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Abstract

Organic photovoltaic devices (OPVs) have the potential to provide low cost solar energy
to unique applications which are not accessible by traditional photovoltaics. These devices
are made from abundant materials and can be deposited on lightweight flexible substrates
with low cost roll-to-roll manufacturing techniques. However, to date they have suffered
from relatively low power conversion efficiencies compared to their inorganic
counterparts. As such, a deeper understanding of the fundamental processes which govern
photoconversion in OPVs is needed in order to better inform materials and device design
and realize more efficient devices. Optical absorption in OPVs leads to the formation of
Coulombically bound electron-hole pairs, called excitons, which must be dissociated into
free carriers to collect photocurrent. Inefficiencies in these devices result from the short
diffusion length (Lp) of excitons and the subsequent recombination of generated carriers.
In this dissertation, material parameters which affect the magnitude of Lp and new
techniques to quantify and decouple transport and recombination mechanisms will be
presented. Covered topics include the effects of molecular impurities on Lp, techniques to
measure Lp and the exciton lifetime in previously inaccessible dark (non-luminescent)
materials through photovoltage measurements, methodologies to quantitatively decouple
recombination mechanisms at device relevant operating conditions, and the effects of
polycrystalline grain size on Lp in singlet fission materials, which are capable of producing
two excitons per absorbed photon. These studies provide tools to better understand the
underlying physics which govern photoconversion and material parameters which can be

manipulated to enhance exciton transport to realize more efficient devices.
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1. Introduction to photovoltaics

1.1 Generation of electricity and global climate change

Modern society has a dependence on electricity which has led to global climate change,
causing a multitude of adverse environmental effects. The combustion of fossil fuels has
led to dramatic increases in greenhouse gasses in the atmosphere. According to the
Intergovernmental Panel on Climate Change, CO: levels in the atmosphere have increased
from 280 ppm to over 400 ppm over the last 150 years, exceeding the highest levels of
atmospheric CO- in centuries.! The energy and heating sector is responsible for 25% of
these emissions due to the burning of coal, oil, and natural gas. This has caused the average
surface temperature of the earth to rise by about 2.0 degrees Fahrenheit since the late 19"
century, a trend which is only accelerating. Current projections suggest an increase of 6.7
to 8.6 degrees Fahrenheit could occur by year 2100; furthermore 16 of the last 17 years
have been the hottest on record.!? This has caused a variety of environmental problems
including, but not limited to, the shrinking of polar ice caps, causing rises in the sea level,
the warming and acidification of the earth’s oceans, and an increase in the frequency and
intensity of extreme weather events.> These problems are only projected to get worse
unless a dramatic shift to low-carbon and renewable energy sources occurs over the next
century.

Compounding these issues is the growing demand for electricity. In 2015 the global
power consumption was around 22 TW and is projected to increase to 25 TW by 2040,
with the majority of this increase coming from developing countries.® With the intrinsically
limited supply of fossil fuels the development of renewable energy technologies is

imperative to meeting this demand. The production of electricity from photovoltaic



devices, which harness energy from the sun to produce electricity, has the potential to be a
major part of this solution.

The sun continuously delivers 174000 TW to the earth’s upper atmosphere at a power
density of 1366 W m™2.* When light reaches the earth’s surface, this value is reduced to
about 1000 W m due to absorption and scattering of light traveling through the
atmosphere. Taking into account seasonal variations, the diurnal nature of sunlight, and
weather related cloud coverage, an average of 188 W m2 or 4.5 kWh mis incident at the
average latitude of the continental U.S. (38 °N).> With current commercially available
photovoltaic panels it would only take an area of 17,500 sg. mi, or roughly 0.6% of the
surface area of the continental United States, to produce the 4,000 TWh necessary to
provide electricity to the entire country for the year.® While this calculation is impractical
for a variety of reasons, including the intermittency of solar electricity generation and
electrical transmission limitations, it highlights the vast potential for photovoltaic
installations to be a major part of the global energy solution.

1.2 The photovoltaic market

Even with this vast potential, the deployment of solar energy is relatively small. In 2015
renewable energy sources generated only 7.12% of the total electrical production in the
United States and solar energy constituted only 0.61%. This is because energy production
is cost driven industry and renewable energy technologies must be able to compete
financially with traditional fossil fuel sources on a $/kWh basis. For photovoltaics this is
calculated by the levelized cost of energy, which is determined from the ratio of the life
cycle cost of the module to the total amount of energy produced, including costs associated

with construction, operation, maintenance, and decommission.” This will depend on the



lifetime of the solar cell, its efficiency, cost of manufacturing, cost of hardware, and soft
costs, such as labor and overhead.

In the United States, the average cost of energy from a utility company is currently
$0.13/kWh residentially and $0.11/kWh commercially.® A recent economic analysis of
solar electricity estimates that unsubsidized photovoltaic installations in the United States
range from about $0.11-0.16/kWh for utility scale systems and $0.19-0.29/kWh for
residential systems.® With federal tax subsidies, these numbers can be reduced to $0.07-
0.13/kWh for utility and $0.12-0.23/kWh for residential, nearing a price point necessary to
be competitive with traditional energy technologies.® This has caused a tremendous amount
of growth in the market over the last two decades, where the globally installed solar
photovoltaic capacity has increased from 4 to 227 GW from 2000-2015.%°

Currently, the photovoltaic market is dominated by crystalline silicon technologies,
which controlled 90% of the marketplace in 2014.% However, this technology is starting to
reach a fundamental limit, as the cost is dominated not by the price of the panels, but by
balance of system costs including hardware, inverters, wiring, racking, and labor, which
constitutes 80% of residential and 60% of utility scale system costs.® Additionally, recently
imposed import tariffs on crystalline silicon photovoltaic panels threaten the technology’s
economic viability in United States.!! Consequently, the need to develop next generation
photovoltaic technologies is now more important now ever in order to ensure the continued
growth of this renewable energy resource.

1.3 Emerging photovoltaic technologies
To reduce the levelized cost of energy research and development efforts of new

technologies should focus on increasing device efficiencies, reducing the cell thickness,



both for reduced material costs and weight which will reduce the balance of system costs,
improving device lifetimes, and reducing manufacturing complexity and costs.® There are
a vast number of thin film technologies under development which aim to address these
issues. Early research efforts focused on amorphous silicon, but this technology has not
been able to achieve efficiencies high enough to compete with its crystalline predecessors.
The most widely deployed commercially available thin film technology is cadmium
telluride, which controlled 5% of the global PV market in 2013.12 These devices have
displayed record efficiencies of 21.0% in cells and 17.5% for modules, compared to 26.7%
and 22.4% for cell and module efficiencies, respectively, for single crystalline silicon.?
However, large scale deployment of this technology is affected by the toxicity of cadmium
and scarcity of tellurium.® The next major technology in the thin film market is copper
indium gallium diselenide which controlled a 2% market share of the global photovoltaic
market in 2013.12 This technology has achieved cell and module efficiencies of 21.7% and
17.5%, respectively, but worry about the scarcity of indium could hinder large scale
development.’? Of the emerging thin film technologies, metal-halide perovskites have
shown perhaps the most promise, demonstrating rapid increases in efficiency over the last
few years, with certified lab scale efficiencies of 22.1%.%2 These devices have tunable band
gaps and can be deposited from solution or low temperature vapor deposition, but are
highly sensitive to moisture and currently contain toxic lead compounds.
1.4 Organic photovoltaics

Organic photovoltaic devices (OPVs) are made out of small molecule or polymer
organic semiconductors. These synthetic materials have high absorption coefficients,

which can be tuned throughout the visible light spectrum, allowing for thin active layers



on the order of tens of
nanometers.!*1®  Additionally,
they are compatible with high-
throughput, large area, roll-to-
roll processing techniques and
can be deposited out of solution
or low temperature evaporation

on cheap flexible plastic

substrates.’>19 Furthermore,

Figure 1.1 Organic photovoltaic devices displaying (a)
flexible form factors (Heliatek),”® (b) transparent
(Ubiquitous Energy),”® and (c) building integrated
applications (Heliatek).?®

the active materials can be
synthesized from non-toxic,
abundant feedstock.?® These materials also have a high defect tolerance, allowing for facile
fabrication of multijunction cells with broad absorption across the visible spectrum.?t2?
However, current efficiencies lag behind their inorganic counterparts as the record
efficiency for a multijunction OPV is 13.2%.% Additionally, these devices traditionally
suffer from relatively short device lifetimes and issues with device yield and scaling.*®
With that being said, significant progress has been made to address these issues. Heliatek,
one of the leading commercial OPV manufacturers currently produce module efficiencies
at 7-8% with extrapolated lifetimes of >25 years.?®

Current efficiency trends suggest OPVs are not going to replace rooftop solar; however,
their unique characteristics allow them to penetrate markets which are not accessible by
traditional photovoltaics. For example, there are a variety of companies starting to come to

market which aim to manufacture visibly transparent OPVs which absorb UV and infrared



light.?#% These devices can then be used in building integrated applications such as
window coatings which generate electricity and passively cool the building. This same sort
of technology can also be implemented into electronic devices like mobile phones,
smartwatches, or even electric cars to constantly charge and extend battery life. The
flexible form factor also allows for the potential of photovoltaic textiles for off the grid
applications. With this technology nearing the point of commercialization, the market will
ultimately test whether OPVs can be a commercially viable technology.
1.5 Scope of this dissertation

This dissertation is focused on understanding the underlying physics of OPV device
operation by elucidating and decoupling the various recombination losses which limit the
performance of small molecule OPVs. First, an introduction into the physical properties
which produce the semiconducting behavior of OPV active materials will be discussed.
This is followed by an in depth look into how optically generated excited states, called
excitons, are transported in organic semiconductors. Once these fundamental concepts
have been established, the implementation of organic semiconductors into OPV device
architectures, the operation of these devices, and methods to characterize various aspects
of their performance will be presented. The remainder of the dissertation presents specific
studies which focus on how material properties can be manipulated to optimize the
transport of excitons and the development of new techniques to characterize transport and
recombination losses in these devices with the goal of providing a better understanding of

device physics to enhance power conversion efficiencies of OPVs.



2. Physics of organic semiconductors

This chapter will provide a foundation for the work presented in this dissertation by
giving insight into the fundamental properties of the materials which make up OPVs. First
the bonding environment and energy levels of the materials which constitute organic
semiconductors will be presented. This is followed by a discussion of the optical properties
and generated excited states which, in part, dictate the performance of OPV devices. With
this knowledge, a deeper understanding of how these materials can be combined to
effectively harvest solar radiation and produce useable electricity in device architectures
can be achieved.

2.1 Bonding and energy levels of organic semiconductors

Organic semiconductors are made of highly conjugated organic molecules, where
alternating single and double covalent bonds give rise to their semiconducting behavior.?
As organic materials, these molecules are made primarily out of carbon, which is a
tetravalent atom with a 1s?2s?2p? electron configuration.?’ In a molecule, carbon atoms will
seek to create four covalent bonds with the surrounding atoms in order to achieve a closed
electron shell configuration. The two main types of bonds that are present in these
molecules are sigma (o) bonds and pi (m) bonds. Sigma bonds arise from orbital
hybridization, where the 2s, 2px, and 2py orbitals hybridize to form three degenerate sp?
orbitals which are coplanar and separated by 120°.2627 The remaining 2p; orbital is
perpendicular to the plane of the ¢ bonds and the overlap of these orbitals atoms form ©
bonds. While ¢ bonds confine the electron density between two atoms, © bonds form highly

delocalized electron densities above and below the plane of atoms.?” These can be
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Figure 2.1 (a) Coplanar ¢ bonds between sp? hybrid orbitals in benzene. (b) & bonds form a
delocalized electron density above and below the plane of atoms. (c) Electronic structure of a
double bond between two carbon atoms, resulting in a filled bonding 7 orbital, called the highest
occupied molecular orbital, separated by an energy gap from the anti-bonding n* orbital,
referred to as the lowest unoccupied molecular orbital.

visualized in a benzene molecule, shown in Fig. 2.1a, b, consisting of a ring of six carbon
atoms, where each carbon forms three ¢ bonds and one n bond, generating a delocalized
electron cloud above and below the plane of atoms due to the overlap of n-orbitals between
all of the carbon atoms.

When two electron wavefunctions overlap with one another the linear combination of
the two wavefunctions forms two distinct energy levels, a low energy bonding state which
shares the electron density between the two atoms, as described in the previous paragraph,
and a higher energy anti-bonding state which creates a node in the electron densities
between the two atoms.?” An energy level diagram of a double bond between two carbon
atoms is shown in Fig. 2.1c, where doubly occupied - and w-orbitals are separated by an
energy gap from unfilled antibonding n* and o* orbitals. The n-orbital is referred to as the
highest occupied molecular orbital (HOMO), corresponding the ionization potential of the
molecule, and the w*-orbital is referred to as the lowest unoccupied molecular orbital
(LUMO), corresponding to the electron affinity.?® When these molecules are incorporated

into a thin film, the HOMO and LUMO can be thought of as analogous to the valence and
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conduction bands in traditional inorganic semiconductors; however, it should be noted that
they are not continuous bands, but rather discrete energy states, where the ensemble of
excitonic energies have some finite energetic width.?® As shown in Fig 2.1c, a covalent
bond between two atoms forms two energy levels. In inorganic semiconductors, covalent
bonds between N atoms will form N energy levels. As N becomes very large, continuous
energy bands are formed. While covalent bonds between atoms form molecules, films of
these molecules are bound together by weak van der Waals bonds, yielding a distribution
of discrete HOMO and LUMO energies.?® The semiconducting behavior of these materials
IS generated by electronic transitions which bridge the energy gap between the filled
HOMO and empty LUMO combined with the overlap in the electron density of the -
orbitals between adjacent molecules, which provide a continuous pathway for electron
transport.?®
2.2 Exciton generation in organic semiconductors

In addition to the formation of discrete energy levels, another major difference between
inorganic and organic semiconductors are the excited states which are generated from
optical absorption. Generally for inorganic semiconductors, when a photon with energy
greater than the band gap is absorbed a free electron is promoted to the conduction band,
leaving behind a hole in the valence band.>® Alternatively, when light is absorbed by an
organic semiconductor and an electron is promoted from the HOMO to the LUMO of the
molecule, the negatively charged electron and positively charged hole remain
Coulombically bound to each other, creating what is called an exciton.?® While an exciton
technically refers to the total electronic structure of the excited molecule, it is easier in

some respects to think of it as the bound charge neutral electron-hole pair.



The Coulomb force between two charged particles is inversely proportional to the
dielectric constant of the surrounding medium, given by € = ez€, where €y is the relative
dielectric constant and €, is the vacuum permittivity, and the square of the distance
between the charged particles.®® Both of these factors contribute to the formation of
excitons. Organic semiconductors typically have low ez (~2-5) compared to inorganic
semiconductors (~12-16).%! This is partially due to the fact that organic semiconductors are
primarily made up of atoms with low atomic numbers like hydrogen, carbon, and nitrogen
which have strong electron binding energies and are less polarizable.®? Additionally, the
van der Waals forces which bind organic molecules together restrict the extent of the
electron wavefunction compared to covalently bonded inorganic semiconductors, limiting
the electron-hole separation.?®

There are three types of excitons that exist in semiconducting materials which are
characterized by the spatial extent of the electron-hole pair and the exciton binding energy.
Wannier-Mott excitons are typically found in inorganic semiconductors and are
characterized by a large exciton radius (~40 — 100 A) and low binding energies. In silicon
for example, the exciton binding energy is 14.7 meV.* These excitons are quickly
dissociated into free carriers by the 25 meV of available thermal energy at room
temperature. Charge-transfer excitons are found in highly crystalline organic
semiconductors or at an interface between two energetically dissimilar materials and have
an exciton radius on the order of a few molecular lengths (~5 — 20 A).?632 Lastly, Frenkel
excitons, which are the type of exciton which will be considered throughout this text, are
confined to a molecule with a small exciton radius (< 5 A) and a large binding energy

ranging between ~0.4 - 1.4 eV.?62834 The nature of the Frenkel exciton, including both the
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binding energy and the distance over which they can travel, strongly dictates the

architecture of OPV devices as will be outlined in the next chapter.

Absorption Emission

Absorption

UiBus|saepp

Emission

—— Strong

Vo
- —— —Moderate

Figure 2.2 Vibronic energy levels as function of nuclear position (R). Electronic transitions
between the ground state (W1) and first excited state (¥2) give rise to the unique absorption and
emission spectra of organic semiconductors. Absorption originates out of the lowest vibronic
state (Vo) and the strength of the transition depends on the vibrational wavefunction overlap.
Before emission occurs, molecules undergo vibronic relaxation and emit out of vo in ¥y,
creating a shift between the emission and absorption spectra.

2.3 Absorption and emission

The previous section described the transition from a ground state to an excited state in
a molecule as the promotion of electron from the HOMO to LUMO. Within each of these
energy states, there exists a manifold of different vibrational energy states due to nuclear
vibrational motion in the molecule, which generates the unique absorption and emission
spectra of organic semiconductors.?® Figure 2.2 shows a schematic of a molecular energy

diagram where the ground state (V1) and first excited state (¥2) wavefunctions are
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represented as a function of nuclear coordinate. Within each of these energy levels the first
three vibronic energy levels are shown and transitions between these levels correspond to
absorption and emission from the molecule.

The Born-Oppenheimer approximation allows for electronic and vibrational
wavefunctions, corresponding to electron and nuclear motion, respectively, to be treated
separately when solving Schrodinger’s equation.?®2° In other words, nuclear motion is
considered fixed when treating electron motion due to the fact that the nuclear mass is
much larger than the electron mass. Consequently, electronic transitions are treated as
instantaneous relative to changes in nuclear position and molecular energy states can be
calculated as a function of nuclear position.?® In Fig. 2.2, W1 and ¥, correspond to the total
wavefunction of the molecule, including both electron and vibrational wavefunctions.
Vertical transitions correspond to electronic transitions, i.e. the promotion of electron from
HOMO to LUMO and vo, v1, and v2 correspond to the energies of the first three pictured
nuclear vibrational wavefunctions.

When a photon is absorbed, the molecule transitions from Wi to W¥2. Absorption
transitions generally occur out of the lowest vibrational energy state, vo, since this is usually
the most populated energy level in the ground state due to rapid vibronic relaxation.?® The
relative strength of the transitions between vibrational energy levels in W1 and V> are
dictated by the Franck-Condon principle. This principle states that the most probable
transitions occur between energy levels where the overlap integral of the vibrational
wavefunctions is maximized.??® Equivalently, transitions will be the strongest between
states that possess similar nuclear configurations and vibrational momentum. From Fig.

2.2, we see that the 0-1 transition maximizes the wavefunction overlap, producing stronger
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transitions relative to 0-0 and 0-2, which is reflected in the strength of the absorption
spectrum.

Similar rules govern radiative transitions from W2 to W1, which release energy in the
form a photon. In this case, the crucial overlap occurs between vo in W2 and the vibrational
energy levels of Wi. This is due to the fact that electrons in higher energy states in V>
quickly undergo vibrational relaxation to the lowest vibrational energy level on time scales
much faster the lifetime of the exciton (~10°— 1072 s), known as Kasha’s rule.>® This
causes luminescence to occur at a lower energy than absorption, generating a shift between
the absorption and emission spectra known as a Franck-Condon shift.

2.4 EXxciton spin

Excitons can exist in different spin states that can result in dramatic differences in their
photophysical properties. In a simple explanation, the intrinsic angular momentum of an
electron is described by its spin, which can either be spin up or spin down, taking on values
of +% or ¥, respectively.®® The Pauli Exclusion Principle states that electrons in a filled,
doubly occupied orbital must have antiparallel spins, one spin up and one spin down, giving
a net spin of zero.?”®® However, when an exciton is formed, an electron is transferred to
the empty LUMO of the molecule, leaving behind an unpaired electron in the HOMO.
These two uncorrelated electrons need not obey the Pauli Exclusion Principle. If these two
electrons have a net spin of zero, they are referred to as singlet excitons and if they have a
net spin of one, they are referred to as triplet excitons.

The relation between these two electrons is more complicated than this simple
explanation. Electron spin angular momentum is a quantized vectorial quantity which

couples according to the rules of quantum mechanics.?®3" For a single electron, the total
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Figure 2.3 Spin combinations of a two electron system that generate singlet and triplet excitons.
Electrons can either be spin up (o) with a spin quantum number of s = %2 and z-component spin
quantum number of ms= + Y%, or spin down (B) with s = %4 and ms = -%. The singlet state
involves a superposition of o and  where the electron spins are completely out of phase leading
to net s = 0. Three spin combinations result in degenerate triplet states with total s = 1.

wavefunction can be expressed as the product of the spatial wavefunction, describing the
electrons position in space, and the spin wavefunction, which describes the electron spin.®’
The spin wavefunction is determined by two quantum numbers, the spin quantum number,
s, which is equal to ¥ for electrons, and ms which gives the z-component of the spin and is
equal to + %. Since these two numbers completely determine the spin state, the spin

wavefunction of the electron can be written as |s, mg), in bra-ket notation, where the spin-
up electron wavefunction, «, is given by |1/2,1/2), and a spin-down electron
wavefunction, f, is given by |1/,,—1/,).3%%" When the spin operator $2 acts on the

wavefunction it produces an eigenvalue which gives the square of the total spin angular
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momentum of the electron, given by $?|s,m) = h?s(s + 1)|s, m) = 3/4 h?|s,mg). A
similar operator, S,, determines the z-component of the spin angular momentum as
S,|s, ms) = hmg|s, mg).%®

An exciton consists of a coupled two particle system, where the total spin of the system
must be equal to either zero or one.? The multiplicity of each of these states is given by M
= (2s + 1); as such, there is one configuration which yields s = 0, referred to as the singlet
state, and three degenerate configurations which yield s = 1, called triplet states. The four
spin wavefunctions of this two particle system and their resulting quantum numbers are:

I( a a; = [1,1)

1

—= (a1, + B1a;) = [1,0)
_ vz

I5,m5) = {I e

\% (@1, — Brzz) = 10,0)

(2.1)

where 1 and 2 refer to electron 1 and electron 2. For the case where one electron is spin up
and one electron is spin down, a superposition of the two states is needed in order to satisfy
the strong statement of the Pauli Exclusion Principle, which requires two electrons to be
indistinguishable upon exchange.? In Eqn. 2.1, we see that the first three states correspond
to the s = 1 triplet state and the last wavefunction corresponds to the singlet state. These
states can be visualized as spin vectors, shown in Fig. 2.3. Note that for the triplet
wavefunctions the spins are always in phase and couple, such that the magnitude of their
total spin angular momentum is given by v2h when added together, whereas the singlet
state is completely out of phase so the magnitude of the spin angular momentum is
precisely zero. Additionally, a cone is used to represent the spin vector in the x-y plane in
order to account for the uncertainty principle, which states that if a value of S, is measured,

then the azimuthal angle of the spin state will be completely indeterminable.?8°
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This relationship between the spin of two electrons has some remarkable consequences
on the physics of organic semiconductors. The ground state of a molecule is usually a
singlet state because of their closed shell configuration with filled covalent bonds, as
discussed in Section 2.2. Spin selection rules of quantum mechanics state that electronic
transitions where As = 0 are allowed and are probable to occur, whereas transitions where
As # 0 are forbidden and are less probable to occur.?® Consequently, when a photon is
absorbed (with zero spin), only singlet excited states are efficiently generated. This also
affects the decay of excitons back to the ground state, as singlets have a high probability
of radiative decay back to the ground state and triplet excitons do not, leading to much
longer exciton lifetimes for triplet excitons and negligible emission in the absence of
significant spin-orbit coupling.

In OPVs, excitons are generated optically; consequently, triplet states must be
populated from optically generated singlet states through intersystem crossing by flipping
the spin of the excited electron. This can be accomplished in molecules incorporating
heavy-metal atoms, exhibiting strong spin-orbit coupling,?333° or which exhibit thermally
activated delayed fluorescence,*®*3 singlet fission,***" or a high degree of symmetry, such
as in Ce0."8°0 Spin-orbit coupling results from an interaction of the electron with the
nucleus of an atom. While we commonly think of an electron orbiting a stationary nucleus;
however, in the reference frame of the electron, the positively charged nucleus orbits
around the electron, creating a current loop that induces a magnetic field. This magnetic
field then interacts with the spin magnetic dipole moment, creating a torque on the
electron.®® If the interaction is strong enough, this can mix the singlet and triplet states and

induce a spin flip.?8 In this interaction spin angular momentum itself is not conserved, but
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the total angular momentum of the
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system is conserved by coupling
the electron spin  angular S 1 l
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angular momentum. The E(S,) = 2E(T,)

probability of a spin flip can be

increased with the incorporation Sy

in the singlet excited state (S:) shares it energy with a

produce two triplet excitons (T1), each with roughly

the magnitude of this interaction is half the energy of S; and a net overall singlet character.

proportional to Z*, where Z is the atomic number.283® Spin orbit coupling also makes it
possible for triplet excited states to radiatively couple to the singlet ground state, emitting
a photon is process called phosphorescence.

Singlet fission is a process that only occurs in a small subset of organic semiconductors,
where a singlet exciton is able to share its energy with an adjacent molecule to produce two
triplets, each with roughly half the energy of the initial singlet state, as shown in Fig.
2.4.5152 This is a spin-allowed process, as the resulting triplet pair has net overall singlet
character, so that As = 0 for the transition. As a spin-allowed transition, this process can
occur efficiently on timescales of 80 fs to 25 ps.>?

2.5 Molecular excited state diagram

This chapter has focused on the properties of optically generated excitons in the

molecules which comprise organic semiconductors. The relationship between all of these

processes and their relative time scales can be visualized in a molecular excited state
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Figure 2.5 Jablonski diagram showing the transitions and relative rates between the ground
(So) and excited molecular states.® Singlet excited states (Si1, S2) are generated from optical
absorption and the triplet state (T1) must be populated through intersystem crossing.

diagram, called a Jablonski diagram, shown in Fig. 2.5.28 Here, bold lines represent the
lowest vibronic energy level of the ground state (So), first and second excited singlet states
(S1 and S»), and the first excited triplet state (T1), and the thinner lines represent higher
energy vibronic states.

