage. Measurements now can proceed with a
precise time zero and recorded time resolution and IRF.
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Figure 2.9: The power dependence of the TA signal, at τ = 50 fs for the green and orange
film locations (as denoted in Fig. 2.2). Measurement was repeated at 10 ps and 100 ps,
and linear power dependence was observed at all delay times. Probe power was set at
25% of the pump power for each measurement. All measurements presented were collected
using a pump power below 1 µW. Adapted with permission from Wong et al., ”Revealing
exciton dynamics in a small-molecule organic semiconducting film with sub-domain transient
absorption microscopy”, J. Phys. Chem. C 2013, 117 (42), 22111–22122. Copyright 2013
American Chemical Society

2.6 Conclusion

TAM enables correlations between the performance of a TIPS-Pn thin film and its local
environment and structure by providing the spatial resolution to obtain electronic struc-
ture information on the relevant lengthscale. In the following chapters we will demonstrate
the potency of information gathered by TAM studies on TIPS-Pn. First, in Chapter 3,
we focus on the single domain exciton dynamics of TIPS-Pn. Using polarization-resolved
TAM within single domains we are able to more concretely assign exciton dynamics to the
appropriate physical phenomena. Then, in Chapter 4 we expand on those lessons to learn
about the exciton dynamics taking place at the grain boundaries, directly tying dynamics
to local environment. The ability to drill down and measure the organic semiconductor thin
films locally within domains and grain boundaries directly yields information on how the
environment and structure of the film informs it function.
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Chapter 3

Subdomain TAM of TIPS-Pn

Adapted with permission from Wong et al., “Revealing exciton dynamics in a small-molecule
organic semiconducting film with sub-domain transient absorption microscopy”, J. Phys.
Chem. C 2013, 117 (42), 22111–22122. Copyright 2013 American Chemical Society.

Chapter 3 describes polarization dependent TAM measurements on single domains of
TIPS-Pn and the resulting insights in the the excited state kinetics of TIPS-pentacene.

3.1 TAM studies on single domains of TIPS-Pn

reveals link between local structure and exciton

dynamics

All prior TA studies on TIPS-Pn were bulk measurements that used excitation spot sizes
greater than 200 µm in diameter, averaging over the underlying microstructure and obscuring
information about the structurally dependent exciton dynamics (Figure 2.7) [72, 114–116].
In this work, by using TAM we reduce the spot size area by ∼25 times to a diameter
of 8 µm, allowing us to interrogate areas much smaller than the size of a typical domain
while maintaining high signal to noise. Additionally, in the same microscope we can take
polarized optical images of the film in situ and observe the local area we are probing with
TAM to correlate with structural characterization data. Since there are no drastic changes
in orientation of TIPS-Pn molecules within our subdomain excitation volume, it is possible
to also study the effect of varying the incident probe polarization. The addition of the
polarization information to our TAM data significantly aids the assignment of specific exciton
dynamics to the three observed decay timescales. Such insights into the relationship between
the electronic and the physical structure of films will aid in better understanding device
performance.
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3.2 TAM images of TIPS-Pn solution-cast

polycrystalline thin films

Figure 3.1: TA images of the TIPS-Pn film shown in Fig. 2.2b at four probe polarizations
(θpr = 0◦, 45◦,90◦,135◦) and two population delay times (τd = 50 fs, 500 ps). Arrows indicate
the polarization of the pump and probe pulses respectively (θpump = 45◦; pump fluence =
400 µJ/cm2; probe fluence= 100 µJ/cm2 for all measurements). Adapted with permission
from Wong et al., “Revealing exciton dynamics in a small-molecule organic semiconducting
film with sub-domain transient absorption microscopy”, J. Phys. Chem. C 2013, 117 (42),
22111–22122. Copyright 2013 American Chemical Society.

The link between morphology and exciton dynamics becomes readily apparent when
examining the TAM images of TIPS-Pn thin films captured at specific time delays and
polarizations in Figure 3.1. Abrupt signal intensity (color) changes in the TAM image
directly correlate with the spatial location of domain boundaries observed in the optical
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transmission image of the same film area in Figure 2.2b. This can most noticeably be seen
in the signal intensity of the diagonally oriented domain in the middle of the film. As a
function of polarization the signal arising from that domain is modulated out of phase with
the bottom domain, as well as the small slice of the domain in the upper left corner. This
demonstrates that TAM is sensitive to the local environment of the organic semiconductor.

Closer examination of Figure 3.1 reveals interesting details about the subdomain exciton
dynamics of TIPS-Pn. The left column of panels are all measured at τd =50 fs, very briefly
after the pump pulse, whereas the right panel is measured at 500 ps, closer to the end of
the exciton lifetime. The pair of double headed arrows on each row of panels in Figure 3.1
indicate the polarization direction of the pump and probe pulse respectively from left to right.
Specifically, each panel has been measured with the pump pulse polarized at 45◦, and with
the probe polarization θpr stepped from top to bottom of the Figure in 45◦ increments. As
one would expect, when moving later in time delay between the pump and probe pulse, from
the left panels to the right panels, the signal intensity decays and returns to the baseline.
What is not expected is the change in the ∆T

T
signal intensity from ∆T

T
> 0 to ∆T

T
< 0 as the

probe polarization is changed. For example, the lower domain has a strong positive (red) TA
signal when the probe is polarized at θpr = 135◦ and a strong negative TA signal when the
probe is polarized at θpr = 45◦. This polarization dependence is shifted for the upper domain,
which has the strongest positive TA signal at θpr = 90◦ and a negative TA signal at θpr =
0◦. This suggests the presence of multiple transition dipoles, one an excited-state absorption
transition (S1 → Sn) and one ground state bleach (S0 → S1), in differing orientations
so that the probe pulse couples to them differently as a function of incident polarization.
The polarization dependent data allows for clearer decoupling between the specific optical
response of the probe and the exciton dynamics for a clearer picture of TIPS-Pn electronic
structure.

In contrast to TAM, a bulk TA measurement’s pump and probe beams encompass mul-
tiple domains all oriented in different directions (Fig. 2.7), making the probe signal appear
homogeneous over various polarizations. The entire multidimensional result of Figure 3.1
would then be reduced to two single point measurements: a single ∆T

T
signal magnitude at τd

= 50 fs and another at τd = 500 ps. By reducing the excitation volume in TA microscopy, we
can determine the relationship between the polarization-dependent TA signal and the rela-
tive molecular orientation within each domain, and learn more about the structure–function
relationships.

Subdomain fixed spatial location TAM data

Focusing in on two spatial locations within the domains imaged in Figure 3.1 allows for
deeper analysis of the exciton dynamics over the full time range. We selected one location
in the lower domain labeled by the green dot in Fig. 2.2b, and one location in the upper
domain labeled by the orange dot in the same Figure. Figure 3.2 presents the results from
the green location in panels (a),(c), & (e) and results from the orange location in panels
(b),(d), & (f).
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Figure 3.2: TA signal collected at the (a,c,e) orange and (b,d,f) green locations shown
in Fig. 2.2b. (a,b) TA signal as a function of delay time and probe polarization. (c,d)
Dependence of TA signal (blue, filled circles) and probe transmission (red, unfilled circles)
on probe polarization, at τd= 1 ps. Lines are interpolations between data points.(e,f) TA
signal dynamics collected using various probe polarizations, the average of the data collected
at all polarizations (grey), and fits of each transient to a tri-exponential. (θpump = 45◦;
pump fluence = 400µJ/cm2; probe fluence= 100µJ/cm2 for all measurements). Reprinted
with permission from Wong et al., “Revealing exciton dynamics in a small-molecule organic
semiconducting film with sub-domain transient absorption microscopy”, J. Phys. Chem. C
2013, 117 (42), 22111–22122. Copyright 2013 American Chemical Society

The surfaces in panels (a) and (b) of Figure 3.2 contain the full TA signal as a function of
delay time (τd) and probe polarization (θpr) at these two film locations. Strong oscillations
as a function of θpr are readily apparent here as well as in Figure 3.1. This θpr dependence
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is even more stark in in panels (c) and (d) where the ∆T
T

signal at τd = 1 ps is plotted in
the blue curves (filled circles). Both curves clearly reflect the strong θpr dependence of the
TA signal. The lower domain (green spot) has a maximal positive TA signal at θpr ∼ 140◦

while the upper domain has a maximal positive TA signal at θpr = 90◦. This is a phase
offset caused by a shift in the orientation of the specific domain, similar to the one observed
in Figure 2.4.

Beyond this phase offset, the transients in panels (e) and (f) of Figure 3.2 show qualita-
tively similar results, although the probe polarization dependence will be useful to interpret
results from fitting the excited state decay. On panels (c) and (d) of Figure 3.2, the local
linear transmission for each location is also plotted in the red curves with open circles. These
curves are also periodic, but are almost exactly out of phase with the corresponding ∆T

T
(θpr)

signal. This gives evidence for an ESA transition dipole (S1 → Sn) oriented ∼ 90◦ away
from the (S0 → S1) transition dipole that gives rise to the local linear absorption signal in
the red T curve as well as the ground state bleach signal in the blue ∆T

T
curve.

It is known that the (S0 → S1) transition dipole is oriented along the short, transverse
axis of the molecule (See Figure 2.2)[117]. For the ESA transition to be oriented ∼ 90◦ away
from that it is likely to be oriented along the longitudinal axis of the pentacene backbone, also
shown in Figure 2.2[73]. Finally, note that the ∆T

T
signal for both the “orange” and “green”

spot show stronger ESA signal (∆T
T

< 0) than GSB signal (∆T
T

> 0) by factor of ∼2-3:1,
indicating a stronger oscillator strength for the ESA transition. As a result, one can see in
curve with the filled in gray circles in the transients in Figure 3.2(e,f), that the polarization
averaged TA result is all below zero. Without the polarization resolution granted by the
higher spatial resolution of TAM, all the data in Figure 3.2 would be collasped down to
this averaged curve, and it would not be possible to parse out these two transition dipole
moments as we have done here.

3.3 TIPS-Pn exciton dynamics are more concretely

assigned to physical processes due to TAM

polarization resolution

Inspection of panels (e) and (f) in Figure 3.2, reveals three changes to the ∆T
T

signal over
time. Regardless of whether the initial ∆T

T
signal is positive or negative, it first becomes more

negative over the immediate fast timescale. Then the signal undergoes a slight rise toward
more positive values over an intermediate timescale before finally decaying back towards
zero at the longest time delays. This information would also not be available in the gray,
polarization averaged result of a bulk TA measurement.

The black curves in Fig. 3.2 e and f show fits of the TA signal at each polarization, using
a tri-exponential with a constant offset:

y = a1 · e
−x
t1 + a2 · e

−x
t2 + a3 · e

−x
t3 + c (3.1)
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Figure 3.3: TA signal and fits to a tri-exponential function, for (a,c) the green location in
lower domain, (b,d) the orange location in the upper domain at probe polarizations of 0◦-
180◦ in steps of 15◦. The plots in each column are for the same film location but are plotted
on two different graphs for clarity. The fitted average of TA signal for all probe polarizations
is also shown (filled gray circles). Reprinted with permission from Wong et al., “Revealing
exciton dynamics in a small-molecule organic semiconducting film with sub-domain transient
absorption microscopy”, J. Phys. Chem. C 2013, 117 (42), 22111–22122. Copyright 2013
American Chemical Society

A full set of transients for both film locations with corresponding fits are plotted in Figure
3.3. It can be seen visually that the fits show good fidelity to the data. Furthermore, the
average root mean squared error for both locations was low. The root mean squared error
(RMSE) was 1.49 · 10−4 for the green location and 1.01 · 10−4 for the orange location. This
demonstrates that the triexponential fit function captures the nature of the excited state
kinetics well.

On average, over both locations and all θprs, the time constants for the three exponentials
are ∼50 fs, 3 ps and 250 ps. All of the amplitudes and time constants are plotted for both
locations in Figure 3.4. As expected, the amplitudes for the three exponentials show a
strong probe polarization dependence while the time constants do not. The amplitudes
track the ∆T

T
signal strength, which is influenced by the coupling of a particular θpr to the
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ESA or GSB dipole moment. The time constants, however, are fundamentally tied to the
electronic structure of the TIPS-Pn molecule and are not affected by the particular ∆T

T
(θpr)

signal strength (except when that ∆T
T

signal approaches zero and the signal strength is not
high enough to fit well). This further demonstrates the ability of TAM to deconvolute the
particular θpr-dependent light-matter interaction from the fundamental photophysics to draw
deeper conclusions.

Figure 3.4: Fit coefficients plotted as a function of probe polarization, for the green and
orange film locations (as denoted in Fig. 2.2). Amplitudes are plotted in the left panels
with corresponding time constants plotted on the right. The amplitudes oscillate due to
the strong polarization dependence of TIPS-Pn TAM measurement. The time constants
as a function of polarization remain fairly constant, except where the amplitude of signal
approaches zero, reflecting the low error of the measurement Reprinted with permission from
Wong et al., “Revealing exciton dynamics in a small-molecule organic semiconducting film
with sub-domain transient absorption microscopy”, J. Phys. Chem. C 2013, 117 (42),
22111–22122. Copyright 2013 American Chemical Society

3.4 Assignment of excited state kinetics of TIPS-Pn

For assignment of TIPS-Pn excited state kinetics we focus our analysis on data for the green
spot in the lower domain in the region of interest in Fig. 2.2b. As mentioned above, three
distinguishable exponential time components comprise the TA signal collected at both orange
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and green locations and at all measured polarizations: an ultrafast (∼50 fs) component with
positive amplitude, a ∼3 ps component with negative amplitude, and a slower ∼250 ps decay
towards zero that can have either positive or negative amplitude, depending on the probe
pulse polarization (see Figures 3.3 and 3.4).