Upon the absorption of light, the molecule is excited from So to a higher energy singlet
state, forming a singlet exciton. This can either be Si or a higher singlet energy level
depending on the energy of the incident photon. If the molecule is excited to a higher
energy vibronic state in Sy or a higher energy singlet state, it will quickly relax back to the
lowest vibronic state of Si through vibrational relaxation.?®® Once the molecule is in Sy it
can decay back to the ground state So, either radiatively with rate krs, in a process known
as fluorescence, or non-radiatively with rate knr,s, releasing its energy as heat through
lattice vibrations to surrounding molecules. The probability of radiative decay from S

determines the photoluminescence efficiency and is given by:
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k
NpLs = —RS (2.2)

krs+knrs
Additionally, the natural lifetime of the exciton is given by the inverse of all the

deactivation rates from Sy, traditionally excluding the rate of intersystem crossing, as:

1

Ts = (2.3)

Similar equations for the triplet np, rand trusing the radiative (kr1) and non-radiative
(knr,T) triplet decay rates.

In some molecules which display intersystem crossing rates (kisc) that are competitive
with kr,sand knrss, the triplet excited state can be efficiently populated. It should be noted
that the energy of T1 is always less than S; due to the exchange interaction. This results
from the overlap of the electron wavefunctions for the electron in the HOMO and LUMO
and has to do with the Pauli Exclusion Principle. Two electrons with the same spin do not
want to occupy the same place in space, the exchange interaction reduces the overlap of
these two wavefunctions and consequently reduces electron repulsion, lowering the energy
of the system.®” Once the molecule is in T it can either decay radiatively in materials with
strong spin-orbit coupling as phosphorescence, or non-radiatively back to So. In certain
systems reverse intersystem crossing back to S is also possible. Decay from T1to So
requires a spin flip, which is quantum mechanically unfavorable.?® Consequently, 7 is
generally much longer than 5. While this chapter has focused on the generation of excitons
in organic semiconductors, the next chapter will focus on the movement of excitons

between molecules.
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3. Exciton energy transfer and diffusion

The motion of localized excitons in organic semiconductors can be thought of as a
three-dimensional random walk, where excitons hop from molecule to molecule through a
series of successive energy transfer events. In OPVs, often the performance of a device
depends on how far an exciton can travel before it recombines. As such, there is a need to
understand the fundamental mechanism which govern the motion of excitons in order to
be able to design materials and devices which maximize the distance excitons can move
from the point of photogeneration.

There are three different mechanisms by which energy transfer can occur in these
materials: cascade energy transfer, Forster transfer, and Dexter transfer, which are shown
schematically in Fig. 3.1. Here, D and A are used to denote the donor molecule, which
transfers its energy, and the acceptor molecule, which receives the energy, respectively.
An asterisk is used to represent a molecule in the excited state, i.e. an exciton. These three
mechanisms differ in the length scale over which excitonic energy is transferred and the
physical nature of the process. Each process can occur between two molecules of the same
type in a homogenous film, or between two different types of molecules either in a mixture
or at an interface, so long as both energy and angular momentum are conserved.?®

Cascade energy transfer (Fig. 3.1a) involves the radiative decay of an excited donor
molecule, emitting a photon, which is subsequently absorbed by an acceptor molecule,
transferring its energy over length scales comparable to the absorption path length.?628
Forster energy transfer (Fig 3.1b) involves a dipole-dipole interaction, where the
electromagnetic field produced from excited donor molecule couples to the ground state of

an acceptor molecule, transferring its energy non-radiatively over length scales of up to
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Figure 3.1 Energy transfer mechanisms where excitonic energy is transferred from an excited
donor molecule (D*) to a ground state acceptor molecule (A) leading to the motion of excitons.

(a) Cascade energy transfer involves the emission of a photon by D* that is then absorbed by A,
generating an exciton on the acceptor (A*). (b) Forster energy transfer is a dipole mediated
mechanism where the electromagnetic field (F?) generated by a transition dipole on D* couples
to the ground state dipole of A, transferring energy non-radiatively. (c) Dexter transfer involves
the physical exchange of an electron in the LUMO of D* with an electron in the HOMO of A,
occurring on nearest neighbor length scales.

LUMO

e — — o— —

HOMO

tens of nanometers.>>>° Dexter transfer (Fig. 3.1c) relies on the physical exchange of
electrons, requiring electron wavefunction overlap, occurring on a nearest neighbor length
scale.®®>" In reality, all three of these processes likely occur to some extent in a given
material, but often, depending on the photophysical properties of the material, one type of
mechanism will be dominant.?®3" In this chapter, the physics of each of these energy
transfer processes will be explored and material parameters which can be manipulated to
optimize energy transfer will be discussed. Once these mechanisms have been established,
a connection between nanoscopic energy transfer events and mesoscopic exciton transport
will be presented in order to describe exciton diffusion in films of organic semiconductors.
Lastly, the fundamental limits of exciton diffusion occurring from Forster and Dexter
transfer will be compared.
3.1 Cascade energy transfer

The process of cascade energy transfer involves the emission of a photon from a donor
molecule that is absorbed by an acceptor molecule, generating an exciton on the acceptor.

The efficiency of this mechanisms depends on e of the donor molecule, the overlap
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between the emission spectrum of the donor molecule and the absorption spectrum of the
acceptor, such that energy is conserved, and the thickness of the film.262 While this
mechanism is capable of transferring energy over the longest length scale, organic
semiconductors typically have a low #pLand a large Stokes shift, making this mechanism
often the least efficient form of energy transfer in a material.® Additionally, if kg is shorter
than the total hopping rate due to Forster or Dexter transfer, these shorter range
mechanisms will dominate. As such, this form of energy transfer is often neglected when
other modes of energy transfer are possible.
3.2 Fermi’s golden rule and energy transfer rates

Forster and Dexter transfer arise from quantum mechanical Coulomb and exchange
interactions, respectively. In the weak coupling limit, which permits the use of perturbation

theory, the transfer rates for these processes can be calculated by Fermi’s golden

rule:28,37,56,58—60

ker === [(F1H'10)1p, (3.1)
where |i) is the wavefunction describing the initial state of the system, (f| is the
wavefunction of final state, A is the perturbing Hamiltonian operator which mixes |i) and
(f], and p is the density of final states, meaning the number of available resonant energy
states during the transition. In this case |i) is given by |[¢y(D*)y(A)), the overall electronic
wavefunction corresponding to an excited donor molecule and ground state acceptor and
(flis given by (Y (D) (A")|, representing the wavefunction after energy has been
transferred to the acceptor. The operator H’ can be expressed in terms of the sum of the
Coulomb interaction operator Hceou and exchange interaction operator Hex. The electronic

interaction that promotes Forster transfer arises from the coupling of transition dipole
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moments between D* and A via a Coulombic interaction.>® A transition dipole is the
electric dipole that is associated with a transition between two states, in this case the dipole
that arises from the change in electron density associated with D* — D and A — A*
transitions.?®2® The exchange interaction, which drives Dexter transfer, results from the
overlap of the electronic orbitals of two indistinguishable particles and is related to the

Pauli Exclusion Principle.?®>® Equation 3.1 can then be rewritten as:

21

kgr = = [ (D)Y(A) | Hex + Heou [P (D) (A))*] p. (3.2)
Therefore, there will always exist exchange and Coulomb interactions associated with an
energy transfer event, but depending on the distance and nature of the exited state, often
one mechanism will be dominant. Generally, the exchange interaction will dominate at
short distances when the molecules are in contact with one another and the Coulomb
interaction will dominate at larger distances. Additionally, the Coulomb interaction
requires spin allowed transitions between the excited state and singlet ground state with
large transition dipole moments. Transitions from a triplet excited state to a singlet ground
state are spin forbidden and therefore carries no appreciable oscillator strength, so the
Coulomb term will be negligible in the absence of strong spin-orbit coupling.®’ For this
reason, it is generally thought that singlet energy transfer is dominated by Forster transfer
and triplet energy transfer is dominated by Dexter transfer; however, some organometallic
materials with appreciable spin-orbit coupling have demonstrated rate constants with
distance dependences consistent with Férster transfer for triplet excitons.®%62
3.3 Forster energy transfer
Forster transfer occurs when a transition dipole moment on an excited donor molecule

generates an oscillating electric field which couples to the ground state of an acceptor
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molecule, inducing a transition dipole on the acceptor molecule, transferring energy non-
radiatively through empty or molecularly occupied space. Original work by Forster in the
20" century used Eqn. 3.1 to derive a rate equation for this mechanism in terms of
measurable photophysical molecular properties.>*>* In this work, the molecules are
approximated as weakly coupled point dipoles and the energy transfer rate is expressed in
terms of the intermolecular separation (d), the exciton lifetime (z), and the Forster radius

(RO) a5:28’53’55

6
_1 &)
ke =2 () (3.3)
where Ro is defined as “the critical distance for which excitation transfer and spontaneous
deactivation of the sensitizer (donor) are of equal probability,” meaning that at a distance

Ro from the donor the rate of Forster transfer is equal the rate of all other excitonic decay

pathways.>® This term can be expressed as:

RS = 2IPL” [ 24k (M)au(A)dA, (3.4)

0 ™ 128n5n4
where #pL is the photoluminescence efficiency, « is the dipole orientation factor, 4 is the
wavelength of light, Fp is the area normalized emission spectrum, oa is the absorption cross
section, and n is the index of refraction at the wavelength where the overlap of Fpand oa
is maximized. The absorption cross section can be calculated from the extinction

coefficient (k) as:

__Amk

= (3.5)

O0p

where pa is the molecular density of the acceptor.
Being a dipole-dipole mediated energy transfer process, Eqn. 3.4 can be thought of in

terms of two separate components: the pre-factor, which describes the electrostactic
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interaction between the
transition dipoles, and the
overlap integral, shown in
Fig. 3.2, which is
equivalent to p in Egn. 3.1
and can be thought of as an
overlap in the density of
states between the donor
and acceptor molecules,
providing a measure of the
number of available

resonant energy states, so
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Figure 3.2 Spectral overlap between the area normalized
emission spectrum (Fp) of a donor molecule and the absorption
cross section (ca) of an acceptor molecule. This overlap

determines the number of resonant energy states available
during Forster transfer.

that energy is conserved in the process

While kg is calculated using #e, it should be noted that Forster transfer does not involve

the emission of a photon. The photoluminescence efficiency can be rewritten as np; =

krt. Using this relation and inserting Eqn. 3.4 into Eqn. 3.3, 7 cancels leaving kr

proportional to kr. Therefore, #pL provides a measure of the oscillator strength of transition

dipole, which establishes the electromagnetic field and drives Forster transfer. The more

efficiently the donor molecule radiates, the more efficiently it will be able to transfer its

energy. The efficiency of this energy transfer process is also dependent on the relative

orientation of the transition dipole moments between the donor and acceptor molecules,

which is encapsulated in x. This can be calculated by:26:5563

K = (cos(@ap) — 3 cos(@y) COS(‘PD))Z,

(3.6)
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where pap is the angle between the
donor and acceptor dipoles and ¢a
and ¢p are the angles between the
respective dipoles and direction of
molecular stacking, as shown in
Fig. 3.3. The value of «? can range
from zero, for perpendicular
dipoles, to four for head-to-tail
parallel dipoles. For randomly
oriented rigid dipoles, like those
found in a solid amorphous
material, «? = 0.476.%* In materials

where Forster transfer is the

Figure 3.3 Angles which determine the dipole
orientation factor between donor (up) and acceptor
(ua) transition dipoles in Egn. 3.6

dominant energy transfer mechanism, Lp can be increased by optimizing parameters that

determine kr. In accord with Eqn. 3.4, this can be accomplished by decreasing the

molecular separation,®®®® increasing #p.,% % optimizing the alignment of x through

molecular ordering and crystallization,” and decreasing the stokes shift.5667.71

3.4 Dexter energy transfer

Dexter transfer is driven by the exchange interaction and involves the simultaneous

transfer of an electron in the LUMO of donor to the empty LUMO of the acceptor and the

transfer of a ground state electron from HOMO of the acceptor to the HOMO of the donor

molecule.?83757 In this process the spin state of the exciton is conserved, such that for a

singlet exciton the transferred electrons will have the same spin and for a triplet exciton
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the transferred electrons will have opposite spin in order to satisfy the Pauli Exclusion
Principle in the filled singlet ground state.

Since this process involves the physical exchange of electrons, it requires electron
wavefunction overlap between D* and A and is therefore a nearest neighbor process
occurring on the length scale of 0.5 — 1 A, with documented values up to 3 nm,28:40:55.72-74
A useful rate equation for Dexter transfer can be derived by approximating the electron
wavefunctions of the donor and acceptor as two spheres, causing the wavefunction overlap
to decrease exponentially as a function of the center to center distance d. Using this

approximation, the rate of Dexter energy transfer can be expressed as:?®

ky(R) = Kje( ) 3.7)
where L is the van der Waals radius, K is a parameter related to the specific orbital
interaction, and J is the spectral overlap integral featuring an area-normalized extinction
coefficient of the ground state acceptor and an area-normalized emission spectrum of the
excited state. The normalized overlap terms in /] mean that significant optical emission or
absorption of the molecules involved is not required, merely the presence of resonant
states.?® Since efficient absorption and emission are not required for Dexter transfer, it is
thought that singlet excitons in materials with negligible fluorescence quantum vyields as
well as triplet excitons transfer their energy via this method. Optimizing Dexter transfer to
increase L, can be achieved by reducing the intermolecular spacing,” improving
wavefunction overlap, and reducing energetic disorder to reduce exciton trapping.4”:76.7
3.5 Connecting energy transfer and exciton diffusion

The discussion thus far has focused on nanoscopic energy transfer events where an

exciton undergoes a three-dimensional random walk, transferring its energy from molecule
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to molecule. In a film material, the random motion of an ensemble of excitons can be well
described by diffusion.” In the simplest form, three dimensional exciton diffusion can be

modeled with a second order differential equation as:

on(r,t)
at

n(7,t)

= DV?n(7,t) — —+ G(), (3.8)
where n is the exciton density, 7 is the natural exciton lifetime, D is the diffusivity, 7 is the
position, t is the time, and G is exciton generation rate.5®7°# On the right side of Eqn. 3.8,
the first term represents exciton motion by diffusion, the second term represents exciton
recombination, and the third term represents the optical generation of excitons due the
absorption of light. Additional linear and second order terms can be added onto this
equation to account for generation and loss processes other than optical absorption and
natural decay, including, but not limited to, exciton-polaron guenching, exciton-exciton
annihilation, singlet fission, and the quenching of excitons by impurity molecules, as will
be demonstrated in future chapters.

In OPVs, often device performance is only sensitive to exciton diffusion in one
direction, normal to an exciton dissociating interface. In this case, Eqn. 3.8 can be reduced

to one-dimension as:

an(xt) D *n(xt)  nlxt)
at dx? T

+ G (x). (3.9)
The diffusion length (Lp) is a critical parameter to device performance and represents the
characteristic distance over which an exciton migrates during its lifetime and is given by:

Lp = v/Dr. (3.10)
Intuitively, D determines how fast the exciton hops from molecule to molecule, which is

proportional to the energy transfer rate, and « determines how many hops can occur before

the exciton recombines.
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The diffusivity can be related to the energy transfer rate (ket) by modeling exciton
diffusion as an ensemble of self-energy transfer events.®%®37® Starting from a first
principles rate equation and assuming isotropic energy transfer on a three-dimensional

cubic lattice, it can be shown that D is proportional to ket by:
D ==Yy r2kpr(r), (3.11)
where r is the distance of a single hop, or energy transfer event, and is summed over the

total number of molecules, N. This equation can be further simplified by assuming that
energy transfer can only occur to the 6 nearest neighbors on this cubic lattice, yielding:

D = 2(6kgrd?) = Ad?kgr, (3.12)
where d is the lattice constant and A is a prefactor which is added to account for anisotropy
on the length scale of Lp which is not accounted for in this model, such as energetic
disorder. For purely diffusive behavior A = 1, but can be reduced in more disordered
systems.®? An analogous expression can be given in terms of the mean time between hops
(ty), where 5~ = 6kgr, accounting for multiple hopping sites, yielding D = Ad?/6ty.

For luminescent materials, where energy transfer is dominated by the Forster
mechanism, this model allows for predictions of Lp to be made in terms of physically
measureable quantities. Assuming that ker = kr and inserting Eqn. 3.4 into Eqns. 3.3 and

3.12, Lp can be predicted by:

T dz]128m5nt

Ly = A%‘f =4 JM [ 24Fp (D) a4 (D)dA. (3.13)

Several studies have demonstrated that in certain systems where Foérster transfer is

dominant, this model is capable of accurately predicting the magnitude of Lp.5"-"°
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Figure 3.4 Photophysical parameters for excitons diffusing via a Forster mechanism. (a) The
exciton lifetime and diffusivity have opposite dependences on the radiative rate (kr). (b) When
kr is much greater than the non-radiative exciton decay rate (knr), the photoluminescence
efficiency and diffusion length begin to plateau, fundamentally limiting the maximum diffusion
length for Forster transfer. Diffusivity and diffusion length values were calculated using Eqns.
3.10 and 3.12 withA=1, d = 0.5 nm, and ket = krx103s?,

3.6 The limits of diffusion by Dexter and Forster mechanisms

Luminescence efficiency is often viewed as the deciding factor for whether a material
will transfer energy by a Dexter or Forster mechanism due to the requirement for
luminescence in Eqgn. 3.4. The relatively long-range dipole-dipole interactions of Forster

transfer, compared to the nearest-neighbor exchange interaction of Dexter transfer, usually
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results in a higher hopping rate and D for Forster materials; however, this does not
necessarily translate to a longer Lj,.

Interestingly, the longest values of L, for organic semiconductors are reported for
triplet excitons in crystalline materials.*”""82 These materials can exhibit L, on the order
of microns, whereas singlet L, are typically reported as tens of nanometers.537088 Thjg
has led some to speculate that there is a fundamental limit in place for excitons diffusing
via a Forster mechanism. As noted in a study by Yost et al., the Forster rate and the exciton
lifetime have an inverse dependence on the magnitude of the transition dipole moment.*

Examination of Eqn. 3.13 demonstrates that L, in a Forster material is proportional
to \/np,. It is perhaps more instructive in this case to express np, as t/T,qq, Where t,,4 =

k™" is the radiative lifetime. Then, Eqn. 3.12 can be rewritten as:

__ A 9kgk?
T d* 128m5n*

[ A*Ey (D)o, (A)dA. (3.14)

From this equation it is clear that D « kg; however, 7 o kr. This implies that for materials
with high np,, where kg is much greater than ky, increases in = will not lead to a longer
Lp because there will be an equivalent reduction in D (Fig. 3.4a), causing L, to plateau
(Fig. 3.4b).

Conversely, the rate of Dexter energy transfer is independent of t,,4, SO the energy
transfer rate and 7 are not coupled. Therefore, there is no theoretical maximum L, for
excitons diffusing via a Dexter mechanism. Generally, for non-radiative triplets with long
lifetimes kr <« kyg and T ~ kyg . In this limit, Lp in materials dominated by Dexter

transfer will be able to maintain a constant D and display unbounded behavior as a function

-1 : .
increasing 1, as shown in Fig. 3.5 where Lp X kyg /2, Despite orders of magnitude lower

hopping rates than Forster transport, the spin forbidden transition to the ground state for
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triplet excitons can lead to t ranging from microseconds to milliseconds, which can result

in much longer values of Lj,.

As we will see in the next chapter, longer values of Lp allow for thicker active layers

to be used in the device, which absorb more light and lead to more efficient devices.

Therefore, triplet excitons offer the best opportunity to increase the efficiency OPVs

through enhancements in the photocurrent due to increased exciton harvesting. However,

it should be noted that achieving the long z necessary to generate microscopic Lp often

requires highly ordered crystalline films which are difficult to implement into device

architectures.3”48 Additionally, the lower energy of triplet excitons, compared to singlets,

will reduce the maximum attainable open-circuit voltage of the device, which must be

taken into account.®’
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Figure 3.5 Dependence of the diffusion length on the non-radiative exciton decay rate (knr) for
excitons traveling via a Dexter mechanism. For non-luminescent triplets, the radiative rate is
much smaller than kng and the exciton lifetime is approximately kng?. Given that there is no
dependence of the diffusivity on knr, the diffusion length displays unbounded behavior in
contrast to Forster transfer. The diffusion lengths were calculated using Eqgns. 3.10 and 3.12
withA=1,d=0.5nm, and kp = 101°s?.
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4. Organic photovoltaic device operation

As discussed in the previous chapters, the absorption of light by organic
semiconductors produces molecular excited states called excitons, where an excited
electron is Coulombically bound to a ground state hole. The goal of an OPV is to convert
solar radiation from the sun into useable electricity by collecting the electron and hole at
opposite contacts of the device, producing an electrical photocurrent. In order to
accomplish this, the exciton must be dissociated into free carriers. %88 Consequently, the
architecture of these devices are strongly dictated by necessity to dissociate excitons. In
this chapter, the processes which lead to photoconversion in OPVs, device architectures
which are able to accomplish these processes efficiently, and methods to analyze device
performance will be discussed in detail. This broader context will motivate the
experimental work presented in this dissertation, which aims to provide a deeper
understanding of the factors that determine the component efficiencies of the
photoconversion process and methods to quantify these processes.

4.1 Photoconversion in organic photovoltaic devices

Modern OPVs are based on an organic heterojunction between two energetically
dissimilar materials designed to dissociate excitons. This bilayer architecture was first
discovered by Tang in 1985 and yielded a power conversion efficiency of about 1%, which
was an order of magnitude increase over previous incarnations of OPVs.2®" In their
simplest form, these devices consist of two organic layers, with roughly 50 — 100 nm total
thickness, deposited between a transparent conducting anode on a glass substrate, usually
indium tin oxide (ITO), and some sort of metallic cathode, generally aluminum or silver,

as shown in Fig. 4.1a.1618868 ithin these devices, an organic heterojunction is formed
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Figure 4.1 (a) Bilayer device architecture consisting of an organic heterojunction between an
electron donating and electron accepting material, deposited between a transparent conducting
anode, usually indium tin oxide (ITO) on glass, and a metallic cathode, often aluminum (Al).
(b) Energetic structure of bilayer device, where an offset in the HOMO and LUMO (AELumo)
energies of the donor and acceptor exceed the binding energy of an exciton (Eginding)-

between an electron donating and electron accepting material, referred to as a donor-
acceptor (D-A) heterojunction. These two materials are selected such that there is an offset
in their respective HOMO and LUMO energies which exceeds the exciton binding energy
(Fig. 4.1b).18® When an optically generated exciton reaches the D-A interface it can be
dissociated by either transferring an electron from the LUMO of the donor to the LUMO
of the acceptor if the exciton originates on the donor, or equivalently, transferring a hole
from the HOMO of the acceptor to the HOMO of the donor, for excitons originating on the
acceptor.

The process of photoconversion in these devices occurs through a five step mechanism,
where each step is characterized by its own efficiency. First an incident photon is absorbed
by the active layers of the device, generating an exciton (Fig. 4.2a). This process occurs
with an absorption efficiency 5a(1), which depends on the absorption coefficient of the
material at the wavelength of the incident light (1) and the thickness of the material 6"
This value can also be affected by optical interference effects caused by varying reflections
and transmissions at each interface, which will be discussed in more detail in the next

chapter.” In Fig. 4.2a, the exciton has been drawn in the optical bandgap (Eopt) of the layer.
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After the absorption of a photon, the exciton will relax from the electrical gap (Eeiec), given
by the difference in HOMO and LUMO energies, due to the exciton binding energy (Eg),
where:®

Egiec = Eopt + Eg = ELuymo — Enomo- 4.1)
Additionally, the energy levels of the active layers have been drawn to represent the built
in electric potential generated by the equilibration of the fermi level due to the difference
in work function between the anode and cathode.!® The active layers are treated as
insulators, where the built in field is dropped linearly over the active layers and band
bending caused by the build of charge or interface dipoles are ignored.16:37:9091

After the exciton is generated, it must diffuse to the D-A interface, with efficiency 7p
(Fig. 4.2b). In these materials, the diffusion length (Lo ~ 10 nm) is typically much shorter
than the absorption length of light (La ~ 100 nm).538%83 This restricts the thickness of the
active layers, as excitons generated more than Lp away from the D-A interface will likely
recombine before being dissociated, wasting the absorbed energy. The use of optically thin
layers limits #a and the power conversion efficiency of these bilayer devices, which is
known as the exciton bottleneck.!*

Once the exciton reaches the D-A interface an electron is transferred from the LUMO
of the donor to the LUMO of the acceptor, with efficiency 7ct, forming an intermediate
Coulombically bound charge-transfer (CT) state (Fig. 2.1c). The process of charge transfer
can be described by Marcus theory, where the rate of charge transfer depends on the

magnitude of the D-A LUMO or HOMO offset.? If the offset is greater than Eg, then this
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Figure 4.2 Five steps of photoconversion in an OPV and their associated efficiencies. (a)
Optical absorption generates a Coulombically bound exciton (7). (b) The generated exciton
must diffuse to the interface between the electron donor and electron acceptor (#p). (c) Charge
transfer occurs when an electron is transferred from the LUMO of the donor to the LUMO of
the acceptor, or when a hole is transferred from the HOMO of the acceptor to the HOMO of
the donor, forming and interfacial charge transfer state (ycr). (d) The charge transfer state is
dissociated into free carriers (ycs). (€) Free carriers are collected at their respective electrodes
as photocurrent. (7cc).

exothermic process happens fast, occurring on rate scales of 108 — 10 st and it is often
assumed that ncr = 100%.%°

After the CT state is formed, it must be dissociated into a free electron and hole with
charge separation efficiency #cs (Fig. 2.1d). In order for this to occur, the binding energy
of the CT state must be overcome by either absorbing thermal energy or being aided by
electric field assisted dissociation.®** The binding energy of the CT state is less than Eg
due to the increased separation of the charges; however, thermal energy alone may not be
enough to dissociate the CT state efficiently. Assuming that the CT state binding energy
depends on the charge separation, a binding energy of 25 meV, the amount of thermal
energy available at room temperature, implies a CT state radius of about 16 nm.*® This
separation is likely unphysical in most systems, so the built in electric field of the device
also assists in the dissociation process. Both of these processes can be described by the
Onsager-Braun theory of field assisted dissociation.®® Here, the rate of CT state

dissociation is by:
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_ 3qw ~Eery o ji@V=2b) _ _aE
CS = Jnai(e) € ST and b = 8mekg?T?’ (4.2)

where q is the elementary charge, a is the initial charge separation, (u) and (e) are the
average carrier mobility and dielectric constant across the D-A interface, respectively, E
is the CT state binding energy, T is the temperature, E is the electric field, and J: is a first
order Bessel function.

Once the CT state is dissociated the generated carriers, or more precisely generated
polarons, can be collected at their respective electrodes with a charge collection efficiency
ncc (Fig. 2.1e). A polaron is a quasiparticle which accounts for the charge on the ionized
molecule as well as the induced polarization of the surrounding medium. The one-

dimensional current density (J(x)) in these devices can be expressed as:®®

J @) = q (o1 R VUG + kpTh Vi () ), (43)
where n,,, is the polaron density, either electrons or holes, ,, is the polaron mobility, and
U is the electrical potential. Here VU corresponds to carrier drift and Vn,,,, corresponds to
carrier diffusion. In an OPV, both of these forces act in the same direction. The built in
electric field will cause electrons and holes to drift to the cathode and anode, respectively.
The generation of electrons and holes is confined at the D-A interface, which will cause a
photoinduced carrier concentration gradient, generating a diffusional force in the same
direction. This is in contrast to traditional inorganic photovoltaics, where these forces act
in opposite directions.®

The product of these five efficiencies determines the device external quantum
efficiency (neqe). This gives the ratio of the number of charges collected at the electrodes

to the total number of incident photons as:
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Neoe = NaWNp Lp)ner(VInes(VInee (V). (4.4)

4.2 Photocurrent loss mechanisms
4.2.1 Exciton-polaron quenching

During the photoconversion process there are a variety of photocurrent loss
mechanisms which can limit the efficiency of OPVs. It has already been established that
radiative and non-radiative exciton decay will reduce the fraction of harvested excitons.
Diffusing excitons can also be lost to a mechanism called exciton-polaron quenching.
This is a bimolecular process where excitonic energy is transferred to a nearby molecule
containing a polaron. This results in the quenching of the exciton to the ground state,
transferring its energy to the polaron, which can then rapidly thermalize.®®-% For
emissive singlet excitons, this process is thought to occur over relatively long ranges
through Forster transfer.%%1% Interestingly, it has been shown that this type of exciton-
polaron energy transfer can be even more efficient than exciton-exciton Forster transfer,
due to lattice relaxation effects which cause a red-shift in the absorption spectrum of
ionized molecule relative to the neutral ground state absorption, increasing the Forster
radius of the energy transfer event.?¢°® Non-emissive triplet excitons, which cannot
undergo Forster transfer, can be quenched by polarons via the nearest neighbor Dexter
mechanism.®"19%102 This process is thought to occur at a slower rate than singlet exciton-
polaron quenching, at a given Lp, due to the shorter length scale of the interaction.®”101
4.2.2 Exciton-exciton annihilation

Another possible excitonic loss pathway is exciton-exciton annihilation. This is a

bimolecular process similar to exciton-polaron quenching, except excitonic energy is
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transferred to a molecule containing an exciton, instead of a polaron, resulting in one
quenched exciton and one high energy exciton, which then undergoes vibrational
relaxation.?® This process has a quadratic dependence on the exciton density and therefore
generally only occurs at high exciton densities on the order to 1017 - 10° ¢m3,62102.104,105
For singlet excitons with relatively short lifetimes, establishing an exciton density of this
magnitude is rare under typical OPV illumination intensities and is often ignored.¢107
This process is more detrimental to long lived triplet excitons, especially in an organic
light-emitting device, where this mechanism has been shown to cause detrimental effects
contributing to the efficiency roll-off at high voltages.10%194108109 There are two different

reaction mechanisms by which this can occur. When two triplet excitons annihilate to form

k kyi
one triplet exciton, D*(T,) + A*(T,) — D(S,) + A*(T,)) == D(S,) + A*(T,), where D

and A represent the donor and acceptor molecules, respectively, * represents a molecule in
the excited state, krr is the rate of triplet-triplet annihilation, and kvis is the rate of vibronic

relaxation. For certain triplet spin pairings it is also possible for two triplets to produce one

kyip

singlet as, D*(T,) + A*(Ty) kiT) D(Sy) + A*(S,,) — D(Sy) + A*(S1). When this happens,
two triplet excitons with a net overall singlet character, i.e. 11 + || and total spin = 0,
annihilate and are capable of forming an excited singlet state, provided that the energy of
the triplet is greater than twice the energy of the singlet.?® This mechanism is especially

important in certain singlet fission materials and reduces the overall triplet yield.*!
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Figure 4.3 (a) Geminate recombination involves the recombination of an electron and hole
originating from the same absorption event. This most commonly happens when an interfacial
charge transfer states recombines before dissociation can occur. (b) Non-geminate
recombination involves two carriers originating from separate absorption events. This can
happen if two charges near the interface form a charge transfer state which recombines, or occur
through band to band Langevin recombination in the bulk of one of the materials.

4.2.3 Geminate and non-geminate recombination

In addition to excitonic losses, the photocurrent in an OPV can also be reduced due to
the recombination of charge carriers through geminate and non-geminate recombination.
Geminate recombination is defined as the recombination of two charge carriers which
originate from the same absorption event, or exciton, and non-geminate recombination is
defined as the recombination of two charges which originate from different absorption
events. Practically, geminate recombination generally involves recombination of an
interfacial CT state before it can it is dissociated, as shown in Fig. 4.3a. Just like CT state
dissociation, discussed in Section 4.1, this process is described by Onsager-Braun theory
and is dependent on the amount of thermal energy available relative to the CT state binding
energy and the magnitude of the built in electric field.%49110-112

Non-geminate recombination can involve direct band to band recombination between
two oppositely charged carriers, called Langevin recombination, or when two dissociated
carriers arrive at the D-A interface and form a CT state, which then recombines, as shown

in Fig 4.3b. Langevin recombination assumes that the rate of recombination is limited by
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the time it takes the carriers to diffuse within a close enough proximity to each other for

recombination to occur and is given by:

Krec = 1 (MTW) np, (4.5)

€
where n and uy,, p and u, are the electron and hole density and mobility, respectively.1t3
This mechanism is also a function of voltage, as a decrease in the internal field will cause
a buildup charge in the active layer and lead to increased non-geminate recombination.*+-
118 Given that the minority carrier density in an OPV is generally very low, geminate
recombination is often a more dominant loss mechanism than non-geminate recombination
in simple bilayer OPVs.
4.3 Organic photovoltaic device architectures

The bilayer devices discussed hereto, shown in Fig 4.1a, are called planar
heterojunction devices (PHJ), which represented a large advancement in the field over the
previous single layer Schottky style devices.®® This style of device utilizes simple
fabrication techniques and provides a continuous pathway for charge collection; however,
they are often limited by the magnitude of Lp, as discussed at the beginning of the chapter.
In order to overcome this bottleneck, devices can be fabricated which utilize an active layer
that consists of a mixture of donor and acceptor materials, referred to as a bulk
heterojunction device (BHJ), shown in Fig. 4.4a. These devices significantly increase the
surface area of the D-A interface and reduce the average distance which an exciton must
diffuse in order to be dissociated, with some reports of #p reaching 100%.8:21:11%-121 Most
high efficiency devices utilize some version of this architecture; however, it requires

precise control of the nano-morphology, which often requires significant optimization in

order to ensure that the domain size of the donor and acceptor is on the order of Lp.
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Additionally, there must exist a continuous pathway for charge collection after dissociation
to ensure that charge does not get trapped on an island of material without a pathway to an
electrode. In these devices, #rc is completely determined by the internal electric field, as
these devices do not have a strong diffusive contribution to charge collection, which can

lead to increased non-geminate recombination compared to PHJ devices.'??

Planar-Mixed
Bulk Heterojunction Heterojunction Energy Cascade Device
— —— N

Donor 2
Donor 3

Energy

Acceptor

Exciton Transport

(@) (b) (c)
Figure 4.4 In addition to planar heterojunction devices shown in Fig 4.1a, OPVs can be made
in (a) bulk heterojunction architectures, (b) Planar-mixed heterojunctions, and multilayer cells
like (c) energy cascade devices. Bulk and planar mixed heterojunctions increase the donor-
acceptor interface surface area and reduce the distance an exciton needs to diffuse to be
dissociated. Energy cascade devices utilize multiple absorbing layers to achieve broadband

absorption and increase diffusion efficiencies with long range Forster transfer between layers
and an exciton gating effect which prevents back transfer of excitons.

Another disadvantage of BHJ devices is that when one material provides a continuous
pathway between both electrodes, it removes the potential energy barrier of the D-A
heterojunction which can lead to charge leakage, i.e. electrons to the anode or holes to the
cathode, which reduces the operating voltage of the device.’?® To address this issue, BHJ
and PHJ devices can be combined to form a planar-mixed heterojunction, shown in Fig.
4.4b, where a mixed layer is deposited between two planar layers. This architecture can
reduce charge leakage effects, improving rectification, and aid in charge collection by

ensuring a continuous pathway to the electrode.
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Lastly, organic semiconductors have the advantage of being able to form multilayer
stacks without the need for the rigorous lattice matching which is often necessary in
inorganic devices.® This allows for relatively easy processing of devices which utilize
multiple layers in order to achieve broadband absorption across solar spectrum. One
example of this type of device is an energy cascade OPV. These devices consist of multiple
planar layers with a single dissociating interface, incorporating multiple donors or
acceptors with decreasing excitonic energy trending toward the dissociating interface, as
shown in 4.4¢.'* These multilayer devices have been shown to achieve broad spectral
absorption throughout the visible spectrum, internal quantum efficiencies approaching
100%, and high power conversion efficiencies.!®12” The mechanism upon which they
operate relies on cascading excitonic energies, such that there is sufficient overlap between
the emission spectra of one layer and the absorption spectra of the next, for efficient long
range Forster transfer to occur. This configuration also creates an exciton gating effect,
biasing exciton transport toward the dissociating interface.!?® This results from the fact that
an exciton residing immediately to the left of an interface will have a non-zero probability
of moving either left or right; however, an exciton residing to the right of the interface in
the smaller gap material will only move right, due to conservation of energy. These two
effects result in very high values of #p, while being able to fabricate simple PHJ
architectures with efficient charge collection.

4.4 Device performance characterization

The performance of a photovoltaic device is determined by the current-voltage

characteristics under illumination. In order to provide a standard to compare the

performance of photovoltaic devices, the current-voltage behavior is typically measured
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Figure 4.5 (a) The AM 1.5G solar spectrum at 1000 W m2, which represents a standard
irradiance for which photovoltaic device performance are compared. (b) Current voltage
characteristics of an OPV displaying the short-circuit current density (Jsc), open-circuit voltage
(Voc), maximum operating power point (Pmax), its associated current density (Jmax) and voltage
(Vmax)-

under standard reporting conditions, which are Air Mass 1.5 Global (AM 1.5G) solar

S

o
o

irradiance spectrum at 25 °C with a total irradiance of 1000 W m, referred to as 1 sun,
which is shown in Fig 4.5a. AM 1.5G represents the light spectrum of the sun that is
incident on the earth’s surface and 1000 W mis a representative intensity. As light passes
through the earth’s atmosphere, different molecules will scatter and absorb certain
wavelengths of light more than others. Consequently, the spectrum that arrives at the
earth’s surface is dependent on the amount of atmosphere it has to travel through; 1.5
implies a path length of 1.5 times the thickness of the atmosphere vertically upwards, or
the zenith, and a solar angle of 48.2° which is representative of a yearly average for mid-
latitude locations. A generic current-voltage (J-V) plot is shown in Fig. 4.5b. Here, positive
current flow is defined as holes flowing from anode toward the cathode and electrons from
the cathode toward the anode. Under illumination there are two contributions to this
behavior. The first is the photocurrent generation which is produced by the five step

mechanism described in Section 4.1, producing a negative current in the power generating
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fourth quadrant. The rectifying behavior of the device occurs from the dark current
contribution, where the device behaves like a diode in the dark. This is caused by injection
of electrons and holes from the cathode and anode, respectively, which subsequently
recombine when they meet at the D-A interface.

On this plot there are several points of merit which determine the performance of these
devices. The short-circuit current density (Jsc) represents the maximum current that can be
extracted from the device at a given illumination, occurring at zero volts. Given that the
dark current is generally zero at short-circuit, Jsc gives the photocurrent that is produced
when the anode and cathode are connected externally with no load resistance, i.e. short
circuited. Consequently, this is inherently related the neqe described by Eqn. 4.4. The #ege
can be determined by measuring the current produced by the device at zero applied bias as
a function of monochromatic illumination, from which the ratio of collected charges to
incident photons can be determined. This is usually done with a lock-in measurement to
filter out the dark current and provide greater sensitivity to the measurement at low
illumination intensities. Once the 7eqe has been measured, Jsc can be accurately predicted
from the integrated spectrum as:

Jsc = 7= J Angor(DP(A)dA, (4.6)
where h is Plank’s constant, c is the speed of light, and P is the solar spectrum, i.e. AM
1.5G.

The open-circuit voltage (Voc) represents the maximum voltage at which the device
can operate in the power generating fourth quadrant. This is the voltage where the

photocurrent is exactly canceled by the dark current, leading to no net current flow through
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the device. Equivalently, this can be thought of as the voltage that is produced by the device
when the anode and cathode are connected with an infinite load resistance.

Between these two extremes lies the maximum operating power point of the device
(Pmax). This is the point where the product of J and V is optimized (ImaxVmax). Using these

four values the fill factor (FF) of the device is determined by:

FF = M. (4,7)

JscVoc
The FF reflects inefficiencies in the photoconversion process at forward bias voltages.
Processes which contribute to this reduction are increased excitonic losses due to exciton-
polaron annihilation, increased geminate recombination causing a larger fraction of CT states
to recombine, or increases in non-geminate recombination leading to more charge carrier
recombination, 1010117126 | astly the power conversion efficiency (i), which is the most
important figure merit, determines the fraction of incident optical power (Po) that is converted

into usable electrical power and is given by:

np = BE0ET X 100% = Imerimer x 100%, (4.8)

0 0

For state of the art OPVs, Jsc values of ~12-16 mA cm?, Voc ~0.8-1.2 V, FF > 65%, and
np > 9% have been demonstrated, with a record efficiency of 13.2% for a multijunction
cell 22121128130 1n order for OPVs to become an economically viable technology,
improvements in efficiency, device lifetime, and fabrication costs must be made so that the
levelized cost of energy is competitive with traditional energy sources. From a device
performance perspective, improvements in efficiencies should focus on optimizing Jsc and

FF through innovations in device architecture and molecular engineering.
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5. Experimental probes of exciton diffusion

The generation of photocurrent in OPVs relies on optically generated excitons diffusing
to a D-A interface. As such, it is critically important to be able to accurately characterize
the magnitude of Lp in order to build an understanding of how exciton diffusion limits
device performance, as well as how material properties and device architectures can be
manipulated to optimize diffusion and yield more efficient devices. However, measuring
exciton diffusion is inherently difficult. In the vast majority of organic semiconductors
excitons exist for only a few nanoseconds before decaying and diffuse very short distances,
often on the order of ~10 nm.%8.708083.105131-136 Aqditionally, due the charge-neutral nature
of the electron-hole pair, excitons are difficult to directly probe by electrical measurements.
Consequently, exciton transport is usually characterized by measuring end of life products,
namely, charge carriers resulting from exciton dissociation or photons resulting from
radiatively decaying excitons which do not reach a dissociating interface. Here, a variety
of different Lp measurement techniques broadly characterized by photon or charge carrier
measurements will be discussed. In addition to presenting the method for extracting Lp, the
advantages, disadvantages, constraints and assumptions of each technique will also be
considered.

5.1 Optical modeling and the diffusion equation

Most Lp measurement techniques rely on combining some sort of experimentally
generated data related to exciton quenching with a solution to an exciton diffusion
equation. The most general form of this equation is given by Eqn. 3.8 and in many cases
can be reduced to a single dimension (Eqn. 3.9). Additional first order and second order

terms can be added to these equations to account for processes like exciton-exciton
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annihilation, exciton-polaron quenching, or singlet fission, as we will see in subsequent
chapters. This equation can be solved analytically (Appendix G); however, as additional
terms are added to the equation it becomes necessary to use a numerical solution (Appendix
E and H). Appropriate boundary conditions must also be employed in order accurately

reflect the exciton dynamics of the system. It is often assumed that interfaces are either
perfectly quenching (n = 0) or reflecting (% = 0) to excitons.®”7988.137 In reality, many

interfaces may be partially quenching; however, this remains understudied. If an interface
is indeed partially quenching, it will result in an overestimate or underestimate of Lp
depending on whether the interface is modeled as perfectly reflecting or quenching,
respectively.

One of the most important aspects of accurately modeling exciton diffusion is to
properly account for the optical exciton generation term, G(x). For films which are thicker
than the optical absorption length, this can be approximated by a Beer-Lambert type
absorption term.”®’” Here, the optical exciton generation rate under monochromatic

illumination is given by:

—ax

= D% s
G(x) = 2058 € ®), (5.1)

where lo is the incident photon flux, @ is the angle of incident light, x is the position in the
layer, and « is the absorption coefficient, given by 47Tk//l, where Kk is the extinction

coefficient and /4 is the wavelength of light.

In device relevant architectures however, there are often multiple adjacent layers with
thicknesses less than the wavelength of light, each with different indices of refraction. The
amount light reflected and transmitted at each interface and propagated through each layer

will be different, causing complex constructive and destructive interference patterns which
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must be strictly accounted for using a transfer matrix formalism.'87° This approach relies
on the following assumptions: (1) layers in the system are homogenous and isotropic, such
that their optical response can be described by a scalar complex index of refraction; (2)
interfaces are parallel and flat compared to the wavelength of light; and (3) the incident
light can be described by a plane wave.

Figure 5.1 shows a generic, multi-layered structure for a series of films deposited onto
a substrate. Each given layer (j) is described by its thickness (d;) and complex index of
refraction (7i; = n; + ik;), which can both be determined from spectroscopic ellipsometry.
The total generating optical electric field at any point x in a given layer j can be expressed
in terms of two component fields, one propagating in the positive x direction,Ef“(x), and
one propagating in the negative x direction, E;” (x).

At each interface, light can be transmitted and reflected. At an interface between layers

j and k, Fresnel complex coefficients determine the fraction of the optical electric field that

Ambient Layer 1 !.[;'_ﬁj Lj {r‘g+1} Layerm Substrate

[E(X) [ Ey” [ 'E1+ E.r'+ [ Em+ ‘ Emet
X Ll L Ll - - =
Ey W Ey W E; En W Emer ‘

'. g’ J

¢ g g

Figure 5.1 Representation of the transfer matrix method used to determine the optical electric
field and exciton generation rate in an arbitrary stack of material consisting of m layers deposited
on a substrate. Layer thicknesses (d) and optical constants (n + ik) are input for each layer. The
generating electric field in each layer is expressed in terms two component fields, one
propagating in the positive x direction (E*) and one propagating in the negative x direction (E-
), which are calculated by the product of a series of matrices (S’,S”) that describe the amount of
light propagated at each interface (1) and through each layer (L).
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is either reflected (rjk) or transmitted (tjx). For light with an electric field perpendicular to

the plane of incidence (s-polarized), the coefficients are given by

q;—dk 2q;
T =——and tj, = . 5.2
Jk q;tqk Jk q;tqx ( )

For light with an electric field parallel to the plane of incidence (p-polarized), the

coefficients are given by

~ 2 ~ 2 ~ 2~ 2
—Ng"qj+n;"qg 2Nk"N;7q;
Ti = fand tip, = ——"—— 53
Jk nkZQj+nj2‘IIc Jk nk24j+nj2q/c’ ( )
where
qj = Rjcosp; = \/ﬁjz — ny?sin? @, (5.4)

and no is the refractive index of the transparent ambient, ¢o is the angle of incidence, and
j is the angle of refraction in layer j. Using these coefficients, light propagation at each

interface can be described by a 2x2 matrix:

ol 1) (5.5)

1 r;
1 k
Ly / ]

Additionally, light propagation and the phase change through each layer can be described

by

% a

7 4i4;

Lj = [e _qu] (5.6)
0 e 21"

Using these matrices, the propagation of the optical electric field through the all of the
layers can be determined from a total transfer matrix (S), calculated from the product of all

the interface and layer matrices:

][5

Em+1

and
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Si1 S

In order to calculate the electric field within a given layer, S can be expressed in terms of
partial system transfer matrices where

S = S/L;S}". (5.9)
Extending Egns. 5.2 through 5.9, the electric field in layer j as a function of x can be
determined as:

27 2T
Sﬁle—lTQj(dj—x)+Sj{élequj(dj—x)

Ej(x) = Ef (x) + Ef (x) = L pa— iz—nq-d-EJ' (5.10)
S A1TI+S: S A7)

! !
Si115j11€ j12°j21€

j11

Next, the generating optical electric field profile must be converted to an exciton
generation rate throughout the active layers. The number of excitons generated at a given
position will be proportional to the amount of energy absorbed by the material. The time
averaged absorbed energy of the electromagnetic field is determined from the modulus

squared of the electric field, refractive index, and absorption coefficient as:

2
Qi(x) = %ceoajnj|Ej(x)| : (5.11)
where €,is the permittivity of free space and c is the speed of light. Finally, the exciton

generation rate can be calculated:

Q;(x)

) = L2,

(5.12)

where hv is the energy of the incident photons. Example calculations of E(x) and G(x) in a
PHJ OPV based on the D-A pairing of boron subphthalocyanine chloride (SubPc) and Ceo
is shown in Fig. 5.2. Devices based on this D-A pairing will be used to demonstrate many
of the methods developed throughout this work. The device used for this example consists

of a 15-nm-thick donor layer of SubPc deposited onto an indium tin oxide (ITO) covered
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Figure 5.2 (a) Normalized electric field intensity in a planar heterojunction device based on
donor and acceptor layers of SubPc and Cgo, respectively, displaying the variation of the
generating field in the active layers of the device at different incident wavelengths. (b) The total
exciton generation rate in the device under AM 1.5G illumination at 100 mW cm,

glass substrate, with a 35-nm-thick acceptor layer of Ceo, a 10-nm-thick exciton blocking
layer of bathocuproine (BCP) and an 80-nm-thick aluminum cathode. Figure 5.2a shows
the modulus squared electric field normalized to the incident electric field (Eo*) at three
different incident wavelengths, demonstrating that interference within the device at
different excitation wavelengths can cause drastically different optical field profiles
throughout the device. Figure 5.2b displays the total generation rate throughout the device
when AM1.5G illumination at 100 mW cmis incident on the device. While the discussion
thus far has focused on monochromatic illumination, the total generation rate under

broadband illumination is given by [ G (x, 1)dA. In addition to aiding in the fitting of Lo,
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this type of model can also be used to guide device optimization by tuning layer thicknesses
to maximize the generating electric field near the D-A interface.
5.2 Photoluminescence based diffusion length measurements

Photoluminescence quenching based measurements are perhaps the most widely used
and arguably among the most accurate methods to determine Lp in materials of interest to
OPVs. 67-7080,105132,135.136,138-145  These techniques generally rely on the interaction of
optically generated excitons with an exciton-quenching material. Ideal exciton quenching
materials should have a large energy offset with respect to the material of interest, so that
excitons are exothermically quenched by charge transfer and a large enough energy gap to
prevent Forster transfer to quencher, simplifying the fitting process.'® Emitted photons
represent radiatively decaying excitons which have failed to reach a dissociating interface;
thus, Lp is inversely proportional the magnitude of the remaining PL. The exciton
quenching material can be placed at an interface in a Dbilayer
structurg®7.6870.105135136,138,139,144.145 ¢ (dijstributed throughout the bulk of the
material®%132140-143 and PL is measured in either the steady-state*?:68-70.135144.145 o transient
regimes®0:105132.136.138-143 = These measurements can be conducted with simple film
architectures and experimental set ups. Additionally, because these techniques only require
that a quenching material facilitates efficient charge transfer, and not necessarily
dissociation, they are not subject to the charge carrier recombination losses that affect
charge carrier based techniques, as we will see in Section 5.3. Therefore, PL quenching
measurements offer an intrinsic value of Lp for the material under study without having to

make assumptions about charge collection. However, they are incapable of measuring Lp
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in a large class of organic semiconductors with exceedingly low #pL, restricting the scope
of materials that able to be accessed by these methods.
5.2.1 Thickness dependent photoluminescence quenching

Thickness dependent PL quenching measurements are conducted in the steady-state
regime using a bilayer architecture, as shown in Fig. 5.3. In these measurements, films are
excited with monochromatic illumination and PL spectra are measured for films both with
(quenched) and without (unquenched) an adjacent exciton quenching material, as shown
for a set of SubPc films in Fig. 5.4a. With these spectra, an experimental PL ratio can be
constructed by dividing the integrated emission spectra of the quenched film (PLg) by the

integrated spectra of the unquenched film (PLuo):

_ JPLo(Waa

Exp.PLygtio = [ PLuqar (5.13)

The PL ratio is inversely proportional to the magnitude of Lp. As Lp is increased in the

system, a larger fraction of excitons will reach the dissociating interface within their

Incident PL
Excitatio%\ Yf&? %‘ jf
ﬁt— é- &

¥ W

Unquenched Quenched

Figure 5.3 Schematic representing bilayer photoluminescence (PL) quenching.
Photoluminescence is measured for a film both with (quenched) and without (unquenched) an
adjacent exciton quenching layer. Reduction in PL of the quenched sample is proportional to
the fraction of excitons which reach the dissociating interface and thus, the exciton diffusion
length. The diffusion length is extracted by modeling the ratio of PL from the quenched to
unquenched sample as a function of film thickness (t) or incident excitation wavelength.
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lifetime, leading to a lower fraction of excitons which are capable of undergoing radiative
recombination in the bulk of the film. Additionally, by constructing a ratio it can be
assumed that the incident excitation and photon collection efficiency between the two
samples is the same, eliminating the need to quantitatively determine these parameters,
which can be difficult to accurately measure.