The slowest time component of ∼250 ps is perhaps the most straightforward to assign.
With the TAM polarization resolution of amplitude we unequivocally see that this signal is
a simple decay back to the baseline at long times. This is unlike the other two components
which both have consistent amplitude changes across all θprs. As such we assign this ∼250
ps time component to be the exciton recombination lifetime.

Next we consider the fastest, ∼50 fs component. Across all θprs this component has a
positive amplitude for the exponential decay meaning the TA signal moves towards more
negative values. This positive amplitude change requires that either the contribution from
ESA is increased or that the GSB/SE is decreased to make the ∆T

T
signal more negative.

The amplitude for this process, a1 in Figure 3.4, shows a stronger response for the more
negative ∆T

T
(θpr) signals, in phase with the longitudinal ESA dipole, suggesting that this

process is linked to transfer of population into a state with greater ESA strength. Even
on this rapid timescale, there are a number of possible processes: (1) singlet fission, (2)
vibrational relaxation from a hot singlet state to the thermalized band edge (Sn1 → S0

1), or
(3) charge separation[118, 119].

Singlet fission results in the creation of two triplets from the singlet excited state (S1 →
TT ). On a fast timescale (∼ 50 fs), this is hypothesized to not decrease the contribution
from GSB and SE as any decrease in SE from the removal of S1 population should be
counterbalanced by an increase in GSB with the promotion of an electron in the ground
state (S0) to an excited triplet state (T1). Instead, we project that singlet fission in the first
∼ 50 fs would mainly affect the ESA response of the sample. At the time of our measurement
we ruled out the presence of a T1 → Tn transition at 700 nm (the wavelength of our pump
and probe) as it had previously been reported to be insignificant at this wavelength[72]. As
such, we expected singlet fission to reduce the ESA, precluding the assignment of this ∼ 50
fs time component to that process. Ongoing work in our lab by Folie et al. has indicated
that there is some triplet absorption present at 700 nm, but has confirmed that it is not
strong enough to fully account for this signal change.

Next, charge separation, would likely reduce SE while changing the ESA an unpredictable
amount, making it another candidate for the ∼ 50 fs time component. ESA from a free
carrier, however, would likely have a transition dipole moment different than the (S1 → Sn)
ESA dipole oriented along the longitudinal pentacene axis. Instead, this new ESA transition
would likely lie along one of the crystal axes. The two crystal axes in the plane of the sample,
a and b, are illustrated as projections on the TIPS-Pn molecule in Fig. 2.2d, showing that
these axes are not overlapped with the molecular axes. As such, an ESA transition along a
crystal axis would significantly alter the polarization dependence of the signal as a function
of τd. To determine if the polarization dependence varies over the first ∼50 fs we fit the
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polarization dependence of the data at each time delay (τd) to the following function:

∆T

T
= A · cos2(x+ θ) + c (3.2)

The results of this fit are shown in Figure 3.5. As expected, the amplitude and constant
offset do vary over delay time as the signal strength changes. On the other hand, the
orientation (θ) of the dipole remains fairly constant over the full time delay, varying only
2 degrees throughout the early timescale. This indicates that there is no large change in
the polarization dependence of the signal that would be expected for charge separation.
Furthermore, it indicates that the state populated by the excited state dynamics over the
first ∼ 50 fs has a very similar dipole orientation as the initially populated state at time
zero.

Figure 3.5: Fits of the polarization dependence of the TA signal to the function A · cos2(x+
θ)+c were made at each measured time point. The coefficients of fits of the TA signal for the
(a) green and (b) orange locations, as denoted in Fig. 2.2, on the left and right, respectively.
The relative error is fairly constant, as the root mean squared error approximately follows
signal amplitude, A, as a function of time. Reprinted with permission from Wong et al.,
“Revealing exciton dynamics in a small-molecule organic semiconducting film with sub-
domain transient absorption microscopy”, J. Phys. Chem. C 2013, 117 (42), 22111–22122.
Copyright 2013 American Chemical Society

We conclude that the most likely assignment for the ∼ 50 fs process is an ultrafast
thermalization of the initially populated vibrationally excited state to the band edge of the
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singlet state (Sn1 → S0
n). This transition between vibrational levels of the S1 would not

result in a change in polarization dependence, as we observed. Additionally, the change in
the Franck-Condon overlap[20] between the particular vibrational levels in the S1 and Sn
excited singlet states could alter the strength of the ESA transition as is observed. The
assignment of the ultrafast ∼ 50 fs process to ultrafast thermalization is consistent with all
of our observations.

Finally, we consider the possible physical origins of the ∼3 ps time component with
negative amplitude, shifting to more positive ∆T

T
values at all θprs. This type of signal

requires a transfer of population to new states that results in stronger GSB/SE or less ESA.
Once again, examination of Figure 3.4 shows that the magnitude of the amplitude of the
fit for this process is also higher when the θpr is aligned with the longitudinal ESA dipole,
suggesting that this process may also be dominated by a change to the ESA contribution
to the overall signal. To move into a state with less ESA, we expect that this process will
result in the transferring of population out of the first singlet state S1 to a state that lacks
a strong ESA transition at 700 nm. This could be either charge separation, migration to a
trap state, or singlet fission. Charge separation, is even more unlikely for the ∼3 ps than for
the ∼50 fs process as the thermalized S0

1 state is unlikely to have enough thermal energy to
overcome the exciton binding energy to allow charge separation. Furthermore, there is still
no significant change observed in the polarization dependence of the TA signal over the first
3-10 ps (Figure 3.5). Next, the migration to trap states is also unlikely overall. This would
also likely change the polarization dependence of the signal and we do not expect there to a
be large portion of trap states filling and unfilling between each TA experiment (5 kHz rep
rate laser). The most likely assignment for the ∼3 ps process is singlet fission.

TIPS-Pn has previously been demonstrated to undergo singlet fission in thin films [27,
72] and was reported to take ∼1 ps, on the same order of magnitude as our observed ∼3
ps process. With a likely loss of SE due to the the thermalization taking place over the
first ∼50 fs, singlet fission could possibly increase the GSB over the next ∼3 ps, without a
counterbalance from lost SE to fit our observations. Additionally, as stated above, there is
not expected to be large T1 → Tn ESA strength at 700 nm, resulting in a decrease in the
ESA to fit the overall rise in ∆T

T
signal for all probe polarizations over ∼3 ps.

In summary, we have assigned the ultrafast ∼50 fs process to thermalization in the singlet
state, the ∼3 ps process to singlet fission, and the ∼250 ps process to exciton recombination.
Kinetic modeling was also used to confirm these assignments and for more information the
reader is referred to the original paper[59] as well as future work by Folie et al..

3.5 Conclusions

TAM enables correlations between local structure and exciton dynamics and provides the
basis for stronger assignments of kinetic processes. Polarization dependent TA data was
only possible through the application of TAM and revealed new details of how the molecular
structure of the pentacene backbone extrapolates to inform exciton dynamics in ordered
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films of TIPS-Pn. We will build upon this understanding of the kinetics occurring within
single domains to look more closely at the connection between local structure and exciton
dynamics and performance in the next chapter.
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Chapter 4

Interface TAM

Adapted with permission from Wong et al., “Exciton dynamics reveal aggregates with in-
termolecular order at hidden interfaces in solution-cast organic semiconducting films”, Nat.
Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing Group.

Chapter 4 builds upon the results discussed in Chapter 3 to describe how the polarization
resolution of TAM can be used to reveal hidden features of grain boundaries in TIPS-Pn
films.

4.1 Understanding structure property relationships of

domain interfaces is vital for directed design

As mentioned in Chapter 1, commercially viable, large-scale organic electronics manufac-
turing requires solution processing. Small-molecule organic semiconductors are promising
materials for many devices including OFETs, but their complex film morphologies strongly
impact their functionality[40, 43, 44, 120–128]. In polycrystalline organic semiconducting
thin films, grain boundaries are known to be strong inhibitors to charge transport as both a
voltage barrier [42, 44–46, 128, 129] and a possible location for trap states[42, 46, 128–131].
While it has been repeatedly shown that charge mobility is inversely proportional to the
number of grain boundaries between electrical contacts[43, 46, 128, 131, 132], there is still
no consensus on the nature of the electronic structure of domain interfaces[133, 134], de-
spite its criticality to device performance. These interfaces are smaller than the diffraction
limit, are hidden from surface probe techniques, and their nanoscale heterogeneity is not
typically resolved using X-ray methods[58, 69]. Nevertheless, we extended our work using
TAM to isolate a unique signature of a hidden interface in a TIPS-Pn thin-film, exposing
its exciton dynamics and from that, details about its intermolecular structure. Surprisingly,
instead of identifying a molecularly abrupt grain boundary, we reveal that the interface can
be composed of nanoscale crystallites interleaved by a web of interfaces that can each fur-
ther degrade charge mobility to lead to the large drops in voltage observed[43, 46, 128, 131,
132]. Our novel approach provides new understanding of the structure-property relation-
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ships of interface morphology to help direct solution-processing methods to improve device
performance.

4.2 Study of structure property relationships of

domain interfaces in TIPS-Pn thin films

For solution-processed TIPS-Pn films, the crystal[82] and electronic[59, 72, 85] structure
within single domains has been characterized. Nevertheless, specific information is not avail-
able for local structure at and within the domain interfaces. Beyond their tiny size (∼< 100
nm), these interfaces can grow at an oblique angle to the surface of the film (Figure 4.1).
This can occur when two solvent fronts collide and one domain is submerged underneath the
other, making the interfaces very difficult to access for measurement and characterization.
For instance, surface probe microscopy techniques such as atomic force microscopy (AFM)
cannot access this area that is sandwiched between two domains. Furthermore, traditional
optical and X-ray diffraction techniques will integrate through the height of the film and as
such are insufficient to isolate interfacial signals. Nevertheless, through careful tuning of the
polarization of our TAM measurement, we were able to isolate a signal at the interface that
is not observed in either of the adjacent bulk domains.

The extraction of a TA signal specific to the domain interface allows examination of
the interface’s exciton dynamics to learn details about the local physical structure. Our
isolated interfacial TAM data is consistent with a physical picture of a collection of randomly
oriented nanocrystallites trapped in between domains. This kinetically trapped structure is
an unintended consequence of solution processing that must be understood and controlled
to improve device performance of all small-molecule OFETs.

4.3 Characterization of a specific domain interface in

a TIPS-Pn thin film

The interrogated interface, in addition to portions of the two adjacent domains, underlies
the TA measurement volume indicated with a red spot in Figure 4.1a. This image was taken
in the TAM microscope using its 0.4 NA objectives (see Chapter 2). TA measurements were
also performed at the blue and green locations within each of the two adjacent bulk regions
to aid in extracting the interfacial contribution to the TA measured in the red spot. To
obtain a coarse-grained estimate of the film structure at the interface, we used polarized
linear absorption microscopy (Figure 4.2). These measurements indicate that the interface
is likely oriented diagonally relative to the substrate plane, as shown in the cross-section
sketched in Fig 4.1b. Analysis of the polarization angle of maximum absorption as you
scan across the interface in Figure 4.2 shows that the diagonal interface extends from top to
the bottom of the film about ∼7 µm laterally, although its physical width is shorter than



CHAPTER 4. INTERFACE TAM 45

Figure 4.1: (a) Wide field polarized transmission image of TIPS-Pn film with region of in-
terest highlighted. Colored spots mark the location of transient measurements. The double-
headed arrow indicates 0◦ in the lab frame. Scale bar is 25 µm. (b) Schematic showing
the interaction of the laser pulses with solely the left-hand domain, the interface and both
domains, and solely the right-hand domain at each of the measured spots. Arrows indicate
the extent of the transverse cross-section of the interface (not to scale). (c) Orientation of
the TIPS-Pn molecules in the crystalline domains represented in blue and green, projected
into the substrate plane. Solid arrows indicate the orientation of the ground to S1 transition
dipole moment; dashed arrows indicate the orientation of the ESA transition dipole moment.
Adapted with permission from Wong et al., “Exciton dynamics reveal aggregates with in-
termolecular order at hidden interfaces in solution-cast organic semiconducting films”, Nat.
Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing Group

the diffraction limit as depicted in the cartoon of Figure 4.1b and in Figure 4.3. Before
we examine our TAM results we will first characterize the interface with high resolution
transmission microscopy.
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Figure 4.2: (a) False color image indicating polarization of maximum absorption at 700 nm.
for each x -y coordinate in the region of interest boxed in Figure 4.1a. This map indicates the
presence of and transition between individual adjacent domains. This shows that the relative
contribution of the neighboring domains to the film composition varies smoothly across the
TA interrogation volume underlying the red spot. The dashed line marks the location of (b)
a 1D slice through the center of the measured region, averaged over the spatial extent of
the laser beam in the y-direction. The transitional region between the two grains indicates
the presence of the interface and extends for approximately 7 µm in this transmission image
that integrates over the height of the film (z ). However, each individual (fixed z) molecular
cross-section of the interface likely extends over nanoscale distances only. Reprinted with
permission from Wong et al., “Exciton dynamics reveal aggregates with intermolecular order
at hidden interfaces in solution-cast organic semiconducting films”, Nat. Comm. 2015, 6,
5946. Copyright 2015 Nature Publishing Group.