To extract Lp from these measurements, a calculated PL ratio is determined by solving
a one-dimensional exciton diffusion equation, like Eqn. 3.9. Appropriate quenching and
reflecting boundary conditions are applied to the quenched and unquenched films,
respectively, and G(x) is determined using the transfer matrix method outlined in Section
5.1, resulting in exciton density profiles as shown in Fig. 5.4b. The calculated PL ratio is
then given by the ratio of the integrated exciton densities:

_ JnoxLp)dx

Calc.PLygtio = T rueGilpyax (5.14)

which is equal to the ratio of integrated photoluminescence provided that #p. of the two
films is the same. Values of Lp are then iterated until Eqn. 5.14 matches Eqgn. 5.13. It should
be noted that in the steady state the fraction of excitons which reach the interface is only
proportional the product of D and 7 and not the magnitude of either individual component.
While the magnitude of the exciton density will certainly be proportional to balance of D
and z, the PL ratio will only be proportional to the product; therefore, Lp is the only fit
parameter in these experiments.

In order to provide a robust and confident fit for Lp, the PL ratio measured over a
statistically significant number of samples with an increasing film thickness for the layer
of interest, causing a large variation in the PL ratio. For the optically thin films used in

these measurements, excitons are generated throughout the bulk of the film. As the
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Figure 5.4 (a) Photoluminescence (PL) of a quenched and unquenched film of SubPc, used to
construct an experimental PL ratio. (b) Modeled exciton densities in the quenched and
unquenched films used to determine a calculated PL ratio. Exciton density profiles are modeled
using the transfer matrix formalism coupled to solutions to the diffusion equation with
appropriate reflecting and quenching boundary conditions. Values of Lp are iterated until the
calculated and experimental PL ratios are equal.

thickness of the film increases, a smaller fraction of the total exciton population will be
generated within Lp of the interface and consequently, a smaller fraction of excitons will
reach the dissociating interface, leading to a larger PL ratio. Film thicknesses should be
chosen such that they result in a large range of PL ratios, generally spanning thicknesses
both above and below the value of Lp. An example of calculated PL ratios under varying
values of Lp for a series of SubPc films is shown in Fig. 5.5. The value of Lp is then
determined from a least squares fit of the difference between the calculated and

experimental PL ratios.
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Figure 5.5 Simulated photoluminescence ratios as a function of film thickness for SubPc under
varying values of the exciton diffusion length (Lp).

5.2.2 Spectrally resolved photoluminescence quenching

In addition to varying the thickness of the emitting film, the PL ratio can also be varied
by changing the incident excitation wavelength and tracking the change in PL intensity at
a single emission wavelength. This type of measurement is referred to as spectrally
resolved photoluminescence quenching and is also conducted in bilayer architectures at
steady-state.’%135144.145 The technique of mapping PL intensity as a function of excitation
wavelength is called an excitation scan, an example of which for SubPc is shown in Fig.
5.6a. The shape of the excitation scan will generally look like the absorption spectrum of
the film, but can be smeared out if the absorption length is less than thickness of the film.
For these measurements, the PL ratio is not integrated, but rather kept as a spectral quantity.
The model and fitting algorithm used in these measurements is nearly identical to thickness
dependent measurements, the only difference being that excitation wavelength is varied

instead of film thickness. In order to achieve a unique fit with these measurements, large
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Figure 5.6 (a) Experimental excitation spectra of 40 nm quenched and unquenched films of
SubPc used to determine experimental spectrally resolved photoluminescence ratios. (b)
Simulated spectrally resolved photoluminescence ratios in films of SubPc with an Lp of 10 nm
at varying film thicknesses. Dotted lines represent £2 nm of Lp. As the film thickness is
increased the spectral variation in the PL ratio increases, but the resolution of Lp decreases.

wavelength ranges should be measured spanning the absorption spectra of the layer of
interest.

Additionally, care must be taken in choosing an appropriate film thickness which
causes a large variation in optical field between the quenched and unquenched samples,
producing a spectral variation in the PL ratio. Figure 5.6b displays spectrally resolved PL
ratios for a SubPc film at three different film thicknesses. Solid lines represent the PL ratio
with Lp = 10 nm and dashed lines represent + 2nm on Lp. As the film thickness increases,
so does the variation in the PL ratio, providing good spectral resolution; however, this plot
also demonstrates that the resolution of Lp decreases as a function of film thickness. As
such, film thicknesses should be chosen to balance the variation in PL ratio and resolution
of Lo in order to achieve robust and unique fits. The advantage of this method is that an Lp
measurement can be performed on a single film, rather than multiple films of varying
thickness; however, this makes the technique sensitive to sample to sample variations in
the PL intensity. As such, a statistically significant number of samples, which can be

prepared in a single deposition, should be measured in order to eliminate this error.
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5.2.3 Transient photoluminescence measurements

Similar to the steady-state PL quenching measurements discussed in the previous
sections, values of Lp can also be extracted from a variety of transient PL measurements.
In these measurements, samples are excited with a short excitation pulse, usually from a
laser, and the PL is measured as a function of time. These measurements can be conducted
in either bilayerl®136138.13% or hylk quenching architectures.80132140-143 | pilayer
architectures, the transient decay of a quenched sample is compared to the decay of an
unquenched sample and is measured as a function of increasing film thickness. The
luminescence intensity at time t is proportional to the exciton density, integrated over the
thickness of the film. Solving Eqgn. 3.9 in the transient regime allows for the decays to be
fit for D. Combining this with z, determined from the unquenched sample, Lp can be
extracted while providing additional insight into exciton dynamics that are not accessible
from a steady-state PL quenching measurement alone. The diffusion length can also be
determined from fluorescence decays in bulk quenching architectures. Here a small amount
of an exciton quencher, often 0.001 - 5 wt.%, is uniformly distributed throughout the film
and PL decays are measured as a function of quencher concentration. As the quencher
concentration increases, so does the probability of an exciton encountering a quenching
molecule, reducing the PL decay time. While the bilayer methods discussed thus far
determine a one-dimensional Lp in the direction perpendicular to the substrate, this
approach probes diffusion in three-dimensions. Solving a spatially independent exciton
decay rate equation, the rate constant for exciton quenching can be easily extracted from
the quenched and unquenched decay times. This rate constant can then be fit for D using

either a Stern-Volmer analysis,'*° sphere of capture Smoluchowski model,**42 or Monte
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Carlo simulations.8%143 With this approach, care should be taken to ensure that the quencher
does not aggregate in the film and that the presence of the quencher does not affect the
photophysics or morphology of the host material compared to the unquenched sample.

Transient PL decays can also be measured as a function of excitation intensity to extract
D. In these measurements, the decay of a single unquenched film is measured as a function
of excitation intensity causing exciton-exciton annihilation to shorten the PL decay
time. 104195147 Similarly to the bulk quenching measurements, an exciton-exciton
annihilation rate constant can be extracted by fitting the PL decays, which can then be used
to determine D. While this approach is appealing because it only requires a single film,
extracting D depends the annihilation radius, which can be difficult to accurately
determine. Additionally, films must have good photochemical stability due to the intense
laser light required to create exciton densities high enough for annihilation to occur.
5.2.4 Photoluminescence Imaging

Recently, advanced imaging techniques have been used to directly observe the motion
of excitons by imaging PL in both the steady-state and transient regimes.*’ 82148150 Thege
experiments are usually performed on highly crystalline, luminescent materials with
micron scale Lp. Excitons are generated by a collimated laser that is focused onto the
sample and the PL resulting from excitons diffusing away from the excitation spot is
spatially mapped using either a streak camera or a single photon counter which is rastered
over the sample. The image of the PL intensity can then be converted to an exciton density
distribution, which is then fit to solutions of the diffusion equation, extracting Lp.
Additionally, in the transient domain, the temporal dependence of D can be used to extract

information about how energetic disorder affects exciton diffusion.*”149 This technique is
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limited by the relatively large spot size of the excitation laser compared to Lp, restricting
the scope to samples with high D; however, recent work on inorganic quantum dot films
has suggested that Lp on the order of tens of nm may be accessible using this method.4°
5.3 Charge carrier based diffusion length measurements

While PL represents excitons which fail to reach a dissociating interface, charge carrier
based techniques probe the number of excitons which are successfully dissociated at a D-
A interface. The number of generated charge carriers can be determined by measurements
of photocurrent (Fig. 5.7a),'81°-1% the conductivity in a quenching layer either
optically341%6.157 or electrically’’, or photovoltage,'® which will be covered extensively in
Chapter 7. These techniques do not necessitate that the material of interest be emissive and
are therefore capable of probing the diffusion of singlet excitons in materials with low #pL

and dark triplet excitons. Additionally, these techniques are often performed in OPV

(a) (b)

Figure 5.7 (a) Photocurrent-based Lo measurements rely on the collection of generated carriers,
measuring the photocurrent created under monochromatic illumination and fitting of the #7eqe
spectrum. (b) Geminate (right) and non-geminate (left) free carrier recombination mechanisms
that may occur during carrier collection. These mechanisms can lead to underestimates of the
number of excitons which reached the interface and underestimates of Lo
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architectures, rather than films, ensuring that device characteristics like film morphology,
substrate interactions, and interfaces accurately reflect the environment the excitons sample
during device operation. However, unlike PL-based techniques, these measurements are
subject to charge-collection losses, as shown in Fig. 5.7b. In an OPV, excitons which reach
the D-A interface are efficiently converted to charge-transfer states; these charge-transfer
states can either be dissociated into mobile charge carriers or undergo non-geminate
recombination at the interface. Generated charge carriers are either collected at the
electrodes as photocurrent or are lost to non-geminate recombination with a charge carrier
of opposite polarity, either at the interface or in the bulk of the material.**14-117 |f geminate
and non-geminate recombination are not properly accounted for when using these
techniques, the number of generated charge carriers will underestimate the number of
excitons which reached the interface and subsequently, underestimate Lp.
5.3.1 Photocurrent based measurements

The most straightforward of the charge carrier-based techniques are photocurrent
measurements where a PHJ OPV is illuminated with monochromatic illumination and the
steady-state short-circuit current is measured. Repeating this measurement as a function of
excitation wavelength allows for the determination of the device #eqe, as shown for a PHJ
SubPc-Ceo device in Fig. 5.8. Recall from Chapter 2 that the 5eqe results from five
successive photoconversion steps, each characterized by their own efficiency. Using the
transfer matrix formalism discussed in Section 5.1 na(Z) can be accurately predicted.
Coupling this with solutions to the diffusion equation, 7o (4,Lp) is determined based on the
flux of excitons at the dissociating interface, with SubPc and Ceo Lp as the fit parameters.

It is usually assumed that in a heterojunction OPV with a sufficient energy offset at the
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interface that s#ct = 1. However, there are not simple established methods capable of
accurately predicting 7cs and zrc. As such, if ncsand #ec are naively assumed to be unity,
the fitting algorithm will incorporate these losses into #p and underestimate values of Lp.
Figure 5.7 displays three different simulated #neqe curves under varying values of SubPc
and Ceo Lp, when 5csXnrc = 1. Here, the experimental #eqe is best fit when the SubPc Lp
= 8.3 nm and Ceo Lo = 14.9 nm. However, when the predicted photocurrent is multiplied
by a non-unity charge collection efficiency, for example ncsxnrc = 0.8, a nearly identical
fit is produced, yielding SubPc Lp=11.1 nm and Ceo Lp = 20.1 nm. This demonstrates the
disadvantage of this method, where unique fits to the data cannot be achieved without

detailed knowledge of charge collection efficiencies in the device at short-circuit.
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Figure 5.8 Experimental and simulated values of the external quantum efficiency for a PHJ
SubPc Cgo device. The experimental data can be well fit for Lp with good resolution; however,
unique fits of the exciton diffusion length (Lp) depend of the charge collection efficiency (7cc),
which can be difficult to experimentally determine.
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5.3.2 Conductivity based measurements

Another approach to extract Lp through charge carrier measurements is to monitor the
change in photoconductivity in a quenching layer. This can be done optically using time-
resolved microwave conductivity,1¥41017  or electrically through surface
photoconductivity measurements.”” Time-resolved microwave conductivity is an
electrode-less technique, where a bilayer structure consisting of the material of interest and
a quenching layer, often TiO, is excited with a short optical pulse and the time dependent
conductivity in the quenching layer is monitored based upon the reflected optical power
from a microwave cavity. The reflected optical power is proportional to the conductivity
in the quenching layer, which depends on the number of dissociated excitons and hence,
Lp. This technique requires only a single sample, is capable of probing non-emissive
materials, and does not require charge collection, eliminating non-geminate recombination
losses; however, rapid interfacial geminate recombination could still affect these
measurements. Furthermore, because TiO- is not typically used as an acceptor in OPVs,
the amount of geminate recombination will be different than in a functioning device.

Surface photoconductivity measurements can be used to determine Lp in highly
crystalline materials with anisotropic optical constants. In this technique, electrodes are
deposited on the top surface of a crystalline sample and the surface photocurrent, resulting
from exciton dissociation at the bare surface or in the presence of a quenching material, is
measured as a function incident light polarization angle. In highly crystalline materials,
different molecular orientations along different crystallographic directions can result in
anisotropic absorption coefficients. Changing the polarization angle will then result in

different absorption lengths, causing a periodic variation in the surface conductivity,
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provided Lp is sufficiently long. The relative amplitude of the photoconductivity variation
is then fit for Lp. Similar to a PL ratio, this normalized photoconductivity cancels many
experimental parameters, including the efficiency of exciton dissociation at the surface.
This technique requires only a single sample and is convenient for measuring Lp of single
crystal samples, which are difficult to implement into device architectures or grow
consistently for PL measurements.
5.4 Conclusions

Of the many techniques capable of determining L, each has its own advantages,
constraints, and assumptions and the appropriate technique to use depends on the
information one wishes to extract and the experimental tools that are available.
Photoluminescence quenching techniques are not subject to charge collection losses and
provide an intrinsic value of Lp for the material under study, but are only applicable to
materials with sufficient npL. Steady-state PL quenching techniques require simple
experimental set ups and for spectrally resolved measurements only require one film
thickness. Transient PL quenching measurements require fast detection electronics, but are
capable of decoupling D and 7 using a single measurement. Photoluminescence imaging
techniques visualize exciton motion in real time, but are restricted to emissive, highly
crystalline samples with micron scale Lp. Charge carrier based techniques like
photocurrent and conductivity measurements can probe exciton diffusion in both
luminescent and dark materials, but are restricted by charge collection losses which can be
difficult to decouple. Values Lp extracted from these experiments will agree with PL values
only in the absence of geminate and non-geminate recombination. In the coming chapters,

a variety of these techniques will be used to provide a deeper understanding what affects
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exciton diffusion in organic semiconductors, new techniques to measure Lp will be
developed, and different techniques will be combined to provide a comprehensive
understanding of the excitonic and charge carrier recombination mechanisms which limit

OPV device performance.
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6. The effect of materials purity on exciton transport

The importance of achieving a high material purity is often stressed within the field or
organic electronics.t®>47159-161 Material purities >99% and orders of magnitude greater are
often achieved for the source materials used to fabricate organic electronic devices.®
Impurities that are present in these materials are typically synthesis reaction side products,
residual metallic catalysts, or oxidation products.'®-1%3 Work done on organic field-effect
transistors has shown that trace impurities can have a dramatic impact on the measured
carrier mobility in these materials.’®* Additionally, it has been demonstrated that impurities
can also affect OPV device performance, potentially limiting Jsc, Voc, and FF, primarily
by reducing carrier mobilities and increasing in trap-assisted recombination,6%:163-166
Substantially less attention has been paid to understanding how impurities can impact the
magnitude of Lp. Examples in the literature have cited that large variations in Lp can occur
depending on the batch and purity of the source material; however, these studies are not
quantitative about the level of impurities or nature of the interaction between the impurities
and excitons.*71%9

In this chapter, different types of impurities found in organic semiconductors and their
impact on exciton diffusion are discussed. In order to quantify how native molecular
impurities can affect exciton diffusion, Lp and other relevant photophysical parameters are
measured as impurities are systematically removed from a batch of N,N’-bis(naphthalen-1-
yl)-N,N’-bis(phenyl)-benzidine (a-NPD). The diffusion length is determined by thickness
dependent PL quenching using dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile (HATCN) as an exciton quencher due to its favorable energy offset for

electron transfer and large energy gap which prevents Forster transfer from a-NPD to
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HATCN. 146167188 The source material was synthesized by The Dow Chemical Company
and was subsequently purified once by thermal gradient sublimation purification and
additional increases in thin film purity were realized at different deposition boat
temperatures. Thin film purities were measured by The Dow Chemical Company using
high-performance liquid chromatography (HPLC). Lastly, the trend of Lp as a function of
impurity concentration is modeled in order to extract an impurity free, theoretical
maximum value of Lp, providing quantitative insight into the levels of impurities that can
be tolerated without being detrimental to exciton diffusion.
6.1 Interactions of excitons with impurity molecules

Impurities can hinder exciton diffusion by trapping, quenching, or dissociating
excitons. For organic impurities, the exact mechanism depends on both the nature of the
diffusing exciton, namely whether or not is capable of emitting light (Fig. 6.1 a,b), as well
as the energetic alignment of the impurity molecule with respect to pure host material (Fig.
6.1 c-e). For fluorescent materials, if there exists an overlap in the emission spectrum of
pure host and the absorption spectrum of the impurity molecule, excitons will be able to
transfer to the impurity molecule via Forster transfer. This type of impurity is likely the
most detrimental to exciton diffusion due to the long range dipole-dipole interaction (Fig.
6.1a), consistent with Eqgn. 3.3. Once an exciton is transferred to the smaller energy gap
impurity, transfer back to the host is energetically unfavorable and the exciton will become
trapped and eventually decay. In materials with exceedingly low #pL, if an overlap in
resonant energy states still exists, excitons will may transfer to the impurity molecule via
Dexter transfer (Fig. 6.1b). While the relative energetic alignment (Fig. 6.1c) and end result

of these two mechanisms are the same, in this case, there must exist a spatial overlap
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Figure 6.1 (a) Impurity exciton quenching by Forster transfer. Quenching is relatively long
range with the rate ke proportional to the Forster radius, Ro. (b) Impurity quenching by a Dexter
or charge transfer mechanism occurring over nearest neighbors with rate kp or kcr. (C) Energy
level alignment required for Forster or Dexter quenching. Processes requires overlap of
emission and absorption between pure host and impurity, respectively. The dominant
mechanism will be dictated by whether the host is capable of emission. (d) Energy level
alignment required for quenching by charge transfer. The impurity will dissociate excitons if
the energy offset is greater than the exciton binding energy. (e) Energy level alignment of an
inert wide energy gap impurity.

between the electronic orbitals of the two molecules and thus this process occurs on a much
shorter, nearest neighbor length scale, consistent with Eqn. 3.7. Therefore, it is expected
that Dexter impurities will be less detrimental to exciton diffusion than Forster impurities
at a given concentration, due to the smaller capture radius. If no sufficient overlap between
emission and absorption exists, but there is an offset in the energy levels which exceeds
the exciton binding energy between the impurity molecule and the pure host (Fig. 6.1d);
the impurity will be able to dissociate excitons by charge transfer. Charge transfer also

requires electronic orbital overlap and occurs on a nearest neighbor length scale.>” It is
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expected that charge transfer impurities will have a similar dependence of Lp on impurity
concentration as Dexter impurities. All three of these mechanism will serve to reduce the
effective 7 of the exciton and negatively impact Lp. The last type of organic impurity that
can be present in these systems is an impurity molecule with a wider energy gap than the
pure host material (Fig. 6.1e). In this case, energy transfer to the impurity molecule is not
energetically favorable and these types of impurities are not expected to affect Lp in trace
quantitates. At larger concentrations however, these molecules could begin to alter the
photophysics of the host material and impact exciton diffusion.®’

Metallic impurities present from residual catalysts or diffusion of metal atoms from the
cathode into an organic layer will also negatively impact exciton diffusion. A large number
of studies have demonstrated that a layer of metallic material can quench excitons through
a long range CPS interaction, named for Chance, Prock, and Silbey who developed the
theory in 1975.189-172 |n this type of interaction, the dipole created by the exciton interacts
with the metal electron gas, transferring its energy non-radiatively with a rate proportion
to x3, where x is the distance to the quenching metallic interface. Studies have also shown
that individual metal atoms, where an electron gas is not present, are capable of quenching
excitons through a long range Forster like process, reducing the magnitude of Lp.1"3-17®
With these mechanisms in mind, we can now begin to quantitatively examine the
relationship between material purity and Lp.

6.2 Increasing and quantifying material purity
6.2.1 Thermal gradient sublimation purification
Thermal gradient sublimation is a common method used to purify small molecule

organic semiconductors. This technique uses a temperature gradient to exploit differences
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Figure 6.2 (a) Schematic of thermal gradient sublimation purification set up. Source material is
loaded into a long quartz tube, placed under vacuum, and inserted into a three zone furnace.
Sublimed material transports down the length of the tube and the temperature gradient spatially
separates material based on the volatility. (b) Picture of the collection zone in a purification of
o-NPD. Pure a-NPD zone can be seen as spatially separated from heavy impurities which are
closer to source material.

in vapor pressure in order to spatially separate a pure target material from impurities
present in the source material.!®*1"" A schematic of this experimental set up is shown in
Fig. 6.2a. Source material is first loaded into the sealed end of a long quartz tube. The tube
is then placed under vacuum and inserted into a three zone furnace in order to apply a
temperature gradient. The source material at one end is heated above the sublimation
temperature and the sublimed material begins to transport down the length of the tube.
Along the temperature gradient, molecules will begin to deposit onto the walls, spatially
separated based on their volatility. Materials with a low vapor pressure, often high
molecular weight impurities, will either remain in the deposition boat or deposit in the
hotter regions of the tube. Materials with higher vapor pressures, often low molecular
weight impurities, will deposit further down the tube, spatially separated from the pure
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target material, which deposits between these two regions.*’® In order to facilitate material
collection, the inside of the tube is lined with quartz sleeves that can be removed and
material is then collected by scraping these sleeves.

To minimize contamination, the glassware used in these experiments were rinsed with
DI water, isopropanol, and acetone and etched using a 3:1 sulfuric acid and 30% hydrogen
peroxide mixture and then baked at 500 °C overnight to remove any residual solvents. An
initial quantity of 11.4 g of the starting source material was loaded into a deposition boat
and placed at the end of the quartz tube. In order to bake off any residual solvent present
in the source material, the system was pumped down to a base pressure of 1.8x10° Torr
and all three zones of the furnace were set at 120 °C and left overnight. The sample material
was then purified by setting all three furnace zones to 260 °C at a base pressure of 3.4x10
" Torr and left for 8 days, in accord with previous purifications of this material. 6!
Separation was achieved by a linear temperature gradient which starts at the output of the
furnace, at the end of zone 3. After the completion of the purification, the system was crash
cooled to room temperature by turning off and removing the furnace and then 9.1 g of
target material was collected from the 3™ and 4™ quartz sleeves, shown in Fig. 6.2b. For
more complete details of the purification, see Appendix C.
6.2.2 High-performance liquid chromatography

Thin film purities were measured by HPLC by Wayne Blaylock at The Dow Chemical
Company. In this technique, the material of interest is dissolved into a solvent and the
solution is pressurized and passed through a column filled with an adsorbent material. Each
molecule present in solution will have a slightly different adsorbent interaction within the

packed column. This will cause a different flow rate for each type of molecule, separating
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the solution.”As the different components exit the column, the absorbance of the solution
iIs monitored as a function of time using ultraviolet-visible spectroscopy (UV/Vis). From
this data, the relative quantities of each component in the solution can be determined based
upon their absorbance area, assuming the molar absorbance is similar for each component.
In addition to UV/Vis, it is common to also use mass spectrometry to determine the
chemical structure of each component; however, no such analysis was used in this study.
Solutions used for HPLC analysis were prepared from ~100 nm films of a-NPD
deposited on glass microscope slides. In order to ensure that these films were representative
of the samples used to measure Lp, the slides remained on the deposition chuck throughout
the duration of a growth, incorporating all layers of the thickness dependent PL quenching
samples. These films were dissolved in tetrahydrofuran at concentrations of 2 mg/mL.
Samples were measured on an Agilent 1200 Series HPLC system with an injection volume
of 10 puL and a flow rate of 1 mL/min. Purity was determined by HPLC area percent assay
and error bars are based upon the standard deviation in HPLC % across six different
solutions prepared from six different slides. The results of these measurements, reported as

HPLC % versus elution time, are given in Table 6.1 for the four different purities

Elution Time 97 1% Sample 98.3% Sample 98.8% Sample 99.0% Sample
{min) (HPLC %) (HPLC %) (HPLC %) (HPLC %)
4.09 1.44 +0.72 0.94 £0.50 058 £0.12 027 £0.15

7.98 (a-NPD) 9712+ 122 08.29 +0.84 98583 +£020 99.03 + 0.31
8.35 010+ 0.04 0.13 £0.01 0.00+000 0.09 £0.06
9.40 0.08 £0.03 0.02 £0.02 0.00+000 0.00£0.00
9.57 0.30£0.01 0.09 £0.01 021001 0.25+0.01
10.5 0.84 £0.42 045 £0.29 0.368x010 0.36+0.19
11.71 012 +0.08 008 £006 0.00+000 000+000

Table 6.1 Experimental HPLC data of elution time and HPLC purity, determined by HPLC
area percent assay. Error bars were determined by the standard deviation in HPLC % across six
measured samples for each purity. Data was taken from 100 nm films of a-NPD deposited on
glass substrates and dissolved in tetrahydrofuran at concentrations of 2 mg/mL.
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considered in this study. Here, each different peak that is measured at a different elution
time represents a different type of impurity molecule that is present in the film.
6.3 a-NPD diffusion length as a function of purity
6.3.1 a-NPD diffusion length measurements

Films deposited from the as synthesized source material yield Lp = (3.9 £ 0.5) nm with
a corresponding thin film organic purity of (97.1 = 1.2) %. The source material was then
purified by thermal gradient sublimation purification and films grown under the same
deposition conditions show an increased value of Lp = (4.7 £ 0.5) nm and purity of (98.3
+ 0.8) %. No further increases in Lp were realized with successive purifications of the
source material. Interestingly, it was also observed that the value of Lp and thin film purity
showed a dependence on the deposition boat temperature. Initial films were grown at boat

temperature of (258 + 10) °C, corresponding to a deposition rate of 0.3 A/s. As the boat
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Figure 6.3 Photoluminescence ratios versus film thickness for a-NPD films with organic
purities of (a) 97.1% (b) 98.3% (c) 98.8% (d) 99.0% along with the corresponding exciton
diffusion lengths (Lp). Solid lines represent fits based on a one-dimensional steady state exciton
diffusion model at the given values of Lp.
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temperature was increased to (324 + 10) °C with a deposition rate of 8.8 A/s, films
deposited from the purified source material increased systematically in both Lp and purity,
resulting in values of (5.3 £ 0.9) nm and (99.0 = 0.3) %, respectively. This represents a
36% increase in Lp for a 1.9% increase in thin film purity. Photoluminescence ratios and
Lp fits are shown in Fig. 6.3.