Figure 4.3: Schematic of boundary depicted in Figure 4.1a, with focused 2 µm in diameter
red beams from left to right representing the locations of the blue, red and green locations
of the 600 nm tall film. The boundary lies at an oblique angle to the surface, as depicted in
purple again here. This shows in cross-reference with Figure 4.2 that the boundary extends
over 7 µm of the film in the x -y direction even though its width in any individual horizontal
slice is sub-diffraction limit (<200 nm).
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Analysis of high-numerical-aperture wide-field imaging of the film (Appendix A and Fig-
ure A.1) indicates that the lateral extent of the interface is significantly smaller than the
diffraction limit. If this interface were a molecularly abrupt grain boundary, it would consist
of only ∼1.8·106 interfacial molecules out of the ∼1.8·109 included in the ∼2 µm-diameter
TA interrogation volume of our 600-nm-thick film (see Appendix A for calculation details).
As such, by volume, a signal from the interface would represent only 0.1% of the total signal,
while the remaining 99.9% would be attributed to the bulk crystalline domains adjacent to
the boundary. Though we find that the interface is not molecularly abrupt, it is still remark-
able that we are able to isolate the sub-diffraction interfacial contribution to the TA signal
measured at the red spot. In addition to our spatial resolution, this isolation is possible
because of the strong probe polarization dependence of the TA signal of each of the adjacent
crystalline grains (blue and green traces in Figure 4.4b that was discussed in Chapter 3).

At the locations indicated by the blue, green and red spots in Figure 4.1a, TA at the TIPS-
Pn 700-nm band-edge was measured for probe polarizations from 10◦ to 170◦ in 20◦ steps in
the lab frame, as shown in Figure 4.6. 0◦ in the lab frame is indicated by the double-headed
arrow in Figure 4.1a, and the molecular orientations in the crystalline domains on either
side of the interface, projected in the sample plane, are shown in Figure 4.1c, as determined
by polarized linear absorption microscopy (see Figure 4.2). The transients measured in the
homogeneously crystalline blue and green spots of Figure 4.1a are very similar to those
presented in Chapter 3, also reported in reference [59]. The time constants and amplitudes
obtained from tri-exponential fits are consistent in both spots and the same as the previous
film. The time constants are ∼40 fs, 3 ps and 200 ps, with the amplitudes being positive,
negative, and decaying towards zero, respectively. Full fit parameters can be found in Tables
A.1-2 in Appendix A.

Note that for these measurements we report the unnormalized TA signal, ∆T. Typically,
as mentioned in Chapter 2, ∆T is divided by the linear transmission T to obtain the dif-
ferential optical density, independent of incident light intensity. In this study, however, we
analyze ∆T alone because this differential measurement eliminates time-independent scatter
from the strongly scattering interface, while T does not, to yield more consistent results.
We took care to conduct all TAM measurements reported on a single boundary in the same
run to minimize drift, keeping measurements self-consistent.

The phase of the polarization dependence for the “blue” and “green” spots (plotted in Fig
4.4b) differs by ∼50◦ between the two domains. This indicates that their crystal orientations
are rotated relative to one another by ∼50◦ in the substrate plane (Figure 4.1c). As a result,
the TA signal, ∆T, is minimized in both domains around a probe polarization of 150◦ (Figure
4.4c). We have observed qualitatively similar behavior in the TA of other interfaces and
adjacent domains in films of TIPS-Pn; this coincident minimization of ∆T in both domains
due to their relative orientation lies at the heart of our ability to identify an interface-
specific TA signal. More generally, the occurrence of similar relative domain orientations
throughout other polycrystalline small-molecule films is a common result of solution casting
(see Appendix A and Figure A.2), and the minimization of ∆T that occurs when the ESA and
GSB contributions overlap spectrally is a common phenomenon in the electronic structure
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of the polyacenes and their derivatives [59, 72, 135–139]. We thus expect our interfacial
characterization approach to be applicable to a broad class of relevant materials in present-
day organic electronics, and this class will continue to expand, as the development of new
molecules[75] and the extension of domain sizes [140, 141] are active areas of research.

Figure 4.4: TA signal of domain interface extracted using transients from adjacent grains.
(a) Absorption spectrum of TIPS-Pn thin film (black), in toluene solution (grey) and the
laser spectrum used for TA microscopy (red). (b) Dependence of TA signal at 1 ps on in-
cident probe polarization, with line colors corresponding to the spots in Figure 1a. Light
blue dashed line is R′(Θ, t) and purple line is I ′(t). (c) TA signal as a function of probe
polarization in the polarization range where bulk signal is near zero. (d) Transients mea-
sured at probe polarizations where bulk signal is near zero, and the calculated R′(Θ, t) and
I ′(t) transients at these polarizations. Adapted with permission from Wong et al., “Exciton
dynamics reveal aggregates with intermolecular order at hidden interfaces in solution-cast or-
ganic semiconducting films”, Nat. Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing
Group.

For most probe polarizations, the majority of the TA signal collected at the red spot
in Figure 4.1a originates from the molecules within the measurement volume that are part
of the two large surrounding grains, shown schematically in Figure 4.3. By contrast, the
existence of a unique interfacial signal is clearly observed in the set of transients presented
in Figure 4.4d, which were collected in 1◦ steps in the vicinity of 150◦. In all of these
plots, the signal collected from the location at the red spot is negative (dominated by ESA),
while the signals collected within the adjacent grains are both positive (dominated by SE or
GSB). This indicates the contribution of another signal, specific to the domain interface, as
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it impossible to reconstruct the signal collected at the red spot by simply adding together
some weighted combination of the data taken at the blue and green locations. The presence
of the material at the interface must generate some negative contribution to the total signal
that is different from the signals generated in the bulk of the adjacent grains.

4.4 Extraction of interface TA signal

TAM’s polarization dependence is used to isolate the TA signature from the interface in
order to learn about interface morphology and its impact on device function. Note that
throughout the rest of the chapter, variables that were calculated will be represented with a
prime (e.g. I′), whereas signal directly from measured TA data will not (e.g. R(θ, t)). In this
section we will describe how the measured TA data at the red, blue, and green spots were
used to calculate I′(t), the TA signal generated by the molecules in the interfacial region
only ( plotted in purple in Figures 4.1 and 4.5).

To extract I′(t), first, the data collected near probe polarization θ = 150◦ that has the
largest relative contribution from the boundary to signal are used. We extract the I′(t)
interface signal using the following equation for θ=149◦-153◦:

I ′(θ, t) = R(θ, t)− c1B(θ, t)− c2G(θ, t), (4.1)

Here, in Equation 4.1, I′ is the signal generated in the interfacial region, and R, B and G
are the TA signals measured at the red, blue and green spots in Figure 4.1a. The coefficients
c1 and c2 define a weighted sum of the contribution to the signal in the red spot that comes
from the two adjacent grains (Figure 4.5). I′trial is calculated for all possible combinations
of c1 and c2 from 0 to 1 (i.e. from zero to full relative contribution) in steps of 0.001. For
each combination of c1 and c2, the I′trial(t) calculated at each polarization from 149◦ to 153◦

(Figure A.5) are averaged together to yield < I ′ >(t), shown in dashed purple in Figure
4.4d. This averaged function was then used to calculate a reconstruction, R′, of the TA
signal measured at the red spot for the full range of all major measured probe polarizations
θ=10◦-170◦ (steps of 20◦),

R′(θ, t) = c1B(θ, t) + c2G(θ, t)+ < I ′ > (t). (4.2)

Here, R′ uses the weighted sum defined by c1 and c2. The difference between the recon-
structed signal R′ and the measured signal R was determined for every combination of c1

and c2 (Figure 4.8). The coefficients that yielded the minimum absolute difference between
R and R′ are 0.06±0.03 (blue) and 0.38±0.03 (green), with abs(R-R′) integrated for all
data collected between probe polarizations of 0◦ and 180◦ at all time delays. The resulting
minimum error R′ is plotted in dashed cyan in Figure 4.4.

For clarity, we also include a summary of the procedure here in enumerated form:
Summary of extraction procedure:

1. Start with data for red, green and blue spots at polarization of θ=149◦-153◦.
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2. Choose two trial coefficients for c1 and c2, each ranging between 0 and 1.

3. Calculate I ′trial(θ, t) for chosen trial c1 and c2 values using Equation 4.1 at each polar-
ization between θ =149◦-153◦.

4. Average together results to get an average I ′trial(t).

5. Reconstruct trial data R′(θ,t) for red spot using calculated average I ′trial(t) and Equa-
tion 4.2 for data at all polarizations.

6. Calculate abs(R-R′) integrating for all polarizations and time delays.

7. Iterate through procedure for different trial c1 and c2 values to minimize abs(R-R′).

The above procedure involves finding the best fit of a function I′(t) and two constant
coefficients, c1 and c2 to our dataset according to Equations 4.1 and 4.2. The final extraction
is fit globally to data taken at all nine major polarizations between 10-170◦, and the final
coefficients are taken from a global minimum (Figure 4.8). Figure 4.6b and Figure A.3 show
the excellent simultaneous agreement of the reconstructed transients R′(θ,t) (black dashed
lines) with the measured transients R(θ,t) (colored solid lines) for the optimal coefficients.
Deviating from the optimal coefficients introduces far poorer agreement, as illustrated in
Figure A.4 in the Appendix A.

Figure 4.5: Cartoon depicting how the polarization dependent TAM data enables isolation
of signal from the boundary material. The three red laser beams represent three spots of
that sample that were measured, as shown in Figure 4.1a. At 30◦, the signal from the green
domain is strong, while the signal from the blue domain is near zero. At 90◦, the opposite
is true. Then, uniquely, at 150◦ the signal from both the green and blue domains is near
zero and positive while the signal at the boundary is negative. At other polarizations, such
as 60◦, the signals from the green and blue domains are both strong. It is the polarization
dependent signal of TIPS-Pn that allows isolation of the boundary signal.
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4.5 Discussion

Now that we have extracted a transient signal, I ′(t), it is possible to fit that transient and
learn about it structure from its exciton dynamics. The time constants of tri-exponential
fits to I ′(t), < B(t) >, and < G(t) > are presented in Table 4.5. Here, time constants for
< B(t) > and < G(t) > are averaged over all collected probe polarizations in each of the ad-
jacent domains (grey lines in Figure 4.6). When comparing the time constants for < B(t) >
and < G(t) > with I ′(t) it is apparent that they are all relatively similar. This suggests that
the corresponding detected excited-state processes, which are highly sensitive to molecular
configuration[39, 72, 78, 142], are likely the same at the interface and in the bulk regions.
This indicates that the TIPS-Pn molecules that contribute to the extracted interfacial signal
exist in a local environment similar to those in the surrounding bulk crystalline regions. To
support bulk exciton dynamics, the local intermolecular order in the interfacial region must
extend over distances at least greater than several molecules’ extent, implying also that the
interfacial region has a finite width.

As further support of this crystallinity, we note that we pump and probe at the 700 nm
band edge of crystalline TIPS-Pn, whereas the lowest energy absorption peak in amorphous
TIPS-Pn thin films is at 645 nm[115], which is not resonant with our laser excitation (Figure
4.4a). The red-shift of the band edge in the polycrystalline film indicates that the solid state
exciton is stabilized by the surrounding TIPS-Pn molecules in an ordered film and is likely
delocalized. Thus, the detection of TA from the interfacial region using 700 nm excitation
and probe pulses is further evidence that the molecules in this region maintain a similar
crystal structure to those in the bulk.

Since the correlation length of intermolecular order is too small to be resolved by tradi-
tional characterization techniques, we consider the possible models that are consistent with
our data. There are three qualitatively different categories of possible interface morphology,
each illustrated in Figure 4.7, that could be consistent with the above evidence of crys-
tallinity. If the interface were composed of a single, narrow crystalline domain (Figure 4.7b,
purple), the interfacial signal would have a significant polarization dependence, requiring
additional parameters in our fitting process. Since we can successfully extract I ′(t) with-
out introducing these additional parameters, it is more likely that many possible molecular
orientations are present in the interfacial region. The two extremes of intermolecular order
that support multiple molecular orientations are shown in panels a and c of Figure 4.7.

In Figure 4.7c, the molecular orientation varies slowly yet continuously to bridge the
region between the two larger crystalline domains in blue and green. The electrostatic
interaction between neighboring molecules in this particular configuration would be less
favorable than in the normal crystal lattice. As such, this state is both entropically and
enthalpically disfavored and is unlikely to be kinetically trapped during solution casting. This
motif would thus extend only over very short distances[143, 144], such that the interfacial
contribution to the TA would become much smaller than we measure (see discussion below
and in Appendix A about the size of I ′). It is therefore more likely that there are multiple
nanoscale crystalline domains with different orientations present in the interfacial region.
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Figure 4.6: Polarization-dependent transients and simultaneous fits. Colored lines and
data points are TA signal collected using different probe polarizations at the (a) blue spot,
(b) red spot and (c) green spot in Figure 1a. Grey line is average of signal collected at
all polarizations. Black lines in (a) and (c) are global fits of the data to a tri-exponential
function. Dashed lines in (b) are fits of the data collected at the red spot to a weighted
sum of the data collected at blue spot and the green spot, plus the extracted interfacial
signal. Adapted with permission from Wong et al., “Exciton dynamics reveal aggregates
with intermolecular order at hidden interfaces in solution-cast organic semiconducting films”,
Nat. Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing Group.