In order to determine if changes in crystallinity are contributing to increases in Lp with
increasing deposition rate, X-ray diffraction spectra were measured; however, no scattering
peaks were observed.%14314 Therefore, we conclude that increases in material purity are
driving the increase in Lp and the dependence on deposition rate is caused by additional
material purification during the deposition process. One scenario in which this could occur
is if impurities are preferentially sublimed while ramping the deposition rate to the set
point. For higher deposition rates, more material will be sublimed during the ramp phase,

potentially leaving a higher
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Figure 6.4 Transient photoluminescence decays of 40 nm
ne. and ¢ were measured in  @-NPD films with corresponding purities of 99.0%
(green), 98.8% (blue), 98.3% (red) and 97.1% (black) and
concert with Lp. Results of these ~ their fitted exciton lifetimes as measured by time
correlated single photon counting. Error bars were
measurements are listed in determined by the standard deviation in measured lifetime
across twelve samples and three separate depositions.
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Table 6.2 and lifetime decays are shown in Fig. 6.4. It was observed that increases in Lp
coincide with concomitant increases in both #pL and z; increasing from zpL = (25 £ 1) %
and z = (2.7 £ 0.1) ns for the 97.1% pure films to L = (37 £ 1) % and 7= (3.3 £ 0.1) ns
for the 99.0% pure films. Based on these measurements, values of kr and knr can be
decoupled using Egns. 2.2 and 2.3. As the purity increases from 97.1% to 99.0%, knr
systematically decreases from (28 + 2)x107 s to (19 + 1)x107 s, This reduction drives
an increase in z, offering the exciton more time to diffuse before it recombines. For the
same change in purity, kr increases from (9.3 + 0.5)x10” s to (11 + 1)x107 s, As detailed
in Section 3.3, for materials which transfer their energy via Forster transfer, D is directly
proportional to the magnitude of kr. Thus, the increase in kr is also driving an increase in
D, due to an enhanced Forster radius.

Based on the observed enhancement in the photophysics, predictions of Lp can be made
using a convention model of diffusion by Foérster transfer using Eqn. 3.13. A value of d =
0.58 nm was calculated from the volume averaged radius using the crystal density of a-
NPD."8 Additionally, no shift in emission or change in optical constants were observed,
leaving only the measured #p. to drive the increase in predicted Lp. These results, listed in

Table 6.2, are in good agreement with the measured values of Lp, validating this model of

Organic Purity (%) Ly (nm) e (%) r{ns) Predicted Ly (nm)
971+12 39+05 25+ 1 27+01 43+06
983+08 47+06 33+ 31+£01 4807
988+02 51+06 34 + 1 32+01 49+07
990+03 5309 37+ 1 33+£01 5107

Table 6.2 Experimentally determined values of the thin film purity, exciton diffusion length
(Lb), photoluminescence efficiency (yrL), exciton lifetime (z), and predicted Lp calculated using
an exciton diffusion model based on Forster theory.
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diffusion and confirming that changes to kr and knr caused by the decrease in concentration
of exciton quenching impurities are responsible for the observed trend in Lp. While the
decrease in knr and increase in z were expected to occur as exciton quenching impurities
are removed from the films, the increase in kr and D was unexpected.
6.3.3 Modeling the exciton diffusion length as a function of purity

Along with the measured Lp values, it is informative to model this trend of Lp versus
purity in order to better understand what increases can be realized at thin film purities
beyond 99.0%. The effect impurities have on Lp can be modeled by a simple one-
dimensional steady state diffusion equation incorporating a term accounting exciton

quenching by impurities:
’n  n
0=Dﬁ—;+G—leQ, (61)

where 7o is the natural lifetime of the exciton in the absence of impurities and Kkq is the
average rate of exciton quenching by impurities in the steady state. Previously, it was
demonstrated that impurities can dramatically affect knr. If knr is expressed as the sum of
the component losses, knr = (Knr® + kq), where kng? is the intrinsic non-radiative decay rate,
an effective lifetime can be expressed as 1/t = (kr + knr® + ko) = 1/70 + Ko. In this formalism,
the change in the non-radiative exciton decay rate due to impurity quenching is
significantly larger than the corresponding change in the radiative decay rate. In order to
incorporate the dependence of impurity concentration into this model a quenching
mechanism must be assumed. Here, we will consider impurity quenching by Forster
transfer, because of the fluorescent nature of a-NPD this will be the most detrimental type
of organic impurity found in these systems. The transfer rate for an exciton on a single host

molecule to an impurity molecule can be described by Eqn. 3.3. It has previously been
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argued however, that for an exciton interacting with a distribution of impurity molecules,
the quenching rate must be multiplied by the molecular density of the impurity molecules
and integrated over all of space.'® Here, the density of impurity molecules can be

expressed by multiplying the fraction of impurity molecules, Q, by the total molecular

-1
density, given by G nd3) , Where d is the volume averaged radius. The total steady state

rate of impurity quenching can then be determined as:

- 6
ko =4m [, %(&) 3Q 124, = Ri%Q (6.2)

r/ 4md3 T 10dS’
where Rl is the average Forster radius between a-NPD and the impurities. Inserting Eqgn.

6.2 into Eqn. 6.1 and solving yields a simple expression for the effective Lp as function of

Dt Lp o2
Lp = = — 6.3
D 1.R16Q 1IR16Q ( )
T T

Here, Lp, represents the diffusion length in the absence of impurities. Using Egn. 6.3, the

impurity concentration

experimental values of Lp can be well fit as a function of impurity fraction, shown in Fig.
6.5. This fit yields a Forster radius of Ry = (1.3 £ 0.1) nm and Lpo = (7.0 £ 1.0) nm. In Fig.
6.5 it can be seen that large increases in Lp occur at purities beyond 99%, stressing the
importance of attaining a high thin film purity to maximize LD.

While the model does a good job of fitting the trend of Lp as a function of purity, the
actual physics of the interaction of excitons with impurities in the film will be far more
complicated. With multiple different types of impurities present, the extracted R, represents
an average Forster radius for all impurities within in the film. In actuality the interaction
of an exciton with each separate type of impurity will be different. Furthermore, there is

no way to distinguish between the different types of quenching mechanisms outlined in
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Figure 6.5 Exciton diffusion length (Lp) of a-NPD as a function of thin film purity as measured
by high performance liquid chromatography (HPLC). Solid line represents a fit of Lp as a
function of impurity concentration assuming exciton quenching by impurities via a Forster
mechanism. The fit yields a Forster radius from a-NPD to the impurity of R;= 1.3 nm and an
impurity free, maximum Lp value of Lpp= 7.0 nm, represented by the dashed line.

section 6.1 by the data set of Fig. 6.5. If for example, Eqn. 3.7, were inserted in to Eqn. 6.2
for a Dexter transfer impurity, the same dependence of Q"*2 would be determined, resulting
in the same fit to the data.
6.4 Conclusions

In this chapter we have demonstrated that molecular impurities present in organic
semiconductors can impede exciton diffusion by measuring Lp as native impurities were
systematically removed from films of a-NPD. Increases in Lp were caused by a reduction
in the concentration of exciton quenching impurities, which caused systematic decreases
in knr and increases in kr, D, and 7. When the trend of Lp versus purity was fit with a model

that assumes exciton quenching by Forster transfer, large increases in Lp were predicted at
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purities beyond 99%. This stresses the importance of attaining a high thin film purity in
order to optimize exciton diffusion in these types of systems.
6.5 Experimental Methods

Sample Preparation: The o-NPD source material was synthesized by The Dow
Chemical Company and HATCN was purchased from the Luminescence Technology
Corporation. All samples were grown by thermal vacuum sublimation at base pressures of
7x107 Torr, with deposition pressures < 9x10 Torr. Additionally, fresh source material
was loaded into a clean boat before each deposition in order to assure a constant starting
source material purity for each deposition. Photoluminescence quenching and = samples
were deposited on glass substrates and #pL samples were deposited on quartz substrates.
Additionally, = samples were encapsulated using a UV cured epoxy in order to eliminate
photo-oxidation affecting the measurements.

Photoluminescence and X-ray measurements: Photoluminescence was measured under
monochromatic illumination at A = 350 nm at an incident angle of & = 65° with s-polarized
light under a N> purge. In addition to measurements of Lp,  was measured by time-
correlated single photon counting and fit by a single-exponential decay and #pL was
measured in an integrating sphere. X-ray diffraction spectra were measured on 80 nm thick
a-NPD films deposited on silicon substrates using a Bruker Co. Ka source x-ray

diffractometer. For additional experimental details, see Appendix B.
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7. Measurements of exciton diffusion using photovoltage

Excitons are charge-neutral quasi-particles; therefore, it is difficult to directly probe
exciton diffusion by electrical means. Consequently, measurements of Lp rely on tracking
end-of-life products, specifically photons or charge carriers. As discussed in Chapters 5
and 6, PL quenching measurements work well for materials which emit light; however,
there is a large class of understudied materials with exceedingly low #p_ that are
inaccessible by these traditional measurements,186°67.68.70105133135137.146.182 Often | p of
these non-luminescent, dark excitonic materials are determined by device-based
photocurrent measurements. In these measurements, the material of interest is used as
either an electron donor or electron acceptor in a PHJ OPV and the #ege is fit for Lp by
combining rigorous simulations of the generating optical field”® with solutions to the
diffusion equation. 8151155183184 \while excellent fits to the experimental data are often
achieved with these measurements, photocurrent collection is subject to charge collection
losses which can be difficult to quantify. If 5cs or #ec are not unity, there will not be a one-
to-one relationship between the number of collected charge carriers and the number of
excitons which reached the D-A interface. Subsequently, extracted values of Lp will be
underestimates if the model does not properly account for these losses. As such, better
methods are needed to measure Lp of these dark excitonic materials.

In this chapter, a new technique is presented which determines Lp by measuring
photovoltage in an OPV at open-circuit. When an exciton reaches the D-A interface of an
OPV and the resulting CT state is dissociated, the generated free carriers occupy sites of
disparate potential energy, producing a measureable photovoltage. This results in a direct

relationship between the number of generated charge carriers, which is proportional to the
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number of dissociated excitons, and the magnitude of the voltage produced by the
device.’8-187 In order to measure Lp using a photovoltage-based technique, the exact
relationship between voltage and number of carriers must be known, and it must be
demonstrated that non-geminate recombination losses are negligible. Under open-circuit
conditions, no current will flow and the only active recombination pathway for carrier loss
is through non-geminate recombination.!#16122 |f the voltage can be measured
immediately after exciton dissociation, before significant non-geminate recombination
losses occur, this measurement will eliminate a non-unity zrc from influencing the
extracted Lp. However, CT states which undergo rapid geminate recombination at the D-
A interface will not accumulate in numbers sufficient to generate a measureable
photovoltage; therefore, this loss pathway will be included in these measurements.
Additionally, because this technique measures Lp in a working OPV, the measurement will
account for effects specific to the device, such as interface roughness, molecular ordering,
and substrate interactions. Therefore, the Lp extracted from these measurements will yield
a device relevant Lp value which represents the fraction of excitons that are able to be
dissociated and are capable of producing a useable photocurrent. Here, the Lp of boron
subphthalocyanine chloride (SubPc) and Ceo are measured using photovotolage and the
value of SubPc is compared with previous PL-based measurements. The technique is then
expanded to measure Lp in a series of previously inaccessible archetypical dark excitonic
materials.
7.1 Probing exciton diffusion with photovoltage

Figure 7.1a shows the device architecture used to demonstrate the photovoltage-based

technique for measuring Lp. The OPV is a PHJ device comprised of the electron donating
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material SubPc paired with the electron accepting material Cso. The device is capped with
an exciton blocking layer of bathocuproine (BCP) and a 100 nm thick aluminum cathode.
Exciton diffusion in SubPc and Ceo can be separately probed by selective excitation of their
absorption spectra. Figure 7.1b displays the extinction coefficients of SubPc and Ceo
compared to the emission spectra of the two light emitting diodes (LEDs) used to excite
the device. Here, a blue LED (Apeak = 455 nm) is used to excite Ceo and a green LED (Apeak
=530 nm) is used to excite SubPc. When the device is held at open-circuit and illuminated
with a 10 ps pulse from one of the LEDs, the photovoltage transients shown in Fig. 7.1c
are generated. Since SubPc and Ceo do not have completely distinct extinction coefficients,
excitons originating from SubPc comprise about 79% and 9% of the photovoltage response
for the green and blue LED pulses, respectively.”® The photovoltage response shown in
Fig. 7.1c can be characterized by four regions termed dark, rise, pre-recombination, and
decay. In the dark region, the LED is initially off and no carriers are present in the device,
corresponding to zero photovoltage. During the rise phase, the LED is turned on and optical
absorption generates excitons, some of which will diffuse to reach the D-A interface and
dissociate, generating charge carriers which produce a measurable photovoltage. The
accumulation of these charge carriers generates the linear voltage rise. Once generated,
there is a rate for charge carriers to undergo recombination, leading to the long time-scale
photovoltage decay after the LED is turned off. The eventual decay in photovoltage is
attributed to non-geminate charge carrier recombination, but the timescale for this process
is slow enough that the photovoltage can be measured before a substantial number of
charge carriers can recombine. This is demonstrated by the photovoltage ‘plateau’

observed initially after the LED is turned off in the pre-recombination region.
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Figure 7.1 (a) Device architecture and molecular structures of active layers in SubPc-Cg OPV.
(b) Pump spectra for LEDs peaked at wavelengths of A = 455 nm and A = 550 nm compared to
the thin film extinction coefficients of SubPc and Cgo. Representative plot of the open-circuit
voltage response to a 10 us incident light pulse showing four data sets. There are two data sets
shown in the regions labeled Dark, Rise, and Pre-recombination, where SubPc data is show in
green and Ceo data is shown in blue. The region labeled “Decay” shows two photovoltage
decays, one is for primarily pumping Ceo (squares) and one for primarily pumping SubPc (green
line in decay). Both decays correspond to a peak voltage of 16.5 mV and have time constants
of 13.6 ms. The equivalence of the decays demonstrates that the photovoltage decay only
depends on the number of carriers and not which material is being pumped.

The behavior of Fig. 7.1c can be approximated by different regimes of the rate equation

governing the number of carriers (n) in the OPV:

« G LED on,t & T,pc Rise
Z_rtl =-—+G~ 0  LED off,t & Tpec Pre —recombination (7.1)
Trec
—N%/Trec LED Of f,t = Tyec Decay

where G is the generation rate of charge carriers, zrec IS the non-geminate charge carrier
recombination time, and a represents the order of recombination.'® The plateau observed

in Fig. 7.1c verifies that zrec is sufficiently long such that a voltage can be measured in this
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experiment before any appreciable non-geminate recombination has occurred, enabling an
accurate measure of the number of charge carriers generated at the interface.
7.2 Relating photovoltage to the number of charge carriers

In order to extract Lp from the magnitude of the photovoltage plateau, the relationship
between the number of generated charge carriers and voltage must be determined. This
relationship can be difficult to calculate,'®18 but can be directly measured using charge
extraction (CE) methods.!89-11 The CE scheme used here, shown schematically in Fig 7.2,
relies on two transistors which flip on and off oppositely from one another. One transistor
is connected to the LED, turning it on and off, and the other transistor is connected to the

device, switching between open-circuit and shot-circuit. Initially, the LED is turned on and

Short-
Circuit

oy ‘ o Open- Pump Il,_.;;.:::"'-'-'-"'“ ~ |

SN Circuit LED
|'_
Gy
(a) (b)

Figure 7.2 Schematic of charge extraction measurement. (a) Open-circuit voltage measurement
of an OPV. A DC voltage (V1) is applied to LED and a positive voltage to gate of the transistor
(G1) connected to the LED, turning the LED on. The transistor connected to the OPV is off,
leaving the device at open-circuit, while steady-state voltage (V) is recorded. (b) Current
transient measurement of an OPV. Transistor connected to LED is off, turning the LED off. A
positive voltage is applied the gate of the transistor (G2) connected the OPV, providing a short-
circuit pathway to discharge the device and the resulting current transient is measured (A).
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the device is held at open-circuit
until a steady-state voltage is
reached and recorded (Fig 7.2a).
Then, simultaneously, the LED is
turned off and the device is
switched to short-circuit and the
resulting current transient is
recorded (Fig. 7.2b). The integral
of the current transient yields the
number of charge carriers stored in
the OPV, determining the
relationship between the number of
carriers and the photovoltage.®*187

Figures 7.3a,b show the current
transients recorded for the SubPc-
Ceo device as a function of
illumination intensity. As the
illumination intensity is increased,
more carriers are generated,
leading to a higher Voc and larger
current.

time-integrated Figure

%ff(t)dt

Carriers Extracted (x10™)

0 200 400 600 800
V__ (mV)

Figure 7.3 (@), (b) Current transients obtained by
switching the SubPc-Ceo device in Fig. 1b from open-
circuit (steady-state) to short-circuit. The arrow points
in the direction of increasing optical illumination and
hence, Voc prior to switching to short-circuit. In (a), the
Voc is varied from 3.4 mV to 37.6 mV while in (b), the
Voc is varied from 40.8 mV to 735 mV. (c) The trend
of carrier number as a function of photovoltage
obtained by integrating parts (a) and (b) with respect to
time. A linear fit (solid red line) to the data is also
shown with an intercept of zero and a slope of 1.31 x
10" carriers per Volt.

7.3a displays the current transients corresponding to Voc ranging from 3.4 mV to 37.6 mV

and Figure 7.3b displays current transients for Voc from 40.8 mV to 735 mV. Figure 7.3c
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displays the current transients integrated with respect to time, yielding the number of
charges stored in the device at a given photovoltage. Using this plot, any measure of

photovoltage can be converted into a measure of the number of charge carriers present in

the device. ;
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Figure 7.4 (a) Decay of SubPc photovoltage transient

shown in Fig 7.1c. Red line represents a single
exponential ~ fit, resulting in  characteristic
recombination time (zvec) 0f 13.6 ms. (b) Characteristic
charge extraction current decay from Fig. 7.3b with a
corresponding fit of 2.9 us. The large difference in
photovoltage compared t0 CE. gecay times between (a) and (b) suggests non-

geminate recombination is negligible in the charge
During the photovoltage  extraction measurement. (c) Equivalent circuit

diagram of an OPV connected to an external resistor
experiment at open-circuit, the (Rce). Components contained in blue line represent
OPV. See text for details of operation in photovoltage
and charge extraction measurements.

current transients. Figures 7.4a,b

show the decays of the
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dominant pathway for carrier loss is non-geminate recombination. Figure 7.4a shows that
the characteristic timescale for this process is zrec = 13.6 ms. During the CE measurement,
shown in Fig. 7.4b, the characteristic timescale for charge collection is zce= 2.9 ps, orders
of magnitude shorter than zrec. Additionally, it is instructive to think about this experiment
in terms of an equivalent circuit diagram, shown in Fig. 7.4c. Here, the OPV is shown in
the blue box and is connected to an external resistor (Rce) which measures Voc when Rce
= 1MQ and the current transient (Ice) when Rce= 50, near short-circuit. Inside the device,
carrier generation at the D-A interface acts as a current source (Jon) when the LED is on
and the device is at open-circuit, storing the charge in the active layers of the device, which
acts as a capacitor (C). Additionally, there are two resistors in parallel to the capacitor, one
which represents non-geminate recombination (Rrec) and one which represents the series
resistance of the device (Rs). Previous reports have measured Rs of OPVs ranging from 1-
1009, here we assume Rs = 50Q.1818 When the LED is off and Jon = 0, the circuit will
behave like a discharging RC circuit where R is given by the total resistance (Rit) of the

device and external circuit;

Reot = (7= + — )_1. (7.2)

Rrec  RstRcE
Using the results of Fig. 7.3c and Fig. 7.4a, Rrc can be estimated. Given the linear
relationship shown in Fig 7.3c, the capacitance of the device can be calculated by
multiplying the slope of curve, 1.31 x 10* carriers volt™, by the elementary charge, giving
C =21 nF. In reality, the device will never truly be at open-circuit or short-circuit when a
voltage is being measured through a resistor; thus, in the photovoltage measurement zrec
reflects the response of the total circuit, which approximates open-circuit conditions with

a Rce= 1 MQ. As a result, in this measurement Ryt IS given by rec/C. Solving Eqgn. 7.2 for
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Rrec yields a value of 1.8 MQ. During the CE measurement, when Rce = 50€2, the ratio of
the recombination current (lrec) to Ice will provide insight into whether non-geminate
recombination is affecting the CE measurements. In a discharging RC circuit, the current

can be determined by:

I(t) = _—Qoe_t/TC‘E1 (7.3)

RtotC
where Qo is the initial charge stored on the capacitor. Inserting Eqn. 7.2 into Eqn. 7.3 and
expressing lrec and Ice in terms of their component resistances, the current ratio at any time
t is given by:

frec — Res®s — 5.6 x 107° (7.4)

Ice Rrec

Thus, we conclude that impact of non-geminate recombination on the charge extraction
measurement is negligible, in agreement with a previous analysis.'%
7.3 Extracting the exciton diffusion length

With the relationship between photovoltage and number of carriers established, as well
as the knowledge that recombination can be ignored, the Lp of SubPc and Ceo can now be
determined. Using the measured relationship shown in Fig. 7.3c, the voltage plateaus can
be converted into a measure of the number generated charge carriers or equivalently, in the
absence of non-geminate recombination, dissociated excitons. For SubPc, the 16.6 mV
photovoltage plateau corresponds to 2.09 x 10° dissociated excitons. Additionally, the
number of incident photons needs to be determined. The LED spectra are measured with a
spectrometer and the pulse power is measured using a silicon photodiode. For the

green pulse used to establish the 16.6 mV photovoltage rise in Fig. 7.1c, it is determined

that 8.64x 10° photons were incident on the device.
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Knowing the incident number of photons and resulting number of dissociated excitons,
Lp can be extracted by modeling #a and #p of the device. A transfer matrix formalism is
used to calculate the exciton generation profile in the device as a function of incident
photon wavelength, which determines 7a.”® Using this generation profile, the exciton
diffusion equation can be solved to calculate #p(4,Lp). Example calculations of #a#p for
varying values of SubPc Lp are shown in Fig.7.5a. Multiplying #anp by the number incident
photons (Pinc) and integrating with respect to wavelength yields the number of carriers that
would be generated from exciton dissociation (ngen) as a function of Lp:
Ngen = annD (A4, Lp)Pinc(D)dA. (7.5)
Values of Lp are then iterated until ngen determined from Eqn. 7.5 matches the measured
number of 2.09 x 10° dissociated excitons. Figure 7.5b shows the results of Eqn. 7.5 at
varying values of the SubPc Lp, demonstrating that in this example the Lp of SubPc is 8.4
nm. A similar analysis is used to extract the Ceo Lo from the Ceo photovoltage transient
shown in Fig. 7.1c, resulting from excitation from the blue LED. The LED pump spectra
and simulated »anp under varying values of Ceo Lp are shown in Fig. 7.5¢c. Applying Eqgn.
7.5 to the curves in Fig. 7.5¢ generates Fig. 7.5d. In this example, the Ceso Lp is determined

to be 11.5 nm.
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Figure 7.5 (a) Simulated #nanp for variable values of the SubPc Lp, with a constant Ce Lp of
11.5 nm. Also shown, is the total number of photons incident on the device over a 10 ps pulse
(solid blue line). (b) The number of charge carriers predicted to be generated for different SubPc
Lo values. The horizontal line (red) marks the experimentally measured number of charge
carriers generated. The labels on the bars represent the photovoltage (in millivolts) the device
would generate for each value of Lp showing the sensitivity of the technique. (c) Simulated
nano for variable values of the Cgo Lo, with a constant SubPc Lp of 8.4 nm, and the total number
of incident photons over a 10 ps pulse (solid blue line). (d) The predicted number of generated
charge carriers for different values of the Ce Lp. The horizontal line (red) marks the
experimentally measured number of charge carriers generated, while the bar labels represent
the generated photovoltage (in millivolts) for each value of Lp.

Figures 7.5b,d demonstrate the sensitivity of the photovoltage measurements. Each bar
is labelled by the photovoltage (in mV) that would be measured for the corresponding Lp
value and number of generated charge carriers. The oscilloscope used to measure the
photovoltage transients has a resolution of ~0.2 mV, which corresponds to an Lp resolution
of about £0.2 nm for this device. While Lp can be determined within this small error for a

single device, there remain uncontrolled effects in device fabrication that lead to more
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substantial device-to-device

variation. In order to account for
this, the standard deviation across
twelve devices is used to determine

the error in Lp, resulting in values of

o Measured

Predicted SuE:i

@00 S0 eoo 700
Wavelength (nm)

(8.5 1.0) nm and (11.5 £ 1.2) nm

Extemal Quantum Efficiency (%)

for SubPc and Ceo, respectively.

To put these measurements into ~ Figure 7.6 Comparison of the measured device 7eqe

to that predicted using Lp values extracted from

context and validate the Photovoltage with 5cc = 1. Since the measurement of
Lo intrinsically reflects the impact of geminate
recombination, the agreement between the measured
and simulated #xege suggests that non-geminate

] ] recombination is negligible in this device at short
instructive to compare these results  jycyit.

photovoltage approach, it is

to the Lp measured by established techniques. Figure 7.6 shows the SubPc-Ceso device 7eqe
determined from the experimentally measured photocurrent spectra. This is compared to
the yanpthat is predicted from the photovoltage Lp values, resulting in excellent agreement.
Direct fitting of the neqe data using the same model yields Lp values of 8.0 nm and 12.2
nm for SubPc and Ceo, respectively, similar to those obtained from photovoltage. The
agreement between these two measurements suggests that non-geminate recombination
losses, which are circumvented by the photovoltage measurements, are negligible near
short-circuit for this device.