Signal τ1 (ps) τ2 (ps) τ3 (ps)

I ′ 0.048 2.31 207
< B > 0.044 2.22 126
< G > 0.040 3.29 219

Table 4.1: I ′,< B >, and < G > were fit to a1 · e(−t/τ3) + a2 · e(−t/τ2) + a3 · e(−t/τ3) + c. Fit of
I ′ is shown in Fig A.2 in Appendix A

A cartoon of this more likely physical structure consistent with our observations is high-
lighted in Figure 4.7a. We depict the cross-section of the interfacial region with a mixture of
isotropically oriented nanoscale crystalline regions (purple) surrounded by more disordered
regions and/or voids (grey). Such a structure could develop during solution casting from the
accumulation of small aggregates between the larger (blue and green) domain crystallization
fronts as the solvent evaporates[145]. The presence of regions of additional disorder between
these nanoscale grains would be a response to the presence of high energy interfaces and
kinetic trapping of molecules away from equilibrium positions[143, 144, 146–148]. Since I ′(t)
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Figure 4.7: (a) Sketch of a structure in which the interfacial region between the larger
domains (represented in blue and green) consists of small, nanocrystalline domains (purple)
is consistent with the measured TA data. The grey interstices do not generate a TA signal
at 700 nm and could be voids or amorphous regions. This structure is hidden beneath the
surface of the film and is not accessible to surface probes. Alternative though less likely
structures could involve (b) a single crystalline domain at the interface, or (c) an interstitial
region in which the molecular orientation varies smoothly Adapted with permission from
Wong et al., “Exciton dynamics reveal aggregates with intermolecular order at hidden inter-
faces in solution-cast organic semiconducting films”, Nat. Comm. 2015, 6, 5946. Copyright
2015 Nature Publishing Group.

exhibits the same dynamics as the TA signal at the bulk locations, we attribute the unique
TA signal that we have observed at the interface to the trapped purple nanoscale grains and
not to any intervening disordered regions or molecularly abrupt grain boundaries.

The idea that interfaces between grains in TIPS-Pn may have a finite width has pre-
viously been suggested by Wo et al.[128], who concluded that these boundaries must have
a width of at least 10 nm in order to sustain the electric field associated with a measured
voltage drop between grains without inducing molecular breakdown. Here we consider the
relative strength of the I′(t) signal compared to the bulk domain signals to estimate the
spatial extent of our measured interfacial region. The extracted interfacial TA signal I′(t)
in Figure 4.4d is on average ∼15% of the magnitude of the polarization-averaged signal
strengths < B(t) > and < G(t) > from the two adjacent grains in Figure 4.6a and c. This
is much larger than would be expected if the interface between the two grains were a molec-
ularly abrupt boundary. Solution-cast films generally maintain an angle of 26◦ between the
S0→S1 transition dipole moment and the normal to the substrate plane[82]. By contrast,
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for a collection of isotropically oriented nanocrystals, we compute that the pump excitation
field will couple 56% more strongly to the S0 → S1 transition dipole moment. Accounting
for this orientation factor, our findings suggest that the interface region could be laterally
at most ∼200 molecules wide (see Appendix A for calculation details). Based on an average
molecular spacing of 7.75 Åin the a-b plane[79, 82], this corresponds to a sub-diffraction
width of ∼150 nm. Thus, by spectrally selecting for aggregates which can sustain bulk
excitons, our spatially-resolved TA measurements have enabled us to infer sub-diffraction
structural properties at a hidden interface between domains. This interface cannot be ac-
cessed using surface techniques such as AFM or microbeam grazing incidence wide-angle
X-ray scattering (µGIWAXS)[149] and would be extremely challenging to characterize using
scanning transmission X-ray microscopy (STXM), which integrates over the thickness of the
film[150–152].

Figure 4.8: The error in the fit is determined by comparing the actual signal measured
at the red spot, R(θ,t), with the reconstructed signal, R′(θ,t). The difference between R
and R′ is determined and summed over each time and polarization value. This error value
was calculated for each combination of c1 and c2 values. False color indicates value of error
abs(R-R′) summed over every time and polarization point. The smallest error is found
where the two white bars cross. Ends of white bars are located at coefficients which yield 1.5
times the smallest error. Reprinted with permission from Wong et al., “Exciton dynamics
reveal aggregates with intermolecular order at hidden interfaces in solution-cast organic
semiconducting films”, Nat. Comm. 2015, 6, 5946. Copyright 2015 Nature Publishing
Group.

Our measurements show that the interfacial region between crystal grains in solution-cast
films of TIPS-Pn can have a finite extent in which the molecules maintain a crystal packing
similar to that in the large adjacent bulk regions, yet over length scales that are smaller
than the diffraction limit. The spectral and temporal properties of the TA signature that we
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isolate at this type of interface suggest that it is composed of nanocrystallites that may have
become kinetically trapped between two crystallization fronts during solution casting. The
presence of these additional interfaces between each nanocrystallite at the interface can help
explain the large voltage steps observed at domain interfaces that could not be explained
by a molecularly abrupt physical model[128]. With this result we have demonstrated that
TAM can reveal structure-property relationships hidden to other characteristic techniques.

4.6 Future directions

TAM work on TIPS-Pn in the Ginsberg lab continues. In a soon to be published manuscript,
B. Folie et al. have added the capability to use a spectrally-resolved white light probe
to expand our analysis to pin down assignments of exciton dynamics. Future work could
consist of studying boundaries in other organic electronic materials or possibly studying
exciton dynamics with a spatially separated pump and probe pulse in TIPS-Pn nanoribbons
(fabricated previously in Ref. [153]).
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Chapter 5

Introduction to TADF OLEDs

Organic light emitting diodes are a promising technology to achieve cheaper and more ef-
ficient lighting and display devices [9, 154]. Nevertheless, more work is needed to improve
their stability and performance to further commercial adoption. Here we discuss efforts to
use fundamental photophysics to draw generalizable lessons and provide metrics for directed
design of next generation OLED devices.

In particular, we focus on using fundamental photophysics techniques to understand
the structure-property relationships of a new class of OLEDS, namely thermally-actived
delayed fluorescence (TADF) OLEDs. These OLEDs do not require a heavy metal center
to achieve high efficiencies and represent a shift in the field that may allow performance
to reach new heights. However, TADF OLEDs rely on a complex photophysical system to
reach high efficiences that is susceptible to perturbations from the local environment. It is
those perturbations that we seek to understand and control to enable high performing TADF
OLEDs.

Chapter 5 will introduce TADF OLEDs and the methods we employed to measure them.
Chapter 6 will discuss how host matrix polarity can tune TADF OLED performance through
solid state solvation.

5.1 TADF OLEDs have the potential to improve

performance of OLED devices

As mentioned in chapter 1, OLEDs are multi-layered electroluminescent devices that convert
free charges from electrical current to light of specific wavelengths (colors). As can be seen
in Fig. 5.1, the actual emitter molecules are sparsely doped into a host matrix to form the
central emitter layer of the device. Other layers of a fully operational device serve to aid
charge injection and transport to the emitter molecules within the emitter layer [9, 154–157].

As electroluminescent devices, two charges of random spin recombine on the OLED emit-
ter to create both triplet and singlet excited states in a 3:1 ratio. Traditional fluorescence
dyes have a dark triplet state and therefore can only reach a maximum of 25% internal quan-
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Figure 5.1: OLEDs have multiple different layers that all serve to funnel charge onto the
emitter molecules where they recombine to create light. These emitter molecules are sparsely
doped into a central emitter layer, a host-guest system. The host matrix serves to efficiently
conduct charge to the emitter molecules and to try to keep it there. Other layers aid charge
injection from the electrodes and transport to the emitter layer.

tum efficiency (IQE = photons emitted/charge pairs injected). Baldo and coworkers [158]
demonstrated that certain emitter molecules which incorporate a heavy metal center such as
Ir or Pt to increase spin-orbit coupling can achieve 100% IQE by harvesting all of the charge
pairs through phosphorescence. However, the use of heavy metal centers is not ideal due to
their environmental impact and expense. Additionally, even with heavy research, phospho-
rescence OLEDs have yet to demonstrate stable device operational lifetimes for blue emitters
needed in RGB displays [57, 154]. Thermally-activated delayed fluorescence (TADF) OLEDs
have recently emerged as a promising alternative to PHOLEDs, achieving up to 100% IQE
without a heavy metal center.

TADF OLEDs are organic emitters that can achieve up to 100% IQE through their
unique molecular design. TADF emitters are generally covalently bonded donor-acceptor
complexes that feature an intramolecular charge-transfer (CT) first excited state. This ICT
singlet state is targeted in order to minimize the energy splitting between the singlet and
triplet state (∆EST ). A low ∆EST in turn enables harvesting of the triplet state population
through thermally activated reverse intersystem crossing back to the singlet state, followed
by delayed luminescence. As such, TADF OLEDs have two distinct luminescence lifetimes:
(1) prompt luminescence with a lifetime of∼10-20 ns from excitations initially populating the
singlet state and (2) delayed luminescence from excitations that undergo reverse intersystem
crossing from the triplet state to the singlet state before emitting with characteristic lifetimes
of 100s of microseconds. Delayed luminescence provides a pathway for initial electrogenerated
population of the triplet states to be harvested through the excited states.

Adachi and coworkers first demonstrated a proof of concept TADF OLED in 2009, fol-
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Figure 5.2: TADF emitters are donor-acceptor complexes with an ICT singlet excited state
that minimizes the triplet-singlet energy gap to enable reverse intersystem crossing. This
leads to two distinct luminescence lifetimes even through all emission occurs from the ICT
singlet state to the ground state. Prompt luminescence describes the relatively rapid emission
of the initial population of the singlet state. Delayed luminescence describes emission from
population that first undergoes reverse intersystem crossing to the singlet state. The reverse
intersytem crossing step is rate-limiting for the delayed luminescence. Prompt luminescence
occurs on ∼ 10-20 ns whereas delayed fluorescence lifetimes are usually on the order of 100s
of microseconds.

lowed by ∼100% IQE TADF OLEDs in 2012. However, more understanding and control over
the device photophysics must be achieved in order to realize commercial implementation of
TADF OLEDs with high EQE and stable operational lifetimes. The key parameter control-
ling the photophysics of TADF OLEDs is the energy splitting between the triplet and singlet
state (∆EST ). A smaller ∆EST increases the intersystem crossing rate and will improve the
TADF efficiency, however as ∆EST is proportional to the HOMO-LUMO spatial overlap it
is also proportional to the singlet oscillator strength of the TADF emitter. Therefore, a
delicate balance must be achieved where the ∆EST is small enough to have efficient TADF
but large enough to have a non-vanishing singlet oscillator strength to achieve 100% IQE.
Careful molecular design has created a catalog of emitters with small ∆EST , however, a
parameter often overlooked or disguised within the empirical device optimization process is
the interaction of the CT state with the surrounding host molecules. This will be the focus
of the work in this thesis focused on TADF OLEDs (Chapters 5 and 6).

5.2 Techniques used to study TADF OLEDs

Throughout all of our experiments we use model samples that consist of only a host-guest
emitter layer on a substrate, using photoluminescence experiments rather than electrolumi-
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nescence to characterize the samples. This allows us to remove convolution with the influence
of the other layers (c.f. Figure 5.1) and focus on the performance changes from interactions
between the host matrix and the guest molecules only. Additionally, PL experiments can
generate data with higher temporal resolution than EL experiments to reveal further details
about the emitter molecules.

TADF OLED emitter sample preparation

As will be further explained in Chapter 6, samples were made from three components. A
polystyrene (PS) host matrix, the TADF OLED emitter 2PXZ-OXD, and the small polar
molecule codopant camphoric anhydride (CA). PS was purchased from Sigma-Aldrich, CA
was purchased from VWR, and 2PXZ-OXD was purchased from Luminescence Technology
Corp. (Taiwan). All chemicals were used without further purification.

Within a nitrogen glovebox, separate solutions of 2PXZ-OXD, CA, and PS were prepared
at a concentration of 50 mg/mL in chloroform and were stirred at 35◦C for at least an hour
(or overnight) to fully dissolve them. The solutions were then allowed to return to room
temperature while stirring. The substrates were then sonicated for 15 min in isopropanol
before being rinsed and dried with N2. Quartz substrates were used for their lower optical
response in the near-UV. The proper ratio of each solution is then pipetted into another vial
and stirred together before spin coating at 2000 rpm for 1 min (1500 rpm/s acceleration).
Films were either encapsulated within the glovebox or remained under nitrogen purge for all
measurements.

Encapsulation of samples

A single-component UV-curable epoxy was used to encapsulate samples while inside the
glovebox. After depositing the epoxy in a square around the perimeter of the substrate
using a disposable syringe, a second blank substrate was placed onto the film, making a
sandwich. The epoxy was then cured under a UV lamp for ∼3 mins. During the curing, a
square of thick aluminum foil was placed overtop the sandwich and inside the epoxy square
to protect the active area of the sample from photodamage. Additionally, the epoxy included
one millimeter silica beads to control the spacing between the top and bottom substrate (i.e.
bond line control). This effectively protected films from oxygen exposure. For quantum
yield measurements, it was not possible to use encapsulated samples due to the scattering
and absorptive properties of the epoxy. Unencapsulated films were kept under nitrogen for
storage and measurement.

Photoluminescence techniques for studying TADF OLEDs

UV-Vis absorption were acquired on an Agilent Cary-100 UV. Time-resolved and steady
state fluorescence measurements were conducted with a Horiba NanoLog Spectrofluorimeter.
Excitation for fluorescence spectra was centered at 390 nm using a Xenon lamp. Results
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for 390 nm and 400 nm excitation were consistent with each other, but 390 nm excitation
limited lamp bleedthrough through the longpass filter used for detection. Prompt lifetimes
were measured in a time-correlated single photon counting (TCSPC) mode using a 310 nm
NanoLED pulsed excitation source (1.2 ns pulsewidth). Delayed lifetimes were measured
using the Multi-channel Scaling (MCS) mode and were excited with a 310 nm SpectralLED
pulsed excitation source (controllable pulse width >0.1 ms).

Time-resolved PL measurements of TADF OLED emitters

Time-resolved PL measurements of TADF OLED emitters are essential to understand how
the local environment of these emitters in the host-guest matrix affects their performance.
Perturbations to the emitter kinetics and underlying electronic structure can affect the effi-
ciency of a device by changing the amount of excited state population that is converted into
photons. It is with time-resolved PL that the root causes of these photophysical changes can
be tracked and understood.

Figure 5.3: A single simulated decay curve is shown for an arbitrary TADF OLED emitter
on a log-log scale. The characteristic biexponential lifetime of TADF OLED emitters with a
prompt lifetime of 10-20 ns and a delayed lifetime of ∼ 100-1000 µs can be seen. Measuring
the decay of population over 8 or more orders of magnitude of signal intensity and over 8 or
more orders of magnitude of time is challenging.
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TCSPC measurements of TADF OLED emitters

Conventionally, time-resolved fluorescence measurements are conducted in a time-correlated
single photon counting (TCSPC) mode[23]. Briefly, TCSPC generally measures fluorescence
decays using high repetition rate picosecond or femtosecond laser sources in order to provide
high enough time resolution to measure rapid fluorescence decays. High-speed microchan-
nel plate (MCP) photomultiplier tubes (PMT) are used for detection, due to their rapid
instrument response[23]. Specialized electronics are needed to accurately measure on these
timescales. Rather than using constant analog detection, TCSPC measurements build up
histograms of photon detection over the course of many cycles of excitation and detection.
Intensity is attenuated to provide detected fluorescence count rates on the order of 1-2% of
the repetition rate in order to not bias the detection to earlier times as TCSPC electronics
can only “see” one photon per excitation pulse, specifically the first photon that hits the
detector. If the intensity is too high, probability dictates that more early time photons will
be detected than later time photons, a phenomenon known as pileup. Readers are directed
to the literature for further details[23, 159, 160].

Although, TCSPC is well-suited to measure most rapid fluorescence decays, it is not
well-suited to measure the entire fluorescence decay of TADF OLED emitters. TCSPC mea-
surements can accurately and precisely measure the prompt lifetime of a TADF emitter, but
are slow, inefficient, and potentially inaccurate for measurements of long delayed lifetimes.
This is due to the signal drop per unit time between the prompt and delayed lifetime (see
Figure 5.3). The signal can drop more than 5 orders of magnitude per unit time before the
beginning of the delayed lifetime signal. Therefore, the signal in the delayed lifetime time
region approaches the signal threshold partially set by the dark count rate for MCP PMTs
(∼ 1000 Hz at room temp; 200 Hz at 10◦ C). Furthermore, in order to measure out to 10
ms to capture a ∼ 500 µs delayed lifetime, the repetition rate of the laser would have to
be reduced to 10 kHz. As such, the detection rate maximum would also need to be 200
Hz to avoid pileup, requiring lengthy or time-consuming measurements and resulting in a
low signal/noise level due to the dark count rate. Overall, a simultaneous measurement in
a TCSPC mode of both the delayed and prompt lifetime is therefore impractical for most
TADF OLED emitters. For this reason, measurements of TADF OLED fluorescence decays
are typically done with specialized detectors such as a streak camera[26, 57, 161] or a fast-
gated CCD[162, 163]. The samples are excited with a low repetition rate picosecond laser
and the fluorescence response is integrated over the decay time. An alternative is to measure
the prompt and delayed lifetimes separately[164]. We use TCSPC to measure the prompt
lifetime and a different TR PL measurement mode, multichannel scaling (MCS), to measure
the delayed lifetime.

MCS measurements of TADF OLED emitter delayed lifetime

Multiscalar cards are analogous to sampling oscilloscopes. They offer a more efficient and
accurate way to measure long lifetimes like TADF OLED emitter delayed lifetimes[23]. We
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use a multiscalar card with a minimum time bin of 500 ns to measure the delayed lifetime
of 2PXZ-OXD. This time resolution is more than adequate to measure lifetimes greater
than 100 µs. Current development of MCS cards is pushing the limits of electronics to
eventually make it possible to measure prompt and delayed lifetimes simultaneously using
simpler equipment than streak cameras.

Drawback of separate measurement of prompt and delayed
lifetime

Although we are able to obtain accurate measurements of both the prompt and delayed
lifetime through separate measurements there is one drawback. There are no common data-
points with enough signal to noise to track the intensity drop accurately between the two.
Data in our prompt lifetime measurements approach the noise floor around 100 ns. However,
our MCS measurement’s first datapoint is at 500 ns. Therefore, it is not possible to use a
kinetic model to simulate the results with full constraints as this intensity ratio is crucial to
completely distinguish between changes to the kisc and kSr . Regardless, we are able to obtain
enough information to establish trends and develop qualitative models about the host-guest
interactions in TADF OLEDs.

PL Quantum Yield measurements

Quantum yield measurements reveal the overall efficiency of the entire photophysical system
by measuring the fraction of excitations that yield photons rather than relaxing through
nonradiative processes. This is equal to the ratio of radiative rate (Γ) to the total deactivation
rate (Γ+knr) as well as, more simply, the totals photons emitted divided by photons absorbed.
Therefore, mathematically, photoluminescence quantum yield can be defined as:

ηPL =
Γ

Γ + knr
=

photons emitted

photons absorbed
(5.1)

Higher quantum yield is a primary goal of OLED device physicists and synthetic chemists
as it directly improves the efficiency and performance of OLED devices. Furthermore, out-
competing the nonradiative pathways generally has additional benefits for the long-term
stability of the device by reducing the number of excitations available to cause side reactions
or degradation of the device. However, in a full device, understanding the underlying causes
that can increase Γ or decrease knr requires full understanding of the overall photophysics
including the influence of the surrounding environment on the molecular emitter for directed
optimization.

Protocols to measure the quantum yield of molecular dyes in solution are well estab-
lished [23, 165], typically using comparisons with a quantum yield standard to minimize
error. However, measurements in the solid state (e.g. OLED devices) preclude the use of
standards due to the complications from variations in sample preparation, and have other
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additional complications from sample geometry effects. Solid samples typically have non-
isotropic emission profiles from anisotropic distribution of emitter molecules within the film
or from substrate wave-guiding effects. This requires the use of dedicated setup including
an integrating sphere which can average over the angularly dependent emission profile [166–
168]. TADF OLED emitter layers present further challenges as they are host-guest samples
where the majority of the film is non-emissive (lower signal-to-noise).

PL quantum yield measurements were conducted at Stanford University in the McGehee
lab, on a homebuilt setup. Following the procedure laid out by de Mello et. al. [166], we
measured the ηPL of TADF samples. Briefly, de Mello et. al. [166] uses an integrating
sphere to calculate the ηPL from three different measurements of the light detected over the
excitation (laser line region) and emission range. The three different scans are conducted
with the sphere empty, with the sample inserted but out of the beam, and finally with the
sample inserted directly into the beam. This allows for correction for the portion of the laser
beam that is absorbed by the sample after reflecting off the sphere surface. Full details can
be found in Reference [166].

Using the McGehee lab homebuilt setup, samples were placed inside a 6-inch integrating
sphere (LabSphere RTC-060) and the sphere was flushed with constant nitrogen flow. Sam-
ples were excited with a Coherent Obis 375 nm laser and spectra were recorded through a
SpectraPro 500i Acton research monochromator/Spectrum CCD. The laser is fiber coupled
into the sphere and the resulting PL is directed through another fiber into the detection
apparatus. A calibration for the spectrally-dependent throughput of the entire system was
performed by McGehee group members and applied to each spectrum. Measurement proce-
dure followed the method of de Mello et. al[166].

The sphere was flushed with constant nitrogen flow to provide positive pressure of nitro-
gen and remove gaseous oxygen from the sample chamber to prevent collisional quenching
of the TADF emitter [23, 161]. This nitrogen flow has the additional benefit of reducing
photodamage from oxidation of the sample.

Signal-to-noise consideration for PL QY measurement

Measurements of ηPL require the excitation source power to be stable over the experimental
measurement time. We were unable to reproducibly measure the ηPL of TADF samples
in a commercial fluorimeter QY setup with an integrating sphere insert. In the fluorimeter
configuration the power of the excitation source must remain constant over the three different
scans in order to have an accurate calculation of ηPL as the emission monochromator scans
over the full wavelength range. This can take multiple minutes, and even with the use of a
reference photodiode to monitor the excitation power over time and normalize the emission
intensity to that reference, the noise added to the measurement is overwhelming. This is
particularly true for absorption measurements, as there is more noise at the blue/near UV
excitation wavelengths needed for the TADF emitters. These blue/near UV wavelengths
are noisier because they are near the edge of the lamp intensity profile. Additionally, any
power fluctuations during the absorption measurements are harder to average out due to
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the narrow spectral range of the scan. Even with multiple scans it did not prove to be
fruitful. In total, achieving reproducible measurements in the fluorimeter configuration can
be challenging when a single point detector (PMT) and an unstable excitation source such
as a xenon lamp are used. As such, in the McGehee lab we excited our samples using a laser,
which had much better power stability specifications than typical xenon lamps. Additionally,
rather than using a scanning monochromator and PMT, the homebuilt setup incorporated
a CCD detector, reducing measurement time and, hence, the required stability considerably.

This concludes the introduction into methods used to study TADF OLEDs. These meth-
ods will be applied in Chapter 6.
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Chapter 6

Tuning TADF photophysics through
SSS

6.1 Solvatochromism in the solution and solid state

The solvatochromism effect in the solution phase is well known [23, 169, 170]. An organic
solute with a polar excited singlet state displays a red shift of its emission when placed in
a polar solvent. After excitation to the polar excited state, the solvent molecules reorganize
and move in space to stabilize the excited state. This lowers the states energy and results
in the observed red shift of the emission (Figure 6.3c inset). The magnitude of this red shift
is directly proportional to the solvent polarizability.

It is less widely known that under certain conditions solvatochromism can also take place
in the solid state, albeit with smaller magnitude. This can occur in solid glassy matrices and
is referred to as solid state solvation (SSS). SSS was first formally observed and categorized
by Bulović and coworkers[171, 172], who studied the shift in emission of a laser dye (DCM2)
as a function of matrix polarizability. This effect is directly analogous to solvatochromism.
After excitation of an organic solute to a polar excited state, other polar small molecules
within a glassy matrix rotate in space to locally orient their dipole moments and stabilize
the excited state. Subsequently, increasing the polarizability of the matrix can increase
the magnitude of the stabilization and hence the magnitude of the red shift of the emission.
This effect will be especially pronounced for solutes with charge-transfer (CT) excited states,
which intrinsically have a large change in polarity after excitation from the ground state to
the CT singlet excited state (large change in dipole moment from ground to excited state
- ∆µ = µe − µg)[23, 169, 170]. SSS, however, has not been utilized frequently [172–175]
nor to its full potential. Here we use SSS to both systematically study and control the
photophysical properties of emitters with CT excited states.
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6.2 SSS and TADF OLED emitters are a potent

pairing

Thermally activated delayed fluorescence (TADF) organic light-emitting diode (OLED) emit-
ters are a promising new class of OLED emitters [26, 57, 155–157, 161, 176–178] that have
particularly interesting photophysics to study with SSS. TADF OLED emitters feature SSS-
active CT singlet excited state that minimizes the exchange interaction to produce an elec-
tronic structure with a small singlet-triplet energy gap (∆EST )[20, 26, 57, 155–157, 161,
176–179]. The lowest energy 1CT state is generally achieved through a molecular design
that incorporates donor-acceptor complexes that as a byproduct of their structure can also
feature a locally-excited singlet (1LE) localized on the donor unit that can couple with the
1CT state [57, 162, 180, 181]. The small ∆EST enables efficient harvesting of electrogener-
ated triplets through thermally activated reverse intersystem crossing, allowing full TADF
OLED devices to reach internal quantum efficiencies of up to 100% (Figure 6.1) [26, 57, 162,
180]

Figure 6.1: Scheme of TADF energy level diagram with kinetic system of rates. The
phenomenological prompt and delayed fluorescence rates are combinations of these more
fundamental rates. The singlet state of TADF emitters mediates the vast majority of emis-
sion.

Combining SSS-tuning with TADF OLED emitters allows us to modulate the small ∆EST
to help untangle the complex photophysical balance of these emitters. The ∆EST energy
gap of TADF OLED emitters (∼0-150 meV) and the practical tuning range of SSS (∼100
meV) are on the same order of magnitude, making this a potent pairing. Nevertheless, care
must be taken to closely follow the coupled changes to the singlet radiative rate and reverse
intersystem crossing rate. Since there two rates are both affected by stabilizing the CT
singlet excited state it is important to ensure that the effect of increasing back transfer from
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the triplet state is not negated by decreased oscillator strength of the singlet state. The fine
tuning of the 1CT state energy and hence ∆EST that we achieve with SSS elucidates the
intricate details of TADF photophysics and reveals the balance of effects that must be struck
to achieve better performance.