Geminate recombination at the D-A interface will account for the difference in Lp
measured by PL quenching and photovoltage. Previous PL quenching measurements of
SubPc cite an Lp of 10.7 nm, larger than what is reported here using photovoltage.®” This

suggests that substantial geminate recombination present at the D-A interface results in an
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underestimate of the intrinsic Lp value. Thus, the Lp determined from photovoltage
measurements represent a device relevant value which determines the fraction of excitons
that are dissociated and capable of producing a useable photocurrent. The exact relationship
between these measurement techniques and methods to quantify and decouple
recombination mechanisms, as well as determine intrinsic Lp values from photovoltage

measurements will be examined extensively in Chapter 8.

N N / N N
N N NH N N N N N
N Cu N N N M Mg N N Pb N
N N N HN N N N N
N N Y N N
CuPc H,Pc MgPc PbPc

Figure 7.7 Series of archetypical non-luminescent, dark phthalocyanine molecules that are
commonly used as OPV donors. Copper phthalocyanine (CuPc), metal-free phthalocyanine
(H2Pc), magnesium phthalocyanine (MgPc), and lead phthalocyanine (PbPc) differ only by their
central coordinating atom.

7.4 Measuring dark exciton transport in phthalocyanine devices

Now that the technique has been demonstrated on a luminescent material and the
constraints and assumptions of the photovoltage measurements are understood, it can be
expanded to measure Lp of dark excitonic materials The method can be broadly applied to
any material of interest that can be implemented as either a donor or acceptor layer in a
PHJ OPV (i.e. it produces a photovoltage) without the need to optimize the device or reach
high efficiency. Some of the most ubiquitously used dark materials in OPVs, in addition to
Ceo, are phthalocyanine donors. Here, we measure Lp for a series of dark phthalocyanine
molecules which differ only in their central coordinating atom (Fig. 7.7).

An example of a copper phthalocyanine (CuPc) photovoltage Lp measurement is

displayed in Fig. 7.8. Figure 7.8a displays the device architecture, consisting of a
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Figure 7.8 (a) Architecture for the planar heterojunction OPV based on the donor-acceptor
pairing of CuPc-Ceo. (b) Comparison of the extinction coefficients for CuPc and Cgo as well as
the spectrum of the LED pulse (Zpeak = 735 nm) used to pump CuPc. (c) Three photovoltage
rises recorded when pumping CuPc with the 4 = 735 nm LED at intensities of 62.7 mW cm
(black), 100.4 mW cm2 (red) and 142.8 mW cm (blue). (d) The relationship between charge
carriers and voltage in the CuPc-Cgo device obtained using the charge extraction method and an
exponential fit to the data. (e) Simulated #ano curves for three CuPc Lo values with a constant
Ceo Lp of 12.1 nm compared to the time integrated LED pump spectrum. (f) Comparison of the
predicted number of charge carriers generated (for multiple values of the CuPc Lp) to the
photovoltage-based measurement (horizontal line). The Voc (in millivolts) that would be
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LED (Apeak = 735 nm) is absorbed by CuPc. Three photovoltage transients taken under
varying excitation intensity from a 10 us LED pulse are displayed in Fig. 7.8c. As the
intensity of LED pulse increases, more excitons will be generated and dissociated, leading
to higher number of generated charge carriers and photovoltage plateau. These
photovoltage plateaus can be converted to a number of dissociated excitons using the CE
relation in Fig 7.8d. Figure 7.8e shows the calculated »anp for three CuPc Lp values
overlaid with the LED spectrum at an intensity of 100.4 mW cm. Figure 7.8f gives the
results of applying Eqn. 7.5 to a series of #anp curves for the 100.4 mW cm2 pump. In this
examples, an Lp of 5.0 nm is extracted for CuPc. By varying the intensity of LED, each
photovoltage transient provides an individual measurement of Lp. Values of Lp extracted
for the other pump intensities agree with this example, resulting in Lp = 4.94 nm for the
67.3 mW cm?pulse and Lo = 4.97 nm for the 142.8 mW cm pulse.

Figure 7.9 shows the
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Figure 7.9 Values of Lp extracted using the photovoltage-

magnesium (MgPc) Lp = 2.8 based technique for Ceo and a series of phthalocyanine
molecules differing in the coordinating metal atom: metal-

_ free (H2Pc), magnesium (MgPc), copper (CuPc), and lead

nm, and lead (PbPc) Lo = 4.6 (PbPc). The small square symbol represents the mean of all

] ] measured devices.
nm. Device architectures,
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photovoltage transients, CE measurements, #anp plots, and photovoltage sensitivity plots
for the remaining materials are displayed in Appendix D. In addition to demonstrating the
wide applicability of the photovoltage approach, Fig. 7.9 also demonstrates an interesting
trend. The average Lp for all the phthalocyanine materials fall with a range of less than two
nanometers despite the nature of the exciton being very different in the materials. The
exciton in HaoPc is likely a singlet exciton with a lifetime of 250ps, whereas the excitons in
the materials with a heavy metal atom, like CuPc and PbPc, are likely long-lived triplets,
providing a unique opportunity to contrast the motion of singlet and triplet excitons in
similar environments.1%2
7.5 Conclusions

This chapter has demonstrated a new photovoltage-based measurement technique
which probes exciton harvesting in OPVs. The technique is generally applicable to any
material that can facilitate exciton dissociation in a PHJ OPV. The approach relies on the
direct relationship between photovoltage and number of charge carriers present in the
active layers of the device. It was established that photovoltage measurements can be made
before any substantial non-geminate recombination occurs, which implies that the number
of charge carriers equals the number of dissociated excitons. The measurement is still
subject to geminate recombination losses, meaning the measured Lp yields a device
relevant value that represents the fraction of excitons which are able to be dissociated and
extracted as photocurrent. Photovoltage provides a useful tool to probe exciton harvesting
in non-luminescent dark excitonic materials which are inaccessible by conventional PL
quenching techniques. In the next chapter, photovoltage measurements will be used to

quantify charge carrier recombination losses and it will be demonstrated that intrinsic Lp
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values of dark materials can be extracted when photovoltage and PL quenching
measurements are combined.
7.6 Experimental methods

Device preparation: All materials were used as received. Materials were obtained from
the following suppliers: H2Pc and MgPc from Sigma-Aldrich; CuPc from Acros Organics;
lead phthalocyanine from TCI America; BCP and Al from Alfa Aesar; SubPc and UGH2
from Luminescence Technology Corporation; and Ceo from MER Corporation. All devices
were capped with a 10-nm-thick exciton blocking layer of BCP and a 100-nm-thick cathode
layer of Al. All devices have an active area of 0.25 cm?. For additional experimental
details, see Appendix B.

Charge extraction: Charge extraction experiments were performed in atmosphere
using an M455F1, M530F1, M625F1, or M735L3 LED from Thorlabs as the light source.
The n-channel MOSFETS used to switch the LED and the OPV were manufactured by
STmicroelectronics (STP27N3LH5). Integrated gate driver circuits were used to
simultaneously switch the LED transistor and the OPV transistor. Since the transistors
controlling the LED and the OPV must switch states in opposite directions at the same
time, an inverting gate driver (Microchip Technology TC4421AVPA) was connected to
the LED transistor and a non-inverting gate driver (Microchip Technology TC4422AVPA)
was connected to the OPV transistor. The gate drivers were operated by the same pulses
from an Agilent 33220A pulse generator, and the current transients were recorded using a
Tektronix TDS5104B oscilloscope. The error bars in Fig. 2c and Fig. 5e represent the

standard deviation across eight devices.
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Voltage transients: Voltage transients were measured in atmosphere. The same LEDs
used in the charge extraction experiment were used to obtain the voltage transients. The
LEDs were powered by a Hewlett-Packard 8114A pulse generator, and the voltage
transients were recorded by a Tektronix TDS5104B oscilloscope. The spectrum of each
LED was measured using an Ocean Optics HR4000 spectrometer and the power output of
the LEDs was recorded using a Thorlabs PDA36A amplified silicon photodetector. The
values of Lp obtained were (11.5 £+ 1.2) nm for Ceo, (8.5 £ 1.0) nm for SubPc, (4.7 + 0.7)
nm for HzPc, (2.8 £ 0.4) nm for MgPc, (4.7 = 0.7) nm for CuPc, and (4.6 = 0.9) nm for
PbPc. Values of Lp for a single device were determined by averaging three to five voltage
transient measurements using LED intensities ranging from about 10 to 150 mW cm™,
Reported Lp values are obtained by averaging measurements of twelve Ceo, twelve SubPc,
six HzPc, three MgPc, fourteen CuPc, and three PbPc devices. The error is the standard

deviation across all devices and LED intensities.

Acknowledgement: The work in this chapter was conducted in collaboration with Tyler
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8. Decoupling photocurrent loss mechanisms

As discussed in Chapter 5, a variety of different techniques can be used to measure Lp.
Each technique comes with its own set of constraints and assumptions and often Lp
measurements of the same material using different techniques do not agree.?® Thus far in
this work, three different techniques have been used to extract Lp: PL quenching,
photovoltage-, and photocurrent-based methods. When one considers what is physically
being measured by each of these techniques, it is apparent that each technique actually
probes a different point in the photoconversion process, as shown in Fig. 8.1.
Photoluminescence quenching measurements probe the fraction of excitons which do not
reach the dissociating interface. Therefore, this technique probes absorption, diffusion, and
charge transfer, offering an intrinsic value of Lp for the material under study, provided #cr
= 1. Photovoltage measurements require that the generated CT state be dissociated into free

carriers, thus probing absorption, diffusion, and charge transfer, as well as CT state
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Figure 8.1 Different exciton diffusion length measurement techniques probe different points in
the photoconversion process. (a) Photoluminescence quenching experiments probe diffusion
and charge transfer, offering intrinsic value of the diffusion length. (b) Photovoltage
measurements require charge transfer state dissociation and probe diffusion, charge transfer,
and charge transfer state dissociation. (c) Photocurrent measurements require collection of
carriers and probe all steps of photoconversion.
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dissociation, subject to geminate recombination losses. Photocurrent based methods
require that charges be physically collected at the electrodes, probing all five steps of the
photoconversion process, subject to both geminate and non-geminate carrier losses. In this
chapter we will employ each of these techniques on a PHJ SubPc-Ceso device. Given that
each technique probes different steps in the overall photoconversion process, comparing
them yields a quantitative measure of both the diffusive behavior of the exciton, as well as
the active recombination pathways in the device.
8.1 Photocurrent loss mechanisms

The current-voltage behavior of an OPV result from the sum of two contributions: the
diode behavior of the device, which produces a rectifying dark current (Jgark) from carrier
injection at the electrodes and recombination at the D-A interface and photocurrent (Jphoto)
generated from the five step mechanism presented in Section 4.1. As a function of forward
bias voltage throughout the fourth quadrant, the values of #p, #cs, and 7rc can be reduced
due to exciton- and polaron-driven losses %498-100.110-112114115117.118 Thege parasitic loss
pathways often result in a steep reduction in the photocurrent as a function of forward bias
voltage, leading to low device FF that limits the maximum operating power of a
device.%114116 Reductions in 7o can result from excitonic losses caused by increases in
exciton-polaron quenching.®”1% It has been established that there is a direct relationship
between the voltage and the number of charge carriers present in the device,%%185-187
Therefore, it follows that as the forward bias voltage increases, so does the number of
polarons, increasing the probability of exciton-polaron quenching occurring prior to
dissociation. Charge transfer state®119-112 and free charge carrier®#114115117.118 |gsses can

also increase as function of forward bias voltage. The difference in work function between
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the anode and cathode in an OPV creates a built-in electric field in the active layers of the
device. The force exerted on electrons and holes by this built-in field will act in opposite
directions, as shown in Fig. 8.2a. Due to these opposing forces, the internal electric field
can aid in both CT state dissociation, by spatially separating the CT state, and free carrier
collection, by causing electrons and holes to drift to the cathode and anode, respectively.
However, when the device is under forward bias, an electric field is induced which opposes
the built-in field, reducing the overall internal electric field within the device and driving
force for CT state separation and free carrier collection, as shown in Fig 8.2b. This
reduction has been demonstrated to reduce #cs and nrc in many systems due to increases
in both geminate and non-geminate recombination, respectively. In BHJ OPVs, the internal
electric field determines #rc; however, PHJ OPVs have an additional contribution from
diffusion sweeping charge carriers away from the interface and the dependence of #rc on

electric field is expected to be reduced in these devices.'?? The effects of these loss

‘ EBI EBI - EA'p'p
_

—
m— —
q
Vapol
A —O
F = qEg, F= Q(EBI - EAPP)

(a) (b)
Figure 8.2 (a) At short-circuit the built in electric field (EB,) exerts a force (ﬁ) on electrons and
holes which acts in opposite directions. This F can aid in both charge transfer state dissociation
and free carrier collection. (b) Under forward bias (V,,,), an applied electric field (E4p,)

opposes Eg; and reduces the F on electrons and holes, which can increase geminate and non-
geminate recombination.
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processes are often convoluted and difficult to decouple. In order to make informed
decisions about materials and device design to mitigate these losses and improve device
performance, there needs to be a quantitative understanding of which recombination
mechanisms are dominant and limiting device performance at a given operating voltage.

In this study, a PHJ device based on the D-A pairing of SubPc-Ceo is measured by PL
quenching, photovoltage, and photocurrent techniques in order to demonstrate a method to
quantitatively decouple #p, 7cs, and 5rc as a function of forward bias voltage and provide
a better understanding of the mechanisms which limit photocurrent generation. First, the
effective Lp will be measured as function of forward bias by photovoltage measurements
in order to determine the effects of geminate recombination. When these values are
compared to photocurrent-based neqe measurements, the amount of non-geminate
recombination present at short-circuit will be elucidated. Single carrier devices are
fabricated to determine the effects of exciton-polaron quenching as a function of voltage.
The effective Lp are then used to predict Jonoto @S a function of voltage in order to
differentiate which loss mechanisms are dominant. Lastly, when PL-quenching and
photovoltage measurements are combined, the intrinsic Lp of SubPc and Ceo can be
determined and values of #cs and #ec are quantified as a function of forward bias voltage.
8.2 Measuring Lo as a function of voltage

To elucidate the recombination mechanisms responsible for photocurrent loss in the
fourth quadrant, the effective Lo must be measured as a function of voltage to help
determine the role of geminate recombination and exciton-polaron quenching. Recently, it
has been established that the total number of carriers in a device is the same at a given

voltage, whether the device is at open-circuit or an operating voltage.'®” Therefore, the Lp
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extracted  under  open-circuit
conditions in the photovoltage
measurement is equivalent to the
value that would be extracted at the
same operating voltage. This
measurement, is identical to the
photovoltage and charge
extraction measurements
described in Chapter 7, except that
during the photovoltage
measurement a constant
background illumination is applied
in order to bias the device to a
desired voltage.

For SubPc, the baseline

voltage (Vback, Fig. 8.3a) is
established by selectively exciting
the Ceo acceptor with a constant
light bias from a blue LED (Apeak =

455 nm). This blue light is
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Figure 8.3 (a) Photovoltage transient used to extract
the effective exciton diffusion length as a function of
forward bias voltage. A constant background
illumination is applied to the device in order to establish
a steady-state baseline voltage (Vyacx). EXciton
diffusion is then probed by a 10 pus LED pulse which
creates a small voltage rise (AV) on top of Vpgek. (D)
Baseline voltages as a function of light intensity from
blue LED (Apeak = 455 nm) (c) Photovoltage
transients, normalized to V., = 0, used to extract the
effective diffusion length for SubPc. As Vipgcr IS
increased AV decreases, signifying a reduction in
effective diffusion length. Colors of voltage transients
in Figures 8.3b and 8.3c are consistent.

absorbed primarily by the Ceo acceptor. Excitons generated in the Ceo layer then diffuse and
dissociate to create a steady-state voltage (and polaron density) across the device. Figure

8.3b shows that incremental increases in the intensity from the background blue LED, from
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0 to 18.6 mW cm™, lead to a steady-state device voltage that increases from 0 to 700 mV.
In addition to this background illumination, the device is also excited by a 10 ps pulse from
a green LED (Apeak = 530 nm) with an intensity of 13.0 mW cm™. The green pulse is
primarily absorbed by the SubPc layer, creating a small voltage rise (AV, Fig. 8.3a) on top
of Vhack, Which probes exciton diffusion on SubPc. Using this technique, the voltage across
the device can be varied, while minimizing changes in the exciton density in the layer of
interest due to the weak absorption of the background LED. Figure 8.3c shows the
photovoltage measurements with a normalized Vpack to emphasize the decrease in AV as a
function of forward bias, signifying a reduction in the effective Lp.

The photovoltage transients shown if Fig. 8.3c can be used to extract an effective Lp.
The method used to determine Lp in this study is subtly different than what is presented in
Chapter 7. In this method, instead of simulating na and #p at an arbitrary excitation
intensity, the intensity and spectral shape of the LED excitation is directly input into the
diffusion model and converted to an exciton generation rate.”® Solving a diffusion equation
yields the exciton density profile, n(x). From this profile, the number of dissociated

excitons can be determined from the time-integrated exciton flux at the D-A interface as:

dn(x)
Npg = TpulseAD % |p-a Interfacer (8.1)

where Npe is the total number of dissociated excitons, zpuise is the duration of the LED pulse
(zpuise=10us), A is the excitation area, and D is the exciton diffusivity. This methodology
assumes zcrand zcs are unity, an approximation we will revisit later. Values of Lp are then
iterated until the simulated Npg matches the number determined from AV. This method will
yield the same value of Lp as the method presented in Chapter 7; however, it provides an

accurate measure of the exciton density needed to gain a better understanding of the

104



-
(8]

'm 2=455 nm Background| |
A 2=530 nm Background] ﬁ } _

—
o~
T

S
H=ge—
H——

8+§*5i§ 1 .
4l ] '
2'SubPc * {C,, o

0 200 400 600 0 200 400 600 800
Voltage (mV)

Figure 8.4 The effective exciton diffusion length determined via photovoltage, incorporating
geminate recombination, of (a) SubPc and (b) Ceo as a function of forward bias voltage. Blue
squares represent measurements taken with a A = 455 nm LED used as constant background
illumination and green triangles represent measurements taken with a A = 530 nm LED
background. The agreement between these measurements suggests that exciton-exciton
annihilation is not contributing to the observed reduction in effective Lp.
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excitonic loss mechanisms. The results of this analysis are presented in Fig. 8.4. The
effective values of Lp for SubPc and Cego are found to decrease from (8.4 + 0.8) nm and
(14.3 £ 1.4) nm, respectively, at 0 mV, to (2.3 £ 0.2) nm and (2.4 = 0.2) nm, respectively,
at 700 mV. At a voltage of 500 mV, corresponding to the maximum power output of the
device, the effective values of Lp for SubPc and Ceoare (5.9 + 0.6) nm and (8.4 £ 0.8) nm,
respectively. These reductions could be caused by decreases in 7p due to exciton-polaron
quenching or zcs due to an increase in the geminate recombination rate. To our knowledge,
this is the first technique capable of accurately probing exciton harvesting at device

relevant operating conditions, where secondary loss mechanisms are active.
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8.3 Excitonic loss mechanisms

Due to the increasing light intensity used to establish the voltage, exciton-exciton
annihilation could also become significant and contribute to a reduction in the effective
Lp.202104.108 1n order to determine if this secondary loss mechanism is affecting the results
of the measurement, Lp is again measured as a function of voltage, except now with a
background light bias corresponding to absorption on the layer of interest, i.e. the LED
peaked at 2 = 530 nm for SubPc and 1 = 455 nm for Ceo. This leads to a much larger
background exciton density in the layer of interest, which will scale as a function of
voltage. If exciton-exciton annihilation is contributing to the reduction in effective Lp, it is
expected that Lp in this second experiment will decrease more rapidly as a function of
voltage, due to the increased exciton densities and quadratic dependence of exciton-exciton
annihilation on the exciton density.%":102104

For the case of SubPc, the background light bias (at 2 = 530 nm) was incrementally
increased from 0 to 13.0 mW cm to increase the voltage from 0 to 700 mV in ~100 mV
steps. This corresponds to an increase in the background exciton density by about an order
of magnitude with respect to the blue light background (at A = 455 nm). For example, in
the measurement taken at 700 mV, the background exciton density is increased from 3.09
x 10 cm?to 3.15 x 10*2 cm®in the SubPc layer. However, as shown in Figure 8.4, the
trend of the effective Lp versus voltage is the same for both SubPc and Ceo irrespective of
which light bias, and consequently exciton density, is used. This suggests that exciton-
exciton annihilation is not contributing to the reduction in effective Lp using this

measurement technique.
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Next, the effect of exciton-polaron quenching needs to be determined in order to
decouple the relative contributions of excitonic and CT state losses to the reduction in
effective Lp. In this device, as the voltage is increased to 700 mV, the spatially averaged
polaron density increases from 2.6x10'® cm2and 1.6x10'® cm® near 0 mV to 2.2x10*®
cm™ and 1.1x10' cm™ at 700 mV for the SubPc and Cqo layers, respectively. Here, the
polaron densities are calculated by converting the average voltage of a given photovoltage
transient into a total number of generated carriers using the CE relation and dividing by the
volume of the layer of interest. To determine if exciton-polaron quenching is active at these
densities, single carrier devices, hole-only for SubPc (Fig. 8.5a) and electron-only for Ceo
(Fig. 8.5b), were fabricated and PL was measured as a function of increasing current
density, and hence polaron density.168:193.1%

In the presence of exciton-polaron quenching, the steady-state one-dimensional exciton
rate equation can be expressed as'%%10°

0= =2+ G — Kex_pMexTpor, (8.2)
where nex is the exciton density, 7 is the exciton lifetime, G is the optical generation rate,
Kex-p IS the exciton-polaron quenching rate, and npor is the polaron density. In order to extract
Kex-p, PL from SubPc and Cgo are measured as a function of unipolar current density in the
device, which then needs to be converted to a measure of the polaron density. The models
used to fit these measurements assume that the device is operating in a space charge limited
current regime. This means that current flow through the device is dominated by carrier
injection from the contacts and that the current is controlled by the mobility of the carriers
and not the intrinsic material carrier densities. The simplest and perhaps most widely used

model of this type is the Mott-Gurney law.%>% Here, Ohm’s law (] = puE) is combined
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Figure 8.5 Energy level diagrams of device architectures for (a) hole-only SubPc devices and
(b) electron only Ceo devices. Fitting the normalized photoluminescence of these devices as a
function of current density yields the exciton-polaron quenching rate (kex-p) for SubPc (c) and
(d) Ceo.

with Gauss’ law (Z—i = g) and solved in order to express a current voltage relationship for
the device, where J o V2. The devices used here did not display this quadratic behavior,
so the current voltage relation was fit with a more complicated model which incorporates
an exponential distribution of charge carrier traps in the active layers of the device.*®® This

model assumes a drift current that is controlled by a linear voltage drop across the device,
yielding J = pru V/L, where ps is the free carrier density, « is the electron or hole mobility,

L is the thickness of the device, and V is the voltage. Here, L ranged from 84.1 nm to 168.3
nm for the Cgp devices and from 89.6 nm to 176.3 nm for the SubPc devices. The free

carrier density is then expressed in terms of a temperature activated carrier density resulting
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from an exponential distribution of traps. Inserting this expression for psinto the equation

for J yields'09:196.197

1
_ (2wt [ saien (oMo ] _ b
V= (l+1) [euNCL ( el ) ] o C]Hl' (83)
where | is the ratio of the temperature of the trap distribution to the ambient temperature,

Nc is the density of trap states at the transport level, ¢ is the permittivity, e is the elementary

charge, and C is a constant. Next, J needs to be converted into a measure of npol. Inserting

2
Eqn. 8.3 into Gauss’ law (— ZTZ = @) and solving yields
.
_ €& 21+1\1+1
Mot = 512 ( l+1) ' (8:4)

Plots of the normalized PL as a function of npo are shown in Fig. 8.5¢ and 8.5d, for
SubPc and Ceo, respectively; from which, kex., can be determined. The photoluminescence

efficiency in the presence of polaron quenching can be expressed as np, =
k, : : : . : . :
/kr + Ky + Mporkiex—p’ Using this relation, the PL intensity normalized to the PL in the

absence of polaron quenching can be fit to

PL(Npol) 1 (8.5)

PLy  1+TnpoiKex—p

where 7 is the exciton lifetime in the absence of polaron quenching. Inputting z of 0.5 ns
and 0.59 ns for SubPc and Ceo, respectively, results in Kexp of (3.4 + 0.4 x 10"*Y) cm® s for
SubPc and (1.7 £ 0.2 x 10'*) cm® s for Ceo, as shown in Figs. 8.5¢,d.5”%° Here, the error

bars are determined as a statistical error from the fitted data. Assuming that exciton-polaron

quenching will not affect the diffusivity, Lo can be expressed as\/D(r—1 + kex_pnpol)_l.