Here we demonstrate that the pairing of SSS and TADF yields an experimental platform
to, for the first time, show directly how host co-doping can change the emitter excited
state and drastically change its photophysics by furthermore altering the reverse intersystem
crossing and radiative rates. We use a ternary system and vary the ratio of a polar small
molecule codopant and a nonpolar host to employ SSS to study the effect of modulating the
amount of singlet excited state stabilization on TADF photophysics. As a result, we observe
monotonic changes to the photoluminescence (PL) spectral peak, the prompt lifetime and
the delayed lifetime, as well as a rise and fall in PL quantum yield as a function of host
matrix polarizability. This reveals the ideal magnitude of SSS-stabilization resulting from
competition between the improvement of efficiency in returning triplet population to the
emissive singlet state and the concurrent decrease in oscillator strength of this singlet state
with increasing solvation of the singlet excited state. This first systematic study of TADF
using 1CT excited state solvation to control ∆EST reveals a pathway to optimize emissive
yields derived from better understanding of the interplay of the various rates within the
TADF kinetic system.

Figure 6.2: PL shift of 2PXZ-OXD as a function of solvent polarity demonstrates sol-
vatochromism in solution phase, and confirms that 2PXZ-OXD has a 1CT singlet excited
state. With increasing solvent polarity the PL spectrum of 2PXZ-OXD shifts to lower en-
ergy emission.This is a characteristic trait of the CT excited singlet state of TADF OLED
emitters.



CHAPTER 6. TUNING TADF PHOTOPHYSICS THROUGH SSS 68

6.3 Change in the photophysical characteristics of

TADF OLED emitters as a function of solid state

solvation

To elucidate the progressive effect of SSS on TADF emitter photophysics we measured the
PL emission peak shift, the prompt and delayed PL lifetime changes, and the PL QY (quan-
tum yield) change in a series of ternary blend samples. Modeled after the work done by
Madigan et al.[172] studying laser dyes, each film consisted of a fixed concentration (6
wt%) of the TADF emitter 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadiazole (2PXZ-
OXD) doped within a polystyrene (PS) host matrix, to which varying amounts of the small
molecule polar codopant, camphoric anhydride (CA), were added (Figure 6.3). The mag-
nitude of the SSS effect was then varied across the series by changing the ratio of CA to
PS in each film. 2PXZ-OXD was selected as a good model TADF emitter. Lee et al.
achieved 14.9% external quantum efficiency in a device using 6 wt% 2PXZ-OXD doped into
a Bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) host[161], an efficiency that re-
quired TADF collection of triplet states. As such, 2PXZ-OXD is known to have a 1CT state,
which is confirmed by observing strong solvatochromism in the liquid phase (Fig. 6.2)[180,
182]. PS was used as an optically transparent and solution processable model host with a
high triplet energy[183]. Finally, CA was selected to be the SSS-active codopant because it
is small, relatively sterically unhindered, and has a strong ground state dipole[172]. Neither
evidence of exciplex formation nor a dramatic change in spectral shape, a part from peak
shift, was observed in optical absorption (Fig. 6.4) or emission spectra (Figure 6.3c). We
measure these model samples with photoluminescence techniques to isolate the influence of
emitter on TADF performance from any device optimization considerations such as charge
injection (Fig. 6.3,6.7a). Prompt and delayed lifetime are measured separately. The time-
correlated single photon counting (TCSPC) method is used to measure the prompt lifetime,
and the multichannel scaling (MCS) method is used to measure the delayed lifetime (Fig.
6.7b,c). PLQY was measured in an integrating sphere following a published method (Fig.
6.7d)[166].

Change in the PL emission peak as a function of SSS magnitude

Variation in the amount of CA in the PS:CA:2PXZ-OXD system leads to a monotonic red
shift of the PL emission peak (Figure 6.7a). Increasing the wt% CA from 0 to 20 wt% CA
red-shifts 2PXZ-OXD peak emission from 494.25 nm to 525 nm, a change of 147 meV. The
trend of PL peak emission vs [CA] is relatively linear at lower concentrations but then levels
off at higher concentrations. This potential saturation may occur as the ability to more
densely pack CA molecules around each emitter diminishes at high [CA], as seen in the top
axis of Figure 6.7a where average CA separation distance is plotted.
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Figure 6.3: (a) Cartoon of ternary blend samples, color-coded to match (b) corresponding
molecular structures of host polymer polystyrene, polar small molecule codopant camphoric
anhydride, and emitter molecule 2PXZ-OXD. (c) PL spectra of 0, 10, 20, 30, and 40 wt%
CA in PS with 6 wt% 2PXZ-OXD are shown. Increasing the concentration of CA leads
to growing red shifts of the emission energy as the magnitude of SSS increases. Inset in
the upper right of the spectra is a diagram showing the solvation mechanism of the system.
Upon photoexciation to the 1CT excited state of 2PXZ-OXD the CA molecules rearrange
their dipole moments to stabilize the polarized state and lower its energy. This causes the
observed red shift.

Change in the prompt and delayed lifetime as a function of SSS
magnitude

The prompt and delayed lifetime also display monotonic dependence on [CA]. The full time-
resolved PL traces for the prompt lifetime (Figure 6.6) are fit to a biexponential and the
average lifetime τ̄ (Equation 6.1)[23], is reported (Figure 6.7b; Table B):

τ̄ =
α1 · τ 2

1 + α2 · τ 2
2

α1 · τ1 + α2 · τ2

(6.1)

Increasing [CA] increases the average prompt lifetime from ∼9 ns to 14.5 ns over the range
of 0-20 wt% CA. This effect follows approximately the same trend as the PL peak shift,
beginning roughly linear with slight saturation at higher [CA] (Figure 6.7b). Conversely,
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Figure 6.4: UV-Vis absorption spectra for a series of 2PXZ-OXD/CA/PS films. Broad,
gaussian-shaped absorption feature centered around 400 nm is the S0 → 1CT transition.
The spectral shape of this transition does not dramatically vary with the addition of CA, as
expected.

Figure 6.5: Full time-resolved PL decay traces measured in TCSPC mode for 100 ns to
capture the prompt lifetime. These traces are for a series of PS/CA/2PXZ-OXD three
component films as a function of [CA]. Units are in wt% CA for legend.

increasing [CA] concentration correspondingly decreases average delayed lifetime from ∼617
µs to ∼256 µs over 0-20 wt% CA. Full traces for delayed lifetime (Figure 6.8) are fit to a tri-
exponential decay and the average lifetime is reported in Figure 6.7c. Non-monoexponential
decays of both lifetimes likely arise from heterogeneity in the local environment of the 2PXZ-
OXD emitter molecules in these films caused by the variable number of CA molecules around
each emitter[184]. Finally, increasing [CA] concentration initially increases PL QY at low
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concentrations over the range of ∼2.5-10 wt% but then proceeds to decrease PL QY at higher
CA concentrations (Figure 6.7d). This variation is a complex convolution of the other trends
in Fig. 6.7a-c and will be discussed later in the text.

Figure 6.6: Full time-resolved PL decay traces measured in MCS mode for 10 µs to capture
the delayed lifetime. These traces are for a series of PS/CA/2PXZ-OXD three component
films as a function of [CA]. Units are in wt% CA for legend.

Overall, the data in Figure 6.7 illustrate marked effects of progressive increases in [CA]
on the photophysical properties of the TADF OLED emitter in PS. We observe monotonic
changes in PL peak, prompt lifetime, and delayed lifetime, with all of these trends saturating
at higher [CA]. This saturation is probably due to the limited volume available to pack in
more CA around the emitter molecules at high co-doping levels. PL QY, however, does
not monotonically change. There is an optimal range of [CA] to maximize the PL QY and
therefore an optimal range of ∆EST around 5-7 wt% CA.

6.4 TADF OLED emitter kinetic scheme

Tuning the kinetics of TADF emitters through SSS to maximize the emissive yield is not
straightforward. The rates underlying the prompt and delayed fluorescence are highly inter-
dependent, changing simultaneously with increased SSS-stabilization of the excited singlet
state (see Figure 6.1). There are five relevant rates in the kinetic system that describes
TADF, radiative rate of the singlet (kSr ), the nonradiative rate of the singlet (kSnr), inter-
system crossing to the triplet state (kisc), reverse intersystem crossing from the triplet to
the singlet (krisc), and the nonradiative rate of the triplet (kTnr). Both prompt and delayed
fluorescence are phenomenological combinations of these more fundamental rates. Prompt
fluorescence lifetime is dependent on the radiative rate of the singlet (kSr ), the nonradiative
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Figure 6.7: Comparison of the SSS-enabled variation to the photophysical observables of
2PXZ-OXD as a function [CA]. From top to bottom, the variation in PL spectral peak,
average prompt lifetime, average delayed lifetime, and PL quantum yield as a function of
[CA] are shown. Monotonic trends are observed for PL peak, average prompt lifetime and
delayed lifetime. A more complex relationship exists between PL QY and [CA]. The data
suggest that an optimal ∆EST is reached around 6.25% CA, where the TADF rate is increased
without diminishing the oscillator strength of the S1 → S0 transition too much.
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rate of the singlet (kSnr) and intersystem crossing to the triplet state (kisc). The prompt
fluorescence can be approximated as[178, 185, 186]:

kprompt = kSr + kSnr + kisc (6.2)

While the delayed fluorescence rate is mainly determined by the reverse intersystem crossing
rate as it is a relatively slow thermally activated process. However, it is also codependent on
the emissive properties of singlet state. The delayed fluorescence can be expressed as[178,
185, 186]:

kTADF = kTnr + (1− kisc
kSr + kSnr + kisc

) · krisc (6.3)

The delayed fluorescence rate is directly proportional to krisc. Therefore, as krisc is thermally
activated, both krisc and kTADF will increase as the barrier to activation (∆EST ) decreases.
Using the kinetic scheme just described (Figure 6.1), we will now discuss how the three
monotonic trends observed in Figure 6.7a-c give rise to the non-monotonic behavior of the
PL QY (Figure 6.7d) as a function of the increasing CA-enabled SSS.

6.5 How SSS tuning changes the electronic structure

of TADF OLED emitter

The SSS stabilization of the 1CT excited state causes the redshift in the PL spectra as
a function of matrix polarizability as shown in Figure 6.3. The mechanism of the SSS
stabilization is analogous to solvatochromism[172]. The electron density of the 2PXZ-OXD
molecule instantaneously redistributes upon photoexcitation to its 1CT excited state. The
CA molecules then respond to the increased local polarizability by rotating in space to align
their permanent dipole moments to stabilize the polarized charge distribution on the 2PXZ-
OXD molecule (Figure 6.3 inset). This lowers the energy of the 1CT state and causes the
observed red shift. Further evidence that supports solid state solvation as the underlying
mechanism for the observed red shift is provided by the observation of red-edge effects[23,
187]. A series of films were prepared with a lower 2PXZ-OXD doping level (0.25 wt%) than
the typical 6 wt% doping to minimize self-SSS effects at co-doping concentrations of 0, 2.5,
5 and 10 wt% CA. This set of films was then excited at both 400 nm (center of absorption
band) and at 370 nm (blue edge of 1CT absorption band), and the resulting PL spectra
were recorded. As can be seen in Figure 6.8, for the films where CA is present the PL
spectra for the two excitation wavelengths are identical, whereas for 0 wt% CA/0.25 wt%
2PXZ-OXD film a blue shoulder appears for the 370 nm excitation. This shoulder could arise
from either emission from the 1LE state or emission from an upper vibrational energy state
before relaxation down to the bandedge of the 1CT state. In either case, the fact that the
2PXZ-OXD molecule does not relax to the band edge before emission without the presence
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of CA molecules confirms their active role in solvation, as well as their potential to modify
the electronic structure and performance of TADF emitters.

Figure 6.8: ‘Red-edge effect’ (RES) spectra for 0.25 wt% 2PXZ-OXD/x% CA/1-x-.25% PS
films. Dashed lines were excited at 371 nm (the blue edge of absorption band), while solid
lines were excited at 400 nm (the center of the absorption band. This data is smoothed
for clarity as 0.25 wt% films produce low signal, but the conclusion is not changed by the
smoothing.

Coincident with the stabilization of the 1CT excited state caused by SSS, we observed
an increase in the prompt lifetime (Figure 6.7a-b). We hypothesize that SSS stabilization
potentially also increases the polarized CT character of the state. This further polarization
of the state decreases the oscillator strength of the radiative transition for the 1CT state,
thereby lowering its radiative rate (kSr ), resulting in the observed increase in prompt fluo-
rescence lifetime (Figure 6.9). It is also likely that that mixing of the 1LE and 1CT states
decreases with the lowering of the 1CT to have the same effect on prompt lifetime, by de-
creasing the oscillator strength of the radiative transition[20, 188–192]. As such, increased
[CA] and increased SSS stabilization of the 1CT state leads to longer prompt lifetime.