Inputting the values of kex-p into this equation, Lp of both SubPc and Ceo are both reduced
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by 0.1 nm at the maximum npa, allowing us to conclude that this mechanism is not a
dominant loss pathway at the range of polaron densities accessed in these measurements.
However, it should be noted that this conclusion relies on the assumption of a spatially
averaged, flat polaron density. While this may be a reasonable assumption at open-circuit
when the current density is equal to zero, this assumption may break down at operating
voltages when current is flowing through the device. From the charge extraction
measurement we only know the total number of polarons in the active layer, but nothing
about their spatial distribution. In a PHJ device, all of the polaron generation takes place at
the D-A interface. At a given operating voltage, if a large majority of the polarons are
located within a few nanometers of the D-A interface the density in this region would be
much higher than our spatially averaged approximation. This could lead result in exciton-
polaron quenching that could potentially reduce Lp and would not be accounted for in this
simple model. With that being said, in the absence of significant exciton-exciton and
exciton-polaron quenching, an increased geminate recombination rate as a function of
voltage remains as the cause for the observed reduction in effective Lp in this device.
8.4 Decoupling photocurrent loss mechanisms

To fully decouple the pathways responsible for photocurrent loss, the effect of non-
geminate recombination must be quantitatively determined throughout the fourth quadrant.
At short-circuit this can be accomplished by comparing values of Lp determined from
photovoltage measurements to photocurrent measurements which are subject to non-
geminate collection losses. As shown in Fig. 8.6, when the effective Lp values determined

from photovoltage are used to predict the experimental neqe, excellent agreement with the
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prediction of nege based on the effective Lp measured by
photovoltage. Agreement suggests that non-geminate
recombination losses are negligible near short-circuit.

voltages, Jpnoto IS predicted
from the effective Lp values
measured by photovoltage, which are subject to geminate losses only. The experimentally
measured Jpnoto IS Shown in Fig. 8.7 (green line) is extracted by illuminating the device with
AM 1.5G illumination at 100 mW cm2 and filtering out the dark current (Jeark) contribution
with a lock-in amplifier. The effective Lp values are input into a diffusion model with a
generation term equivalent to the same one-sun illumination and the predicted Jpnoto (black

squares) can be determined by

an(x)

Jphoto = NrcqD ax |D—A1nterfacea (8.6)
where q is the elementary charge. In this model, #rc will account for the different between
the measured and predicted Jpnoro; however, Fig. 8.7 demonstrates that Jpnoto IS best
reproduce with a unity #rc, suggesting non-geminate recombination does not contribute to

the loss in Jpnoto iN this device, even at higher voltages. Consequently, the reduction in Jphoto
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Figure 8.7 Experimentally measured dark current density (Jaark), photocurrent density (Jphoto)
and total-current density (Jiwtl) Of the SubPc-Cgo device illuminated by AM 1.5G at 100 mW
cm 2. Black squares represent the predicted Jpnoto determined from the effective Lp measured by
photovoltage. Agreement between the measured and predicted Jpnoto SUgQeSts that geminate
recombination is responsible for photocurrent losses in the fourth quadrant. The red line (Jmax)
represents the Jpnoto that would be extracted from the device in the absence of carrier
recombination losses determined from the intrinsic Lp values.
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is caused by an increasing geminate recombination rate, likely due to a reduction in the
internal electric field with increasing voltage.
8.5 Quantifying geminate and non-geminate recombination

Now that the mechanism responsible for photocurrent loss has been elucidated, values
of #p, ncs, and nec need to be quantitatively determined. To do this, the intrinsic Lp values
in the absence of any carrier recombination are determined by a thickness-dependent PL
quenching measurement of SubPc. Here, a 15.6 nm thick layer of Cgo is used an exciton
quencher to preserve the interface that is present in the device measurements.
Photoluminescence spectra were measured for a series of ten SubPc films ranging in
thickness from 5.3 nm to 39.5 nm. Photoluminescence ratios and Lp fit are shown in Fig.

8.8a, yielding an intrinsic Lp = (11.2 + 1.0) nm for SubPc.
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Figure 8.8 (a) Thickness dependent photoluminescence quenching diffusion length
measurement of SubPc using a Ceo exciton quencher. Measurement offers an intrinsic value of
the exciton diffusion length. (b) Spectrally resolved diffusion length measurement of Cg film
using a HATCN exciton quencher. Agreement of this measurement with the Cgo diffusion length
determined from photovoltage and SubPc photoluminescence quenching measurement helps
validate the method of decoupling charge-transfer state separation efficiency.

Knowing the intrinsic value of Lp for SubPc, ncsand the intrinsic Lp of Ceo can now be
determined. When the photovoltage data for SubPc is re-fit using an Lp of (11.2 + 1.0) nm,
a value of #cs = (79.1 + 8.8) % is obtained near 0 mV. Re-fitting the Ceo photovoltage data
with 7cs = (79.1 + 8.8) % results in an intrinsic Ceo Lp 0f (19.4 = 1.7) nm. Additionally, to
ensure the validity of this approach, the Ceo Lo was also measured by PL quenching. Due
to the exceedingly low luminescence efficiency of Ceo, Lo Was determined by spectrally
resolved PL quenching on a relatively thick 46.1 nm film of Ceo, deposited on quartz, with
a12.9 nm HATCN exciton quencher deposited on top of the Ceo film. Additionally, for the
unquenched film, a 12.7 nm layer of BCP was deposited on top of Ceo in order to avoid
effects of oxidation. As shown in Fig. 8.8b, this experiment is in agreement with the

previous measurements yielding an intrinsic Ceo Lp = (18.7 = 0.7) nm. Importantly, this
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Figure 8.9 Charge-transfer state separation efficiency (ycs) and free carrier collection efficiency
(nrc) as a function of voltage. The charge separation efficiency is determined by the ratio of the
predicted Jphoto t0 Jmaxand #rc is determined by the ratio of Jiowi to predicted Jpnow. Error bars are
propagated based on the uncertainty in Lp associated with both the photoluminescence
guenching and photovoltage measurements.

result validates this approach and demonstrates that if a dark material is paired with a
luminescent donor or acceptor, the intrinsic Lp of the dark material can be accurately
decoupled from photovoltage measurements.

The intrinsic Lp values of (11.2 + 1.0) nm and (19.4 £ 1.7) nm for SubPc and Ceqo,
respectively, are input into the photocurrent model. Under one-sun illumination, Eqn. 8.6,
with nrc = 1, yields a diffusion-limited maximum Jpnoto (Jmax) Of (5.16 + 0.34) mA cm (red
line, Fig. 8.7). This represents the photocurrent that would be produced in the absence of
any carrier recombination losses. With this value, #cs can be determined as a function of
voltage by dividing the predicted Jpnhoto, Which incorporates geminate recombination via the
effective Lp, by Jmax. As shown in Fig. 8.9, #csis reduced from (79.1 + 8.8) % near short-
circuit to (18.9 £ 2.1) % at 700 mV, nearing Voc.

When the device is at Voc, the rate of carrier generation at the interface is precisely

canceled by the rate of non-geminate recombination, such that no current flows out of the
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device.!1*116122 For the SubPc-Ceo device considered here, it has been established that
geminate recombination is responsible for the voltage dependent losses in photocurrent.
Therefore, in this device, non-geminate recombination accounts for the difference between
Jphoto @nd Jiotal. IN general, 7rc can be calculated from the ratio of Jital, Which incorporates
all losses, to the Jpnoto predicted from photovoltage, which incorporates diffusion and
geminate losses. In this device, nrc is near unity throughout the majority of the fourth
quadrant, even near the optimal operating voltage of 500 mV, shown in Fig. 8.9. Non-
geminate recombination only starts to become significant at voltages beyond 600 mV and
does not affect the photocurrent or maximum power output of the device. While the balance
of ncs and nrc will be affected by layer thickness, device architecture, and materials
selection, the method presented here can be generally applied to any PHJ device that
contains one material which emits light in order to gain insight into materials and device
properties that limit device photocurrent.
8.6 Conclusions

In this chapter three different techniques which are typically used to extract Lp are
compared to probe exciton harvesting and decouple the active recombination pathways as
a function of voltage in a PHJ SubPc-Ceo OPV. Photovoltage measurements are used to
determine a device relevant, effective Lp throughout the power generating fourth quadrant
in the presence of diffusion and geminate recombination losses. When photovoltage Lp
values are compared to photocurrent based neqe measurements, excellent agreement is
observed, suggesting non-geminate recombination is negligible at short-circuit conditions.
The effective Lp values are then used to predict the photocurrent as a function of voltage

in the device and it is determined that increases in geminate recombination are responsible
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for photocurrent loss. Lastly, PL quenching measurements are used to determine the
intrinsic Lp of both materials in the absence of any carrier recombination losses. When
these measurements are combined, the values of xcs and xrc can be quantitatively
decoupled as a function of voltage. This work demonstrates that differences in the charge
and exciton populations probed by popular Lo measurement techniques allow for a deeper
understanding of exciton harvesting within a PHJ OPV and the active recombination
pathways that determine device performance. With this knowledge more informed
decisions of materials selection and device design can be made in order to limit these losses
and ultimately produce more efficient devices.
8.7 Experimental methods

Device preparation: The devices considered in this work consisted of an 18.2-nm-thick
donor layer of SubPc, a 35.6-nm-thick acceptor layer of Ceo, a 10 nm-thick exciton
blocking layer of bathocuproine (BCP), and a 100-nm-thick cathode layer of Al. All
materials were used as received without further purification. SubPc was purchased from
Luminescence Technology Corp.; Ceo from the MER corporation; and BCP and Al, 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA), and molybdenum oxide (MoOy) from
Alfa Aesar. In order to ensure consistency in the films considered across this study, the
same batches of material and processing conditions were used for all deposited films of the
same type. For additional experimental details, see Appendix B.

Charge extraction: Charge extraction measurements were collected in atmosphere on
devices illuminated using M455F1 and M530F1 LEDs from Thorlabs with an illumination
area of mx0.0752 cm?. The LEDs and OPV were simultaneously switched using n-channel

MOSFETs and integrated gate driver circuits. MOSFETs were purchased from

116



STmicroeletronics (STP27N3LH5) and gate drivers were purchased from Microchip
Technology. In order for the MOSFETs connected to the LED and OPV to switch in
opposite directions simultaneously, an inverting gate driver (TC4421AVPA) was
connected to the LED transistor and a non-inverting gate driver (TC4422AVPA) was
connected to the OPV transistor. Gate drivers were switched using a 10V, 200 ms period
square wave generated from an Agilent 33220A pulse generator and current transients were
recorded using a Tektronix TDS5104B oscilloscope.

Voltage transients: Voltage transient measurements were taken in atmosphere. The
same LEDs used in the charge extraction measurements were used to obtain the voltage
transients. A A=455 nm LED was used to probe Ceoand a A=530 nm LED was used to probe
SubPc. LEDs were excited by a Hewlett-Packard 8114A pulse generator. The steady-state
background LED light was powered by a Sorensen XHR 600 DC power supply. The
illumination from the LEDs was focused onto the OPV using a bifurcated fiber bundle
(BFY1000HS02) and fiber collimator (F220SMA-532), both purchased from Thorlabs.
Voltage transients were recorded by a Tektronix TDS5104B oscilloscope. All LED spectra
were measured using an Ocean Optics HR4000 spectrometer and the power output of all
LEDs were recorded using a Thorlabs PDA36A amplified silicon photodetector. Peak
exciton densities in SubPc during photovoltage measurements range from 3.6x10'?cm to
6.0x10%2 cm. By comparison the peak exciton density in SubPc at one-sun is 7.2x10%?
cm3. Error bars in Lp were determined based on the standard deviation across a statistically
significant number of devices. Error associated with the extracted #xcs and nrc were
propagated based on the uncertainty in both the photovoltage and photoluminescence

quenching Lp measurements.
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Current-voltage measurements: Dark and total illuminated current-voltage
measurements were taken using an Agilent 4155C semiconductor parameter analyzer.
Total illuminated and photocurrent measurements were carried out under AM1.5G solar
radiation at 100 mW cm with an illumination area of mx0.075? cm?2. Photocurrent
measurements were made using a Stanford Research Systems (SRS) SR810 lock-in
amplifier and illumination was chopped using an SRS SR540 optical chopper to filter out
the dark current and pre-amplifier was used to apply a forward bias to the device.

Single carrier devices: Hole- and electron-only devices were fabricated on glass
substrates pre-patterned with a 150-nm-thick layer of indium-tin-oxide (ITO). Hole-only
devices consisted of 89.6 nm to 176.3 nm of SubPc deposited on the ITO-coated substrate,
capped with an 11.4-nm-thick MoOx electron-blocking layer and a 100-nm-thick Al
cathode. Electron-only devices were fabricated with a 13.7-nm-thick NTCDA hole-
blocking layer deposited on the ITO-coated substrate, followed by 84.1 nm to 168.3 nm of
Ceo, and capped with a 10.0-nm-thick hole-blocking layer of BCP and a 100-nm-thick Al
cathode. Photoluminescence spectra were collected using a Photon Technology
International Quantum Master 4 Fluorimeter. Devices were biased and current
measurements were taken using a Kiethly 2604B source meter.

External quantum efficiency measurements: External quantum efficiency
measurements were taken under monochromatic illumination from a 300 W xenon arc
lamp coupled into a Cornerstone 130 1/8 meter monochromator and chopped with an SRS
SR540 optical chopper. Current measurements were taken using an SRS SR810 lock-in

amplifier.
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Photoluminescence quenching measurements: Photoluminescence quenching
measurements were taken using a Photon Technology International Quantum Master 4
Fluorimeter. Measurements were performed under a N2 purge at an incident angle of 65°
to the substrate normal. Samples were illuminated using a Xe lamp coupled into a
monochrometer selected to wavelength of A = 500 nm. Incident light was passed through a
wire grid polarizer to select s-polarization. Error bars given for photoluminescence
quenching Lo measurements are determined based on the statistical error associated with

the fit of the PL ratios.
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9. Exciton diffusion in singlet fission materials

Singlet fission is a multiple exciton generation process that occurs in a select number
of organic semiconductors. In these materials, optically generated singlet excitons are able
to share their energy with an adjacent molecule in the ground state to produce two triplet
excitons, each with energies of roughly half of the initially generated singlet, 2E(T1) =~
E(S1).54°2 This is a spin allowed process, where the resulting triplet pair has a net overall
singlet character, with total spin = 0, allowing for fast and efficient conversion.>! The
phenomenon was first reported by Singh et al. in 1965 to explain the observed delayed
fluorescence in anthracene crystals,'®® but has received renewed interest in recent years due
to the potential to increase OPV device performance through enhanced
photocurrents,#5:465152.199-202 Aqditionally, these materials are also being explored for their
potential as a sensitization layer for traditional inorganic Silicon PVs. In this scheme, the
organic singlet fission layer is deposited on the Si cell, absorbing high energy light above
the Si bandgap, which then transfers generated carriers into the Si layer via a dissociating
PbSe interlayer, increasing the photocurrent of the cell.?® Organic photovoltaic devices
based on these materials have already demonstrated #eqe of over 100% at peak absorption,
meaning that more than one electron is being collected for every photon that is incident on
the device.**2%® Additionally, theoretical considerations report that devices based on singlet
fission materials have the potential to overcome the Shockley-Queisser limit, increasing
the thermodynamic efficiency limit of a single junction solar cell from 34% to 44%, when
singlet fission materials are paired with a material that absorbs photons with energies equal

to the difference between E(S1) and E(T;).51199.204
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In addition to enhancing the photocurrent of a device through multiple exciton
generation, OPVs based on singlet fission materials have to potential to exploit
macroscopically long Lp, as single crystals of these materials have yielded the longest
reported Lp to date.””#"# This would allow devices to be made with active layer
thicknesses comparable to absorption length of light, overcoming the exciton bottleneck
associated with simple PHJ devices.®!* In endoergic singlet fission materials, that is
materials where E(T1) is slightly more than half of E(S1), efficient triplet fusion can occur,
where two triplets join to form one singlet.>1°2208 The resulting singlet exciton generated
from triplet fusion can then radiatively decay, producing delayed
fluorescence. 1524784206207 Djract imaging of delayed fluorescence,*”8? as well as surface
conductivity measurements,’’ have yielded Lp of up to 4 um and 8 um in single crystals of
tetracene and rubrene, respectively. This is orders of magnitude longer than the vast
majority of organic semiconductors, where Lpare typically on the order of ~ 10 nm, 70:63.8083
However, the implementation of single crystals into functioning OPVs has thus far been
limited. As such, it is important to study exciton diffusion in polycrystalline films of singlet
fission materials implemented in device architectures to better understand if long range
exciton diffusion can be achieved to enhance OPV performance. Previous work examining
diffusion of both singlets!** and triplets*”®* have reported that the energetic disorder
induced by crystalline defects in a polycrystalline film, whether in the bulk or at grain
boundaries, are detrimental to exciton diffusion. While these defects have relatively little
effect on D, which is controlled by the extent of electron wavefunction overlap for triplets,
they can have large effects on z by either non-radiatively quenching or trapping excitons at

low energy sites. Triplet excitons are especially susceptible to these defects because they
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have long lifetimes, sampling many molecules, and transfer their energy via a nearest
neighbor Dexter mechanism, limiting the number of available transfer sites once
trapped.84°

In this chapter we explore exciton diffusion as a function of polycrystalline grain size
in films of pentacene that are implemented into OPV devices. Pentacene is an exoergic
singlet fission material where E(S1) — 2E(T1) = -0.11 eV,2%-219 causing efficient singlet
fission, occurring on timescales of 80 fs,2% with triplet yields approaching 200%.%
Conversely, triplet fusion is inefficient and delayed fluorescence is not appreciable.
Measurements of Lp in exoergic dark singlet fission materials are limited; however, these
materials are arguably of more interest in devices due to their fast fission rates and high
triplet yields, which will maximize the generated photocurrent.5:?11155184 Eirst - device
architectures and film morphologies will be discussed, demonstrating that the
polycrystalline grain size can be controlled by varying the thin film deposition rate. Then,
device performance will be assessed and Lp is measured using a unique photovoltage
approach which is capable of measuring Lp in non-emissive materials. This work
demonstrates how the photovoltage method can be used to determine Lp in dark singlet
fission materials and also provides insight into the relationship between crystalline order
and the magnitude of triplet Lp.
9.1 Device architectures and fabrication

The devices used in this work are based on the D-A pairing of pentacene and Ceo,
respectively, consisting of a 20 nm poly(3-hexylthiphene-1,5-diyl) (P3HT) layer spun coat
onto a patterned ITO coated glass substrate, with a 45 nm pentacene donor layer, 34 nm

Ceo acceptor layer, 11 nm BCP exciton blocking layer, and 100 nm Al cathode. Energy
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Figure 9.1 Energy diagram and layer thicknesses of the devices used

size and the Ceo layer ~ for photovoltage diffusion length measurements. Three different
devices using this structure were fabricated with pentacene layers of
was grown at 8 AJsin Varying polycrystalline grain size. The polycrystalline grain size was
controlled by varying deposition rate of the pentacene layer at rates

order to provide of 0.05 A/s, 2 AJs, and 10 AJs.

consistency in both morphology and photoconversion efficiency in the Ceo layer across all
three devices. The primary purpose of the P3HT layer for the context of this work is to
planarize the rough ITO surface, reducing the nucleation density of pentacene, which
allows the crystalline grain size can be controlled by the deposition rate. Pentacene films
deposited directly onto 1TO showed no change in grain size as a function of deposition
rate. Additionally, the large gap of P3HT relative to pentacene confines excitons in the
pentacene layer, preventing exciton quenching at the anode. Previous work has also
demonstrated that a P3HT layer at the anode interface aids in hole extraction and also acts
as a singlet fission sensitizer by injecting singlet excitons into the pentacene layer through

long range Forster transfer, which can subsequently undergo singlet fission and
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dissociate.**?'® While this sensitization is beneficial to device performance, it must be
rigorously accounted for when fitting for Lp.
9.2 Engineering pentacene grain size

The crystalline grain size of the pentacene layers are controlled by varying the
deposition rate from 0.05 A/s to 10 A/s. Pentacene crystallizes in a layered herringbone
packing motif with the long axis of the molecule oriented nearly perpendicular to the
substrate, as shown in Fig. 9.2.21421% This general structure can exist in a number of
different polymorphs depending on the type of substrate, substrate temperature during
deposition, rate of deposition, and film thickness, where different polymorphs are
identified based on their doo1 spacing.?!4?16-223 Single crystal bulk pentacene forms a
triclinic P1 structure with a doo: spacing of 14.1 A 214215 Additionally, there exist a variety

of different “thin film phase” polymorphs, the majority of which also form triclinic

v v - v v

(001) (100)
Figure 9.2 Triclinic crystal structure of single crystalline pentacene. (a) (001) plane showing

the herringbone packing motif of pentacene. (b) (100) plane representing how pentacene
molecules stand nearly vertically on the substrate.
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structures which are characterized by varying tilt angles of the pentacene molecules relative

to the substrate.?14215-223 Previous reports demonstrate that structural evolutions can occur

as a function of film thickness as the tilt of the pentacene molecule gradually increases

further away from the substrate.??2?% A similar effect is observed here as function of

deposition rate and crystalline grain size.

Diffraction spectra,
shown in Fig. 9.3, were
measured using a Bruker D8
Discover 2D X-ray
diffractometer with Co K,
radiation on device relevant
architectures consisting of
45 nm films of pentacene
grown at 0.05 A/s, 2 Ass,
and 10 A/s, deposited on 20
nm P3HT and an ITO
coated glass substrate. Here,
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Figure 9.3 X-ray diffraction spectra of 45 nm films of
pentacene deposited at varying deposition rates on a 20 nm
P3HT layer and ITO coated glass substrate. All pentacene
layers produce a (001°) diffraction peak consistent with a thin
film phase of pentacene and the film deposited at 0.05 A/s also
displays a (001) diffraction peak, consistent with the single
crystal triclinic phase of pentacene.

= 6.4° is observed for a P3HT coated substrate, consistent with previous reports of

crystalline P3HT.2%422%5  Pentacene samples display evidence of polymorphism, which

increases as a function of decreasing deposition rate. Two (001) diffraction peaks can be

observed, one centered at 20 = 6.8°, labeled (001”), corresponding to a doo1’ Spacing of 15.1

A, which is consistent with a previously observed triclinic thin film phase of pentacene,?®
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Figure 9.4 AFM height images showing the surface morphology of pentacene films deposited

at 10 Ass, 2 Ass, 0.05 AJs, displaying the increase in polycrystalline grain size as a function of
decreasing deposition rate. Scale bars are 1 pum.

and another centered at 20 = 7.2°, labeled (001), corresponding to a doo1 Spacing of 14.1 A,
consistent with the bulk single crystalline triclinic phase of pentacene. Second order
reflections of these peaks are also observed at larger angles.?14218:222223 |n these films, the
2 A/s and 10 A/s films only display the thin film phase, while the 0.05 A/s film also displays
the single crystalline triclinic diffraction peak, signifying an increased tilt in the pentacene
molecules, likely changing as a function of thickness.

Film morphology is characterized by atomic force microscopy (AFM). Previous studies
have demonstrated that the grain size of pentacene can be increased by lowering the
deposition rate.?21226 These reports describe pentacene nucleation and growth by diffusion
limited aggregation, where the nucleation density increases as a function of deposition rate,
and coarsening effects begin to dominate as the grains begin to merge.??1223.226 Atomic
force micrographs of films similar to those used in the X-ray diffraction (XRD)
measurements are shown in Fig. 9.4. These images demonstrate a clear increase in the
average grain size as a function of decreasing deposition rate. The samples all had a similar

root mean squared surface roughness of 4.2 nm, 4.4 nm, and 4.4 nm for the 0.05 A/s, 2 Als,

126



and 10 A/s samples, respectively. With the change in grain size coinciding with similar
interface roughness, the effect of grain size on Lp can be determined.

The correlation between grain size and polymorphism in these structures is interesting
to note. It has previously been observed that a similar transformation from a thin film phase
to a bulk triclinic phase can occur as a function of film thickness.??2?2 The mechanism for
this transformation is attributed to pentacene molecules, away from the substrate, growing
on the inclined plane of a crystalline grain, which gradually increases the tilt angle of the
pentacene molecule relative to the substrate. In the films used in this work, the smaller
grain sizes appear to suppress this transformation, perhaps caused by the merging of
crystalline grains closer to the substrate, which locks in the thin film phase morphology.

Figures 9.5 and 9.6 show XRD spectra and AFM images for 34 nm Ceo films deposited

at 8 A/s on top of the pentacene samples. Figure 9.5 demonstrates that when Cgo is deposited

T T T T T T T T T T T T T T T T T T T T T T T
——P3HT on ITO
——C,,0on 10 A/s Pentacene

on the pentacene films a

iffraction peak center
diffraction peak centered at ——C,, on 2 A/s Pentacene

——C,, on 0.05 A/s Pentacene

Ceo,

20 = 12.9° corresponding

to a d spacing of 8.0 A, is

produced consistently

"y
AR v

across all three samples.

This peak is slightly off

from the 8.2 A spacing RN

6 7 8 9 10 11 12 13 14 15 16 17
commonly reported for the 29(0)

Scattering Intensity (a.u)

(111) plane of the face Figure 9.5 X-ray diffraction spectra of 34 nm Cg films
deposited at 8 A/s on pentacene, P3HT, and an ITO coated glass

centered cubic Ceo crystal substrate. The Ceo layers produce a consistent diffraction peak
across three pentacene films that were grown at different
deposition rates.
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structure, 2”20 put agrees with a previously observed diffraction peak in Cgo films.?2

Figure 9.6 displays that Ceo forms small circular grains which nucleate on the molecular
terraces of the pentacene under layer, with an average step size consistent with the door
spacing of pentacene. The domain size and XRD spectra of the Ceo layers are very
consistent across all three samples. This consistent morphology yields similar
photoconversion behavior in the Ceo layers for the devices, allowing for clear comparisons

of the photophysical changes in the pentacene layers across devices.

Figure 9.6 AFM height images showing the surface morphology of 34 nm Cg films deposited
on pentacene films of varying crystalline grain size, P3HT, and an ITO coated glass substrate.

Ceo forms small circular grains that nucleate on the molecular terraces of the pentacene under
layer. Scale bars are 1 pum

- g

9.3 Relation between grain size and device performance

Increases in the pentacene grain size coincided with improved OPV device
performance. Figure 9.7 shows the device neqe compared to the extinction coefficients for
pentacene and Ceo. In these devices, the zeqe corresponding to predominantly Ceo
absorption, peaked at A = 345 nm, remains relatively constant across all three devices, while
the neqe associated with pentacene absorption, peaked at 2 = 670 nm, shows a systematic
increase as a function of increasing grain size, resulting in an 8.8% increase in the
magnitude of xeqe at peak absorption. The absorption spectrum of pentacene remained

relatively unchanged across all three deposition rates; therefore, this asymmetric increase
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in 77eqe suggests that the Ceo Lp remains constant and the pentacene Lp systematically
increases. Additionally, this behavior also suggests that at short-circuit, 7cs and #rc are
constant across all three devices, as a change in either of these parameters would cause a
broadband reduction in #eqe. It would be serendipitous if a change in either #cs or #rc was
precisely offset by a change in Ceo Lp to generate the observed agreement, given the
similarity in the morphology of the Ceo layers.