Furthermore, we hypothesize that ∆EST decreases with increasing local host polariz-
ability, as the 3CT state is less stabilized via CA-enabled SSS than the 1CT state. DFT
calculations of natural transition orbitals (NTO) orbitals (Figure 6.10 - calculated by col-
laborator Sukri Mukhopadhyay at Dow Chemical Company) show that the T1 state has
much more localized π- π* character than the S1 state [Note that DFT calculations refer to
generic first excited singlet (S1) and triplet (T1) that are approximately analogous to 1CT
and 3CT ]. Further calculations confirm that the excited state polarity of the calculated S1

state is considerably higher than the T1 state (S1-S0 static dipole moment magnitude µ(S1)
(D)= 24.2 vs. T1-S0 static dipole moment magnitude µ(T1) (D)= 9.3). This causes the more
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Figure 6.9: Scheme illustrating SSS modulation of TADF kinetic system of rates. As the
concentration of CA is increased the 1CT state decreases in energy as the SSS is increased.
This decreases the oscillator strength of the 1CT as the 1CT becomes more polarized. This
causes a decrease in kSr for the singlet state. Concurrently, resonance with the T1 state
increases as 1CT moves closer into resonance as it is stabilized. This leads to a decrease in
average delayed lifetime as the kRISC increases.

polar S1 state to be stabilized more by CA than the T1 state, which causes a decrease in
the ∆EST with increased [CA]. Additionally, literature suggests that the 3LE state can play
the dominant role in RISC, and a 3LE state would be even less affected by the presence
of CA[57, 162, 193, 194]. Therefore, as ∆EST decreases with increasing [CA], the delayed
lifetime decreases because the equilibrium population distribution between triplet 3CT and
singlet 1CT states shifts, increasing the net singlet excited state population (Figure 6.9).
Viewed from a kinetic perspective, the delayed lifetime decreases as ISC/RISC cycling in-
creases. A more rapid thermally activated RISC, leads to more exposure of the excited state
population to the emissive singlet state which decreases the delayed lifetime.

Stabilization of the excited singlet state leads to a competitive interaction between the
reduced emission efficiency of the singlet state and the increase in efficiency of transferring
population from the excited triplet to the excited singlet state. Although the PL emission
peak shift, the prompt and the delayed lifetime all monotonically change as a function of
[CA], the PL QY does not. This difference suggests a complex (nonlinear) competition
between different effects on the TADF kinetics that concurrently occur upon modulation
of the magnitude of SSS. To explain how the PL QY can increase at low [CA] and then
decrease at higher [CA], we have to consider the different contributions to PL QY and their
dependencies on [CA].
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Figure 6.10: Natural transition orbitals (NTOs) for the S1 and T1 states of 2PXZ-OXD.
These calculations show the CT nature of 2PXZ-OXD’s S1 state as well as the more localized
and more π − π* nature of the T1 state. The corresponding dipole moments for the S0, S1,
and T1 states of 2PXZ-OXD are tabulated in the figure as well. These dipole moments show
that S1 is by far the most polar and therefore most affected by SSS. Results calculated by
Sukrit Mukhopadhyay, Dow Chemical Company.

6.6 Deciphering how changes to the fundamental

kinetic rates of a TADF OLED emitter changes

its PL QY

In order to understand the underpinnings of PL QY in TADF emitters it is useful to define
the equations that state the efficiencies of the various pathways available to the excited
state population in a TADF emitter, both nonradiative and radiative[178, 185, 186]. This
specificity allows for the parsing out of how the observed changes to the delayed fluorescence
and prompt fluorescence manifest in the PL QY change. For a TADF emitter the major
contribution to PL QY comes from the prompt fluorescence due to the population that
radiatively decays from the singlet state without ever crossing into the triplet state. The
efficiency of this pathway is:

φprompt =
kSr

kSr + kSnr + kisc
(6.4)
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However, the PL QY that we measure does not solely depend on the prompt PL QY.
The portion of population that undergoes intersystem crossing can be recovered via TADF.
The radiative efficiency can be quantified through a consideration of the ISC/RISC cycling
efficiency[185]. The amount of population that crosses over to the triplet can be described
by:

φT =
kisc

kSr + kSnr + kisc
(6.5)

Similarly, the efficiency of the inverse process of triplet population returning to the singlet
state is:

φS =
krisc

kTnr + krisc
(6.6)

The portion of population that crosses over to the triplet state and then back to the singlet
is then again subject to the same set of rates as the original singlet state population and can
cycle back and forth repeatedly. Nevertheless, we can express the overall PL QY in a closed
form[185]:

φPLQY = φprompt · [1 + (φT · φS) + (φT · φS)2 + ...] =
φprompt

1− (φT · φS)
(6.7)

In this closed form expression, φS, φT , and φprompt all vary as a function of [CA]. We expect
φprompt to decrease with increased [CA] as kSr decreases, as indicated by the prompt lifetime
change. Conversely, the delayed lifetime data indicates that the φS should increase with
increased [CA] as krisc increases with the drop in ∆EST . Finally, we note that in the limit
of krisc >> kTnr, the singlet yield pathway will approach unity and any additional [CA] will
not significantly improve the harvesting of triplet states. This nonlinear saturation in the
relationship between φS and [CA], helps to explain the non-monotonic change in PL QY vs
[CA]. At low [CA], φS is far from saturating and its increase with increasing [CA] dominates
the trend in PL QY vs [CA]. But, at high [CA], the φS has saturated and there is no longer
significant additional triplet harvesting from increased SSS. The change in PL QY as a
function of [CA] will then be dominated by the decrease in the oscillator strength of the
singlet (φprompt). This competition leads to the local maximum at ∼5-10 wt% CA in Figure
6.7d.

This argument is also sketched visually in Figure 6.9, where we explore the effects on the
kinetic scheme at low and high degrees of SSS. The sketch of the monotonically decreasing
prompt yield and increasing, but saturating, singlet yield illustrates the competing effects
that control the relationship between overall PL QY and [CA]. At low [CA] (left scheme), the
∆EST and kSr are large, while RISC efficiency is low. By contrast, at high [CA] right scheme),
where the ∆EST is reduced and ISC/RISC cycling favors increased singlet population, the
oscillator strength and kSr will decrease due to the increased polarity of the solvated emitter
1CT state, thereby decreasing PL QY as well. This effect is present at all levels of [CA], but
only dominates at high [CA] when singlet yield has saturated near unity. At intermediate
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[CA], around 5-10% [CA], the singlet yield has increased without significantly decreasing the
prompt yield and thus the highest possible PL QY is achieved.

The change in PL QY can be fully explained by focusing on the dominant changes to
krisc and kSr after stabilization of the 1CT state by SSS without invoking any change to the
other rates. We do not expect there to be dramatic changes to the nonradiative rates as a
function of [CA]. Any slight variation of the matrix morphology with the PS:CA ratio, would
likely affect kSnr and kTnr similarly. This would lead to equivalent changes to the prompt and
delayed lifetime rather than the opposing changes that we observe. Finally, we do not expect
that there is significant quenching at high [CA] from aggregation as prompt lifetime would
then be expected to decrease at high [CA] and it does not.

6.7 Summary of SSS-tuning ability to tune device

performance

We have found that SSS is able to substantially change the photophysics of TADF emitters
with very fine control. We observe an increase in prompt lifetime and a decrease in delayed
lifetime of over 50% each with a co-doping level between 0 and 20 wt% CA, as well as a peak
increase of 20% for the PL QY over the range of 0 to 6.25 wt% CA. Additionally, for each
unit weight percent of CA added between 0-20% CA, the PL emission peak shifts by 1.55
nm, allowing for tuning of color coordinate with nanometer wavelength precision in a real
device. The peak emission is potentially easier to tune using small reproducible increments
of [CA] rather than by resynthesizing the molecular host material differently[194, 195].

Changes observed in PL QY as a function of SSS will be translated to accentuated changes
in the EL QY. EL QY will always be smaller than PL QY as both are governed by the same
kinetics overall, but in the EL picture, the initial population of the non-emissive triplet
state is 3 times greater than that of singlet state and leads to additional losses due to the
nonradiative pathway (kTnr) (Figure 6.11). The increase in PL QY at low CA will translate
into a steeper increase in the EL QY case, as there is more triplet state population saved
from nonradiative loss kTnr by increasing krisc (Figure 6.9). Then at higher [CA], where the
φS has saturated with low ∆EST , the EL and PL QY converge to the same value. Therefore,
the positive impact of SSS on efficiency will be even greater in an EL device than observed
in our model system with PL.

In an EL device, the brightness of the TADF OLED could also be increased without a
loss of performance due to the use of SSS. At high current, the amount of triplet-triplet
annihilation (TTA) increases since more charges interact as the current increases. This leads
to a decrease in efficiency at high current, which is referred to as rollover. Decreasing delayed
lifetime through SSS, increases the refresh rate of each emitter on average and leads to less
TTA at the same current. This allows for stable operation at higher current and therefore
improved brightness[196].

We project that SSS will be most potent for optimization of the performance of TADF
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Figure 6.11: A comparison between the theoretical maximum of the PL and EL QY as
a function of singlet yield (φS) is plotted here. In the inset in the bottom right there is a
comparison between the initial conditions for EL and PL QY. In the EL case excitations are
electrogenerated in the triplet state in a 3:1 ratio to excitations in the singlet state. In the PL
case all excitations are photoexcited to the excited singlet state. At low singlet yield, the EL
QY is much lower than PL QY because the electrogenerated excitations in the triplet state
that are produced do not efficiently transfer to the emissive singlet state and are therefore
lost to nonradiative recombination. For PL QY at low singlet yield, the PL QY is not unity
because of the portion of excitations that under intersystem crossing to the triplet state. At
high singlet yield the EL and PL theoretical maximum QY converge as transfer back to the
emissive singlet dominates over the kTnr.

OLED emitters in ternary blends with a relatively non-polar, but conductive host mate-
rial, and a small, sterically unhindered, conductive, polar small molecule codopant. We
hypothesize that introducing this co-doping platform into a conductive host would produce
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qualitatively similar results beyond some reduction of the effective range of solvation due
to screening of the codopant molecule. Regardless, awareness and control of SSS will be
necessary in all devices to attain optimal performance.

We have directly shown the powerful effect that small changes in SSS can have on photo-
physics of TADF OLED emitters through modulation of the ∆EST . SSS is a viable way to
systematically modify an emitters electronic structure in order to elucidate the kinetic mech-
anisms behind TADF. It grants experimental control to tune the electronic structure of one
emitter to study its ability to conduct TADF without coarsely changing its overall molecular
design. It is also more precise and tunable than fullscale redesign of the host molecule. Fur-
thermore, SSS offers an interesting new pathway to tune TADF device design. SSS could be
implemented in full device design through the inclusion of codopant molecules with proper
charge conduction properties or through the inclusion of polar side chains on polymer hosts.
Nevertheless, as a solvation mechanism, general increase of dielectric of the host molecules
without freedom to orient the static dipole moments is unlikely to have as potent an effect
as SSS. Our work systematically demonstrates that TADF device design should account for
host-guest interactions effect on the photophysics to control device efficiency, color purity
and refresh time.

6.8 Future directions

Future work will consist of moving on to try other codopants and other host matrices to
elucidate patterns in the properties of codopants and host materials required for successful
use of SSS-tuning (Figure 6.12). Additionally, work by Milan Delor in the Ginsberg lab
will utilize more advanced time-resolved spectroscopies to study more about the solvation
mechanism of SSS in TADF OLED emissive layers.
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Figure 6.12: Future work will test the extent of SSS-activity of other codopants as a function
of their size (steric hinderance) and polarity. It is hypothesized that increasing the size of
the codopant without changing polarity may decrease the SSS-acivity per codopant as steric
hinderance lowers the ability to locally align dipole moments to stabilize a 1CT state on a
TADF emitter. Additionally, an increase in polarity without changing size is expected to
increase the SSS-activity per codopant molecule.
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Appendix A

Boundary TAM characterization

High resolution transmission imaging of interface

A wide-field transmission image of the TIPS-Pn film is provided in Fig. A.1a, with a box
indicating part of the interface of interest. As mentioned above, polarized linear absorption
measurements of the film indicate that the interface between the two domains is oriented
diagonally through the thickness of the sample (see Fig. 4.2). A schematic of the cross-
section of this structure is provided in Fig. A.1b, where the thin interface region is shown
in purple. The upper limit of the domain interface size is provided by wide-field polarized
transmission imaging using a microscope with an oil-immersion 1.4 NA objective and λ =
589 nm filtered lamp illumination. The corresponding resolution is λ/(2 NA) = 210 nm. An
image corresponding to the red box in Fig A.1a and showing the two sides of the interfacial
region is provided in Fig. A.1c. The two edges between the three differently-shaded regions
correspond to the locations where the film cross-section changes from being composed of a
single domain to being composed of a combination of each of the domains adjacent to the
interface and the interface itself. Due to crystal anisotropy, the polarized light transmission
changes sharply across these edges, whose positions are indicated with red arrows in Fig.
A.1b. Line cuts across each edge are shown in Figures A.1d and A.1e (blue curves). These
cuts were fit (red curves) to a convolution of a Heaviside step function and an Airy disk,
defined as

J1(2πNAr
λ

)
2πNAr

λ

(A.1)

where r is the radial coordinate, to represent diffraction off of a steep edge[197]. There are
no free parameters in this fit, other than the amplitude of each side of the Heaviside function
and its exact position. The agreement of the fit (red) and experimental data (blue) curves
indicates that both of the edges of the diagonally oriented interface are below the diffraction
limit of 210 nm. If these edges were wider, then the blue curves would be noticeably less
steep than the red calculated curves. This measurement, along with the polarized linear
absorption measurement (Fig. 4.2), indicates that the interface between the two domains is
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Figure A.1: High resolution transmission imaging. (a) Transmission image of the sample
region. (b) Schematic of the cross-section of two domains, blue and green, and the interfacial
region, purple. The red arrows indicate the two sides of the diagonal interface which can be
distinguished. (c) High-resolution transmission image of the interfacial region that is boxed
in panel a, showing the two sides of the diagonal interface. Line cut of the transmission over
the left (d) and right (e) sides of the interfacial region in blue, with fits of the transmission
to the convolution of an Airy disk with a Heaviside step function in red. The width of the
feature is lower than the diffraction limit in both cases, indicating a thin diagonal interfacial
region, unlikely to contain features larger than the diffraction limit. Reprinted with per-
mission from Wong et al., “Exciton dynamics reveal aggregates with intermolecular order
at hidden interfaces in solution-cast organic semiconducting films”, Nat. Comm. 2015, 6,
5946. Copyright 2015 Nature Publishing Group

a very thin region oriented diagonally with respect to the substrate, with a lateral extent
that is below the diffraction limit of 210 nm in Fig. 4.4c.
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Fraction of molecules in measurement volume participating in
molecularly abrupt boundary

We first calculate the number of molecules in the measurement volume. The spacing of
molecules along the three crystal axes are reported[82] to be: a = 7.7 Å, b = 7.8 Å, c = 16.8
Å.

The substrate plane is the a-b crystal plane. We take the molecule spacing in this plane
to be the average of the a and b spacings, i.e. 7.75 Å. The molecular spacing normal to the
sample plane is the c spacing, i.e. 16.8 Å.

Finally, our measurement volume has a transverse FWHM of 20000 Å, and a height
corresponding to the thickness of the film, 6000 Å.

FWHM = 20000Å÷ 7.75Å = 2581molecules (A.2)

Height = 6000Å÷ 16.8Å = 357molecules (A.3)

V olume = πr2h = π(2581÷ 2)2(357) = 1.87 · 109molecules3 (A.4)

Next, we compute the number of molecules participating in a molecularly abrupt bound-
ary.

FWHM = 20000Å÷ 7.75Å = 2581molecules. (A.5)

Height = 6000Å÷ 16.8Å = 357molecules. (A.6)

Transverse width = 2 molecules (i.e. molecularly abrupt: one molecule on either side of the
interface)

Volume = FWHM * Height * Transverse width

V olume = 2581 · 357 · 2 = 1.84 · 106molecules3. (A.7)

Therefore, we calculate that the extreme of a molecularly abrupt boundary would consist
of 1.84 · 106 molecules3.

Width estimation of interfacial region.

To estimate the width of the interfacial region we first determine the relative S0 → S1

transition dipole strength and then factor in the measured signal amplitudes and the size of
the measurement volume.

The transition dipole vector is µ = (r, θ, φ), where θ is the declination angle (angle
between µ and the z axis), and φ is the azimuthal rotation (rotation in the x-y plane about
the z axis). The magnitude of the projection of µ onto the x-y plane is |µ|sin(θ).

To find the average projection of the transition dipole onto the x-y plane for an isotropic
distribution of nanocrystals, we integrate over all possible directions and divide by 4π to find
the average.
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< µ >x−yisotropic=
1

4π

∫ 2π

0

∫ π

0

|µ|sin2(θ)dθdφ =
π

4
|µ| (A.8)

For a domain with the typical crystal structure[82], θ = 25.660, the ratio of transition
dipole projections is

< µ >x−yisotropic

µsinglecrystal
=

π

4sin(θ)
= 1.56 (A.9)

The maximum magnitude of I′ (purple trace in Fig. 4.4a) occurs at ∆T = 200, while
maximum magnitude of < B > and < G > (grey traces in Fig. 4.6) occurs at ∆T = 1300.
Thus, the strength of I ′ is 0.15 of the signal from the bulk domains.

If the interfacial region consists of an isotropic distribution of nanoscale domains, as
discussed above, we would expect that they would couple 1.56 times better to the pump
beam, generating 1.56 times more excitons. We divide by this factor to account for this
expected increase in signal,

0.15

1.56
= 0.096 (A.10)

to find that the I ′ magnitude is 0.096 that of the bulk domains. To estimate the width of
the interface, recall that it was shown above that having a molecularly abrupt boundary only
two molecules wide would mean that only 0.1% of the measurement volume is comprised
of boundary molecules, and might be expected to produce 0.1% of the signal of the bulk
domains. The extracted I ′ signal is 96 times greater than this 0.1% contribution to signal
would be, so we would estimate that the boundary is 96 · 2 = 192 molecules across, which is
∼ 150 nm.

The above calculation is an estimation of the width of the interface, assuming that it is
composed of randomly oriented nanocrystallites. To obtain bounds on the interface extent,
we consider two additional cases. We consider a particular case of a single crystalline interface
to obtain a lower bound below, and we measure the interface extent in a 1.4 numerical
aperture (NA) transmission microscope, as described above, to obtain an upper bound.

If the interfacial region were to consist of a single, narrow domain with the same crystal
structure as the bulk domains, it would have a distinct polarization dependence similar to
the bulk domains. To calculate a lower bound on how small the region could be in this
case, we assume that the narrow domain is oriented such that it generates a maximal TA
signal near a probe polarization of 150◦. At the interface, ∆T = 200, while the maximal
TA signal for the bulk domains is ∆T = 3300 (green trace in Fig. 4.6a). Thus, the strength
of I ′ is 0.061 of the signal from the bulk domains when they are oriented for maximal TA
signal. Since a boundary only two molecules wide would produce 0.1% of the signal of the
bulk domains, and the extracted I ′ signal is 61 times greater, the lower limit of the domain
interface size is 61 x 2 = 122 molecules across, or ∼ 100 nm.
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Figure A.2: Analogous interfacial signal obtained in a different TIPS-Pn film. (a) Wide field
polarized transmission image of TIPS-Pn film with region of interest highlighted. Colored
spots mark the location of transient measurements. Scale bar is 25 µm.(b) Dependence of
TA signal at 1 ps on incident probe polarization, with line colors corresponding to the spots
in Fig.4.1a. Light blue dashed line is R′(θ,t) and purple line is I′(t). (c) TA signal as a
function of probe polarization in the polarization range where bulk signal is near zero. (d)
Transients measured at probe polarizations where bulk signal is near zero, and the calculated
R′(θ,t) and I′(t) transients at these polarizations. Reprinted with permission from Wong et
al., “Exciton dynamics reveal aggregates with intermolecular order at hidden interfaces in
solution-cast organic semiconducting films”, Nat. Comm. 2015, 6, 5946. Copyright 2015
Nature Publishing Group

θpr a1 a2 a3 t1 (ps) t2 (ps) t3 (ps) c

10◦ 6.42·102 -1.37·102 5.24·102 6.54·10−2 0.92 1.30·102 3.14·102

30◦ 1.84·103 -4.82·102 -8.83·101 4.29·10−2 1.8 3.71·101 6.80·101

50◦ 3.15·103 -9.33·102 -9.18·102 3.71·10−2 2.37 1.24·102 -2.72·102

70◦ 3.83·103 -1.22·103 -1.58·103 3.57·10−2 2.76 1.36·102 -5.64·102

90◦ 4.30·103 -1.05·103 -1.64·103 3.02·10−2 3.00 1.42·102 -6.13·102

110◦ 3.46·103 -8.99·102 -1.40·103 3.14·10−2 3.03 1.45·102 -5.12·102

130◦ 1.48·103 -4.53·102 -7.27·102 3.83·10−2 2.22 1.28·102 -2.39·102

150◦ 4.76·102 -1.09·102 4.94·101 5.47·10−2 0.97 1.46·102 8.64·101

170◦ 3.18·102 2.70·102 3.51·102 5.64·10−2 41.2 3.73·102 2.21·102

Table A.1: Time constants for the ”blue” location in Figure 4.1a. These were triexponential
fits to a1 · e(−t/τ3) + a2 · e(−t/τ2) + a3 · e(−t/τ3) + c.
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Figure A.3: Fit which yields lowest error. Measured TA signal at the red spot, R, is shown in
colored lines and data points. Reconstructed signal, R′, using the coefficients which yield the
smallest error, c1=0.061 and c2=0.383, is shown in black lines. These fits to the measured
signal R are shown in Fig. 4.6b of Chapter 4. Reprinted with permission from Wong et
al., “Exciton dynamics reveal aggregates with intermolecular order at hidden interfaces in
solution-cast organic semiconducting films”, Nat. Comm. 2015, 6, 5946. Copyright 2015
Nature Publishing Group

θpr a1 a2 a3 t1 (ps) t2 (ps) t3 (ps) c

10◦ 2.18·103 -7.50·102 -1.14·103 3.42·10−2 3.70 2.21·102 -5.08·102

30◦ 2.78·103 -8.85·102 -1.50·103 3.37·10−2 3.99 2.26·101 -7.00·102

50◦ 2.42·103 -8.27·102 -1.49·103 3.51·10−2 3.81 2.18·102 -6.90·102

70◦ 1.84·103 -6.19·102 -1.00·103 3.68·10−2 3.67 2.22·102 -4.56·102

90◦ 1.06·103 -2.98·102 -3.01·102 3.79·10−2 3.16 2.28·102 -1.13·102

110◦ 4.34·102 -1.24·102 2.11·102 5.39·10−2 2.09 1.96·102 1.60·102

130◦ 2.34·102 -9.24·101 3.96·102 8.58·10−2 1.24 1.92·102 2.65·102

150◦ 4.89·102 -1.82·102 1.27·102 5.08·10−2 2.17 1.88·102 1.30·102

170◦ 1.08·103 -3.99·102 -4.10·102 4.03·10−2 2.99 2.23·102 -1.46·102

Table A.2: Time constants for the ”green” location in Figure 4.1a. These were triexponential
fits to a1 · e(−t/τ3) + a2 · e(−t/τ2) + a3 · e(−t/τ3) + c.
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Figure A.4: Fits which yield 1.5 times the lowest error value. The value of c1 is varied
in panels a and b, while c2 is varied in panels c and d. These fits are noticeably worse
than those in Fig. A.3, where the optimal c1 and c2 values are used. Reprinted with
permission from Wong et al., “Exciton dynamics reveal aggregates with intermolecular order
at hidden interfaces in solution-cast organic semiconducting films”, Nat. Comm. 2015, 6,
5946. Copyright 2015 Nature Publishing Group

a1 a2 a3 t1 (ps) t2 (ps) t3 (ps) c

244 -73 -81 4.8·10−2 2.31 2.07·102 -42

Table A.3: Fit coefficients for extracted interface TA signal, I′. These were triexponential
fits to a1 · e(−t/τ3) + a2 · e(−t/τ2) + a3 · e(−t/τ3) + c.
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Figure A.5: Extracted interface TA signal, I′(t). (a) Extracted interfacial signals I′(t) for the
probe polarizations where the bulk contribution is near zero. The five calculated transients
are identical within signal to noise. (b) Data points are the average of the five I′ traces in
(a), black curve is a fit of these data points to a tri- exponential function. Reprinted with
permission from Wong et al., “Exciton dynamics reveal aggregates with intermolecular order
at hidden interfaces in solution-cast organic semiconducting films”, Nat. Comm. 2015, 6,
5946. Copyright 2015 Nature Publishing Group
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Appendix B

Aggregated PS/CA/2PXZ-OXD data

Aggregation of data from multiple film series for the PS/CA/2PXZ-OXD ternary blend
system. These data demonstrate the consistency of the overall trends from series to series.
There are some offsets between series of films likely due to variations in film preparation.
That is why each series is deposited from the same set of solutions in order to remove any
stock solution concentration error within individual series. Nevertheless, these do not affect
the overall conclusions.
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Figure B.1: The PL peak shift as a function of [CA] for multiple series of films (different
colors) shows the consistency of the SSS effect on 1CT . Offsets between series of films on
y-axis could come from sample preparation variation
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Figure B.2: The average prompt lifetime as a function of [CA] for multiple series of films
(different colors) shows the consistency of the SSS effect.
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Figure B.3: The average prompt lifetime normalized to zero CA as a function of [CA] for
purposes of comparison. THe data for multiple series of films (different colors) shows the
consistency of the SSS effect.
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Figure B.4: The average delayed lifetime as a function of [CA] for multiple series of films
(different colors) shows the consistency of the SSS effect.
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Figure B.5: The average delayed lifetime normalized to zero CA for purposes of compari-
son. The data as a function of [CA] for multiple series of films (different colors) shows the
consistency of the SSS effect.
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Figure B.6: The average PL QY as a function of [CA] for multiple series of films (different
colors) shows the consistency of the SSS effect.
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Figure B.7: The average PL QY for each series is normalized via by subtraction of each
series’ zero CA value and then plotted against each films measured PL peak for purposes of
comparison. PL peak is a proxy for the exact amount of SSS in each film to account for film
preparation variations between sets. The data from multiple series of films (different colors)
shows the consistency of the SSS effect.
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Wt% CA PL Peak (nm) τ̄prompt(ns) τ̄delayed(µs) PL QY (%)

0.00 494.25 9.1 617.2 15.9
1.25 498.50 9.5 558.5 18.7
2.5 499.00 10.1 541.8 14.2
3.75 501.75 10.7 495.7 17.3
3.75 499.67 10.5 - 18.3
6.25 509.67 11.6 448.4 17.7
7.5 510.00 12.0 404.2 17.7
7.5 510.5 12.2 - 18.5
8.75 510.67 12.3 456.6 17.7
8.75 509.33 11.8 - 16.1
10 515.25 13.6 315.5 17.0

12.5 517 12.3 348 15.0
15 521.17 14.2 293.3 15.2

17.5 523.50 13.2 274.5 14.5
20 525 14.6 256.8 13.8

Table B.1: Photophysical parameters for series of PS/CA/2PXZ-OXD films. PL QY data
included in Figure 6.7 was taken from a different set of films than PL peak, prompt and
delayed lifetime data.
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