In addition to an
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Figure 9.7 External quantum efficiency measurements of
pentacene-Cso devices compared to the extinction coefficients of
the active layers. The portion of the spectra corresponding to Ceo
absorption is constant across all three devices, while the portion
corresponding to pentacene absorption shows a systematic
increase as a function of decreasing thin film deposition rate and
increasing polycrystalline grain size, suggesting an increase in
pentacene Lp.

under AM1.5G
illumination at 100 mwW
cm?. The short-circuit
current density of the
devices improved from
(4.3 + 0.1) mA cm for the device containing the pentacene layer deposited at 10 A/s to
(5.4 +0.1) mA cm2for the 0.05 A/s device. The trend of Jsc is predicted within 5% from
the integrated »eqe spectra, suggesting that this 26% improvement in Jsc is due to the

increase in pentacene Lp. The devices also displayed an increase in Voc with lower
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Figure 9.8 Device performance metrics for pentacene-Cgo devices fabricated with varying
pentacene deposition rates under AM1.5G illumination at 100 mW cm. Error bars are based
on the standard deviation across 8 devices. Error in the open-circuit voltage is smaller than the
size of the data point.

pentacene deposition rates, which was caused by a decrease in the magnitude of the dark
current throughout the fourth quadrant. This could be caused by a decrease in non-geminate
recombination at positive voltages due to either a decrease in trap-assisted recombination
or an increase in the carrier mobility, which has previously been correlated with pentacene
grain size.?17221231 These improvements, along with a relatively constant FF, result in a
63% improvement in the power conversion efficiency of the 0.05 A/s relative to the 10 A/s
device. The FF and Jsc in these devices is reduced compared to similar devices in the
literature. 184222152 \We attribute this reduction due to increased geminate and non-geminate
recombination resulting from the increased pentacene and Ceo layer thicknesses used in this
study, compared to optimized devices, which are needed to accurately extract the relatively

long Lp.
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9.4 Photovoltage diffusion length measurements in singlet fission materials
9.4.1 Modeling diffusion in singlet fission materials

The photovoltage technique presented in Chapter 6 can be used to measure Lp of dark
triplet excitons in materials which exhibit singlet fission. In order to achieve accurate
measurements of the intrinsic pentacene Lp, ncs must be decoupled from these
measurements, the injection of excitons from P3HT into pentacene needs to be properly
accounted for, and the diffusion of triplet excitons in the pentacene layers needs to be
accurately modeled. The diffusion of singlet and triplet excitons in singlet fission materials

can be described by two coupled steady-state equations:

0=p2 Tals) _ nala)

+G(x) — kflSnS(x) + > kfusnt(x)z 9.1)

and

02n¢(x) nt(x)
0x?

0= p, L0

+ Zkflsns(x) kfusnt(x)z’ (9-2)

where the subscripts s and t denote singlet and triplet quantities, respectively, n is the
exciton density, 7 is the natural exciton lifetime, D is the diffusivity, G is the optical
generation rate, ks is the rate of singlet fission, and ks is the rate of triplet fusion. In
exoergic singlet fission materials like pentacene these equations can be simplified
significantly. Transient absorption measurements on polycrystalline films of pentacene
have demonstrated that singlet fission is very efficient and unidirectional, since two triples
do not have sufficient energy to regenerate the singlet, allowing for ks terms to be
neglected.?8:21023246 |n polycrystalline pentacene, reported values of ksis are equal to 1.3 x
10% s, this has been shown to be competitive with vibrational relaxation, leading to
negligible PL in films of pentacene and allows singlet exciton decay back to the ground
state to be ignored.?%219232  Additionally, magnetic field dependent photocurrent
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measurements in pentacene-Ceo devices have suggested that in pentacene films thicker than
5 nm triplet yields approach 200%, as singlet fission outcompetes the rate of singlet exciton
dissociation and the singlet hopping rate; therefore the singlet diffusion term can also be
ignored.** Under these assumptions, Eqn. 9.1 can be simplified to G(x) = ks;sng(x),
inserting this expression into Eqn. 9.2, the diffusion of triplet excitons in pentacene can be

described by:

0= p, L™ _ 20 1 26(x). (9.3)

ax?
Thus, the generation profile of triplet excitons can be modeled from G(x), which can be
rigorously accounted for through the use of a transfer matrix formalism,”® and it is assumed
that all dissociated excitons are triplets and the triplet yield is 200%.

9.4.2 Ceo photoluminescence quenching measurements

In order to extract an T

’:-;-" —C,, on Quartz
intrinsic value of Lp for © ——C,, on Pentacene/Quartz
. ) " : ——C,, on Pentacene/P3HT/ITO
pentacene using e =
»
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I=
intrinsic Ceo Lp value must —
(@]
be determined in order to g
9
decouple the effects of &
O
interfacial geminate U).......................
bination. Thi X 6 7 8 9 10 11 12 13 14 15 16 17
recombination. This can be 0
20(°)
accomplished with  Figure 9.9 X-ray diffraction spectra of Ceo films used for

spectrally resolved photoluminescence guenching
spectrally  resolved PL  measurements. Ceo films deposited on quartz reveal no
diffraction peaks, while the Cgo film deposited on pentacene
quenching measurements  and quartz produces the same diffraction peak that is observed
for the Ceo layers in devices.
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which only rely on efficient charge transfer and not charge transfer state dissociation.”®*®
Additionally, it must be ensured that the structure of the Ceo film used in this measurement
is the same as the crystalline Ceo layer in the devices. Figure 9.9 shows that when X-ray
diffraction spectra are measured on a 46 nm film of Ceo deposited at 8 A/s on quartz no
scattering peaks are revealed; however, when the same film is deposited on an 18 nm layer
of pentacene on quartz, the same crystalline phase that occurs in the devices is produced,
generating a diffraction peak centered at 26 = 12.9°. Thus, PL quenching measurements
must be conducted on Ceo films deposited on top of a pentacene under layer in order to
ensure the sample is representative of films used in devices.

With the presence of the dissociating pentacene interface introduced in this structure,
the approach to the spectrally resolved PL quenching measurement must be modified.
Typically, PL quenching measurements compare the magnitude of PL resulting from an
unquenched film to a quenched film with one adjacent exciton dissociating layer. In this
case, the PL resulting from a Ceo film deposited on a dissociating pentacene layer must be
compared to the PL from a film with a dissociating material present on each side of the Ceo
layer. As shown in Fig. 9.10a, one structure consists of the pentacene and Ceo layers

deposited on quartz that is capped with a film of BCP, which serves as an exciton blocking
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Figure 9.10 (a) Film structure of the samples used for spectrally resolved photoluminescence
guenching measurements. (b) Photoluminescence ratios and corresponding fit for Ceo Lo. (C)
Ceo emission spectra for an amorphous film of Ceo deposited on quartz and a crystalline film of
Ceo deposited on a film pentacene and quartz.
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layer and also prevents oxidation. This film is modeled with a quenching boundary

condition (n(x) = 0) at the pentacene-Ceo interface and a reflecting boundary condition

(m;—ix) =0) at the Ceo-BCP interface. The other structure consists of the same pentacene and

Ceo layer, but is capped with a dissociating HATCN layer. In this case, both interfaces are
modeled as dissociating. The resulting PL ratio and fit are shown in Fig. 9.10b, yielding a
value of Lp = (22.0 £ 0.9) nm. This was a slight increase over the Lp = (18.7 £ 0.7) nm that
is determined for the amorphous Ceo layer (see Fig. 7.8b). Normalized PL spectra of the
amorphous and crystalline Ceo emission spectra are shown in Fig. 9.10c, which displays an
extra vibronic peak that grows in for the crystalline Ceo Sample; however, it should be noted
that the spectra are truncated on the near infrared side of the spectrum due to the
responsivity of the detector. With this intrinsic value of Lp for the crystalline Ceo layer, the
Lp of pentacene can now be determined.
9.4.3 Accounting for singlet fission sensitization

Due to the spectral overlap between the emission spectrum of P3HT and the absorption
spectrum of pentacene, as shown in Fig 9.11a, exciton injection from the P3HT layer into
pentacene can occur through long range Forster transfer and must be quantitatively
accounted for when fitting for Lp.233234146 The process that leads to the dissociation of
optically generated excitons in P3HT is shown schematically in Fig. 9.11b. Here, optically
generated singlet excitons in the P3HT layer transfer their energy to pentacene by Forster
transfer, creating a singlet exciton in pentacene which can then undergo singlet fission,
generating two triplets that can diffuse to the donor acceptor interface and dissociate. Not

properly accounting for this singlet fission sensitization will lead to an overestimate of the
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Figure 9.11 (a) Area normalized emission spectrum of P3HT (Fp(1)) and absorption cross
section (oa) of pentacene, which in part determines the Forster radius and number of excitons
injected from P3HT into pentacene. (b) Process of singlet fission sensitization. Optically
generated singlet excitons (S1) in P3HT transfer to the singlet energy level of pentacene via
Forster transfer, which rapidly undergoes singlet fission to two triplets (T1), which can then
diffuse to the pentacene-Cg interface and charge transfer (Ecr).

number of carriers generated from direct absorption on pentacene and Ceo, causing an

overestimate of Lp.

Within the P3HT layer, exciton diffusion can be modeled by a steady-state exciton

diffusion equation incorporating a term which accounts for Forster transfer:

2°n(x) n(x) -
pLID 19 4 G(x) — n(0ky(d) = O, (9.4)

where n(x) is the exciton density at a given position in the P3HT layer and ks is the rate of
Forster transfer for excitons in P3HT to the pentacene film. Previous work has
demonstrated that when Forster energy transfer occurs between an excited molecule and a
film of material, the distance dependence is relaxed from r®to d3, where d is the distance
to the planar interface, given by d = x — L, x is the position in the layer, and L is the

thickness.?34146.235 |n this architecture, the ks is given by:

ky = AT 95)

T 6d3’
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where pa is the molecular density of the acceptor and Ro is the Forster radius, which is
calculated to be Ro= 2.2 nm between P3HT and Pentacene, using Eqn. 3.4.

In order to model the singlet fission sensitization from P3HT Eqgn. 9.4 must be solved
numerically. Here, a centered finite difference approximation is used which can be found
in Appendix E. In this method the x domain is discretized into small steps (Ax) relative to
the thickness of the film and the differential equation is transformed into a set of linear
equations which are solved for n(x). Using this method to solve Eqn. 9.4 with Ro= 2.2 nm,
pa=3.02 x 10%" molecules m?, and Lp = 8.5 nm, the total injection rate of excitons from

the entire P3HT layer into pentacene can be determined as:1%

1
Axpent

Ginj = Jy n(ky (x)dx, (9.6)

where Axn, is the bin spacing in the pentacene layer. Here, we approximate that all of
the excitons are injected into the first monolayer of pentacene. In the actual system this is
not necessarily true; however, the rate of injection into the first monolayer will always be
the greatest and the thickness of the pentacene layers are much greater than Ro, making this
a reasonable approximation. The resulting exciton diffusion equation for triplet excitons in

pentacene at the P3HT-pentacene interface (x = 0) is then given by:

2
2D O 4 26(0) + 26y = 0. 9.7)

Here, Ginj is multiplied by a factor of 2 to account for singlet fission. With the ability to
properly determine the effects of injection from P3HT and geminate recombination at the
interface, the photovoltage results can be now be interpreted to extract intrinsic values of

Lp for pentacene.
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9.4.4 Dependence of the triplet diffusion length on crystalline grain size in pentacene
Photovoltage Lo measurements of the three pentacene-Cego devices are conducted using
a blue (peak = 455 nm) and red (Apeak = 625 nm) LED to probe diffusion in the Cego and
pentacene layers, respectively. Photovoltage transients of the three devices measured under
Jpeak = 625 nm illumination at four different excitation intensities and their corresponding
charge extraction relations are shown in Fig. 9.12. These plots demonstrate that the
relationship between carriers and voltage is similar across all three devices; however, the
magnitude of the voltage plateau at a given excitation intensity clearly increases as a
function of pentacene grain size, suggesting an enhancement in the pentacene Lp. Results
of the photovoltage analysis are summarized in Table 9.1. Device relevant Ceo Lp values,
which assume 7cs = 1, are relatively constant across all three devices, ranging from (15.8

+ 1.5) nm in the device containing the 10 A/s pentacene layer, to (15.1 + 1.5) nm in the
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Figure 9.12 Photovoltage measurements taken under 2 = 625 nm excitation at four excitation
intensities (a-c) and charge extraction measurements (d-f) used to determine pentacene Lop. ()
and (d) correspond to devices with pentacene layers grown at 0.05 A/s, (b) and (e) at 2 A/s, and
(c) and (f) at 10 A/s.
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Pentacene Deposition Photovoltage Nes (%) Pentacene L

Rate (A/s) Ceo Lp (M) (nm)
0.05 15.3+1.5 751123 334+£35
2 15.1+1.5 739122 266128
10 158116 776123 209122

Table 9.1 Photovoltage Lp measurements as a function of pentacene layer deposition rate.
Photovoltage Cso measurements are subject to geminate recombination losses and yield similar
values across all three devices. These values are compared to photoluminescence guenching
measurements, which yield Ce Lp = (22.0 = 0.9), to determine the charge transfer state
separation efficiency (ycs). With #5cs intrinsic pentacene Lp can be determined from
photovoltage measurements, demonstrating a systematic increase as a function of
polycrystalline grain size.

device with the 2 A/s pentacene layer. When this data is instead fit for #cs using a CeoLp =
(22.0 £ 0.9) nm, determined from PL quenching measurements, similar values of #cs are
determined for all devices, ranging from (73.9 £ 2.3)% to (77.6 + 2.3)%. With the
combination of these two measurements the effect of interfacial geminate recombination
can be decoupled from the photovoltage measurements, allowing for the measurement of
intrinsic pentacene Lp values. When the photovoltage transients in Fig. 9.12 a-c are fit with
ncs, the pentacene Lp is found to systematically increase as a function of polycrystalline
grain size, from (20.9 + 2.9) nm in the pentacene layer deposited at 10 A/s, to (33.4 + 3.5)
nm in the pentacene layer deposited at 0.05 A/s.

Similar trends between Lp and crystalline grain size have previously been reported in
fluorescent and endoergic singlet fission materials.*”14* These studies have found that the
change in Lp is driven by increases in z as a function of grain size, which is attributed to
non-radiative quenching and trapping of excitons at crystalline defects and grain
boundaries. In these types of materials, the exact energy levels of a molecule are
determined, in part, by the surrounding dielectric environment. In a single crystal the

orientation of surrounding environment is identical for each molecule leading to a very
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narrow density of states for the triplet energy level. When this symmetry is broken, at a
grain boundary for instance, local fluctuations in the dielectric environment broaden the
distribution of triplet energies, creating some low energy states which are capable of
trapping excitons.3**” We expect a similar effect is driving the change in Lp in this system;
however, in order to decouple the relative contributions of D and r additional measurements
are needed. In emissive materials, decoupling these effects can accomplished by measuring
t directly via transient PL measurements. In dark materials, measurements of z must be
extracted from transient absorption measurements. One study using this technique has
reported a 7 = 5 ns in polycrystalline pentacene.*® This is relatively short for triplet excitons
and perhaps accounts for the discrepancy between the nanoscopic Lp reported here and the
microscopic Lp reported in single crystals of singlet fission materials, which display z: on
the order of hundreds of ns to tens of ps.*"# Additionally, one should not that in Eqn. 9.7
we are extracting a one-dimensional Lp in the direction perpendicular to the substrate,
while grain growth is taking place parallel to the substrate. Physically, an exciton is taking
a three-dimensional random. Thus the probability of a grain boundary due to motion in the
x-y plane is affected by both grain size and the three-dimensional Lp. These factors will
influence Lp in the projection along the z-axis, perpendicular to the D-A interface, extracted
here.
9.5 Conclusions

Singlet fission is a unique process which occurs in a select number of organic
semiconductors, where optically generated singlet excitons are able to be transformed into
two triplet excitons. This mechanism has the potential to increase photocurrents in devices

in order to realize more efficient OPVs. Additionally, single crystals of these materials
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have yielded the longest reported Lp to date. In this chapter, Lo of pentacene is measured
as a function of polycrystalline grain size using a photovoltage method in order to explore
the relationship between Lp and crystalline grain size in functioning OPVs and demonstrate
a method to determine Lp in previously inaccessible dark singlet fission materials. It is
found that the polycrystalline grain size could be controlled by varying the deposition rate
of pentacene and Lp shows systematic increases as a function of increasing grain size,
suggesting that grain boundaries can inhibit exciton diffusion by trapping or non-
radiatively quenching excitons. Future work should focus on engineering the morphology
of these pentacene films for even larger grain sizes in order to realize further enhancements
in Lp by growing at slower deposition rates, exploring different planarizing layers, and
growing at elevated temperatures. Additionally, the methodology presented here should be
expanded to other dark singlet fission materials with longer z:in order to understand which
materials are capable of yielding microscopic Lo when implemented into device
architectures. If this can be achieved, simple PHJ devices which are capable of overcoming
the exciton bottleneck can be possible.
9.6 Experimental methods

Sample preparation: Pentacene layers were grown at deposition rates of 0.05, 2, and
10 AJs, Ceo layers were grown at 8 A/s, BCP and HATCN layers were grown at 2 A/s.
Aluminum cathodes were deposited at a rate of 3 A/s through a shadow mask. All devices
have an active area of 0.25 cm? and were encapsulated in glass to avoid degradation in
atmosphere. P3HT layers were spin coat at 1500 RPM for 30 s from a P3HT solution
dissolved in chlorobenzene at a concentration of 5 mg mL*. The devices considered in

this work consisted of a 20-nm-thick planarizing layer of P3HT, a 45-nm-thick pentacene
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donor layer, a 34-nm-thick acceptor layer of Ceo, an 11 nm-thick exciton blocking layer of
BCP, and a 100-nm-thick cathode layer of Al. Photoluminescence quenching
measurements were conducted on films containing an 18 nm pentacene layer deposited at
2 AJs, a 46 nm layer of Ceo deposited at 8 A/s, and a BCP or HATCN layer deposited at 2
AJs. All materials were used as received without further purification. Pentacene, P3HT,
and HATCN were purchased from Luminescence Technology Corp.; Ceo from the MER
corporation; and BCP and Al from Alfa Aesar. For additional experimental details, see
Appendix B.

Charge extraction: Charge extraction measurements were collected in atmosphere on
devices illuminated using an M625F2 LED from Thorlabs with an illumination area of
nx0.075% cm?. The LEDs and OPV were simultaneously switched using n-channel
MOSFETs and integrated gate driver circuits. MOSFETs were purchased from
STmicroeletronics (STP27N3LH5) and gate drivers were purchased from Microchip
Technology. In order for the MOSFETSs connected to the LED and OPV to switch in
opposite directions simultaneously, an inverting gate driver (TC4421AVPA) was
connected to the LED transistor and a non-inverting gate driver (TC4422AVPA) was
connected to the OPV transistor. Gate drivers were switched using a 10V, 200 ms period
square wave generated from an Agilent 33220A pulse generator and current transients were
recorded using a Tektronix TDS5104B oscilloscope.

Voltage transients: Voltage transient measurements were taken in atmosphere. Devices
were illuminated with M455F1 and M625F2 LEDs from Thorlabs to obtain the voltage
transients. A A=455 nm LED was used to probe Ceoand a A=625 nm LED was used to probe

Pentacene. LEDs were excited by a Hewlett-Packard 8114A pulse generator. The
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illumination from the LEDs was focused onto the OPV using a bifurcated fiber bundle
(BFY1000HS02) and fiber collimator (F220SMA-532), both purchased from Thorlabs.
Voltage transients were recorded by a Tektronix TDS5104B oscilloscope. All LED spectra
were measured using an Ocean Optics HR4000 spectrometer and the power output of all
LEDs were recorded using a Thorlabs PDA36A amplified silicon photodetector. Error bars
in Lp were determined based on the standard deviation across a statistically significant
number of devices. Error associated with the extracted #cs were propagated based on the
uncertainty in both the photovoltage and photoluminescence quenching Lp measurements.

Current-voltage measurements: Current-voltage measurements were taken using an
Agilent 4155C semiconductor parameter analyzer. Total illuminated and photocurrent
measurements were carried out under AM1.5G solar radiation at 200 mW cm with an
illumination area of 7x0.075% cm?.

External quantum efficiency measurements: External quantum efficiency
measurements were taken under monochromatic illumination from a 300 W xenon arc
lamp coupled into a Cornerstone 130 1/8 meter monochromator and chopped with an SRS
SR540 optical chopper. Current measurements were taken using an SRS SR810 lock-in
amplifier.

Photoluminescence quenching measurements: Photoluminescence quenching
measurements were taken using a Photon Technology International Quantum Master 4
Fluorimeter. Measurements were performed under a N2 purge at an incident angle of 70°
to the substrate normal. Samples were illuminated using a Xe lamp coupled into a
monochrometer selected to excitation wavelengths of A = 350 - 580 nm and

photoluminescence intensity was monitored at an emission wavelength of 750 nm. Error
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bars given for photoluminescence quenching Lp measurements are determined based on

the statistical error associated with the fit of the PL ratios.
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10. Transient photovoltage measurements

Chapters 5 and 7 demonstrate the difficulty of attaining accurate measures of Lp for
dark excitonic materials where traditional PL based measurement techniques are not
applicable. A similar problem exists for measuring z in dark materials. Charge carrier based
techniques, which are capable of probing diffusion in dark materials, determine the
magnitude of Lp, but often D and z must be decoupled to understand the physics of what
controls or is changing Lp in a material, as was the case for triplet excitons in Pentacene in
the previous chapter. This can be accomplished if values of Lp are combined with a measure
of D or z. Exciton lifetimes in luminescent materials are typically measured from transient
PL decays, where a film is excited with a short laser pulse and the PL is measured as a
function of time and fit to some sort of exponential decay.®’-%%13%140 For dark materials,
is generally measured by transient absorption,#6:1%9192210.236 |n these measurements, films
are initially excited with a short, monochromatic laser pulse and the absorption spectrum
of the film is measured as a function of delay time after the initial excitation, using a white
light probe. The initial excitation will lead to an excited state (exciton) absorption feature
that is proportional to the optically generated exciton density. The transient decay of this
excited state absorption feature can be fit with a model similar to those used to treat PL
decays and determine z. However, these measurements can be involved, requiring complex
experimental set ups with fast detection electronics and interpretations of convoluted
transient absorption spectra. In this chapter, transient photovoltage measurements are
explored for the potential to examine exciton dynamics in real time and extract values of ¢
in dark materials. A model to fit the photovoltage transients will be presented and

experimental findings, shortcomings, and future potentials will be discussed.
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10.1 Exciton dynamics of transient photovoltage measurements

As discussed in Chapter 7, the magnitude of the photovoltage in an OPV is directly
proportional to the number of dissociated excitons.!8-187 When the device is held at open-
circuit and illuminated, a photovoltage is produced resulting from the buildup of charge
carriers in the active layers of the device due to exciton dissociation at the D-A interface.
If this measurement is carried out in the transient regime, then the rise in photovoltage will
potentially represent a real time measure of exciton dissociation at the D-A interface. The
total number of excitons that have reached the interface at a given time will depend both
on the rate at which the exciton arrives at the interface, proportional to D, and the average
time that an exciton can diffuse before recombination occurs, given by z. Thus, fitting this
photovoltage rise with solutions to the transient exciton diffusion equation allows for 7 to
be extracted if the value of Lp is known.

To examine the wvalidity of this approach, the fluorescent material
tris-(8-hydroxyquinoline)aluminum (Algs) is first considered. A PHJ device based on the
D-A pairing of 4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC)
and Algs, respectively, was held at open-circuit and illuminated with a short pulse from a
N2 dye laser with an excitation wavelength of 4 = 400 nm. Molecular structures for these
materials are shown in Fig. 10.1a. The pulse width (zpuise) Of the laser was measured to be
< 1.8 ns and at this excitation wavelength, nearly all of the absorption occurs on Alqs. The
resulting normalized photovoltage transient is shown in Fig 10.1b, which demonstrates that
the photovoltage rise persists long after the end of the excitation pulse, eventually
plateauing, due to the diffusion and dissociation of excitons generated away from the D-A

interface. Transient photoluminescence of a film of Algs was separately measured using
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Figure 10.1 (a) Molecular structures of tris-(8-hydroxyquinoline)aluminum (Algs)
4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC). (b) Normalized
transient photovoltage rise when Algs layer of the device is optically excited with a 1.8 ns pulse
and predicted photovoltage rises under varying values of the exciton lifetime (z). (c) Transient
photoluminescence of Algs film and corresponding exponential fit for z.
time correlated single photon counting, shown in Fig. 10.1c. The PL decay was fit with a
single exponential, determining z = 16.1 ns.

Given the linear relationship between the voltage and number of carriers in a device,
the photovoltage at any time t is equivalent to the total number of dissociated excitons up
to time t. Additionally, the photovoltage rise normalized to the plateau voltage will be
identical to the normalized number of accumulated carriers. Therefore, the photovoltage

rise can be can be predicted using solutions to the transient exciton diffusion equation:

an(x) _ Lp®d?n(x) n(x)
at 1T  ox? T

+ G (x), (10.1)

where n(x) is the exciton density, z is the exciton lifetime, and G(x), the exciton generation
rate, is determined by a transfer matrix formalism for t < zpuseand G(x) = 0 for t > zpyise.”
Solving Eqgn. 10.1 with a quenching boundary condition at the D-A interface (n(x = 0) =
0), the normalized voltage transient can be fit by the integrated flux of excitons arriving at

the interface normalized to the total number of dissociated excitons:

tan(xt' Lp,v)

R o ax Ldt’
— X=
Voc(t) = 0@t Lp )| o (10.2)
o 0x x=L ‘
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A value of Lp = (5.7 = 0.8) nm was determined for Algs from a thickness dependent PL
quenching measurement using HATCN as an exciton quencher, leaving z as the only
unknown parameter. Solving Eqgns. 10.1 and 10.2 numerically with values of z = 16.1 ns,
Lo = 5.7 nm, and zpuise = 1.8 ns yields the solid red line in Fig. 10.1b. This model does a
good job of reproducing the experimentally measured photovoltage rise, which is
remarkable considering the inputs to the model are all independently measured values,
providing confidence in this approach. With a lifetime and photovoltage rise this long the
resolution of this measurement is not ideal, changing z in the model to 14.1 ns and 18.1 ns
also does a reasonably good job of reproducing the experimental data; however this
resolution will be improved in materials with z.

With the high intensity laser pulses used to excite the device in these measurements,
care must be taken to ensure that exciton-exciton annihilation is not contributing to a
reduction in the effective exciton lifetime.1%192 Exciton-exciton annihilation is often
observed to occur at exciton densities greater than ~10*® excitons cm=. When the 220 kW
cm2 1.8 ns laser pulse is incident on the device, a peak exciton density of 5.1 x 10! cm
is generated due to weak absorption of Algz and presence of the dissociating interface, well
below the reported threshold for annihilation. Additionally, the photovoltage rise was
measured over five decades of intensity and showed no significant change in the
photovoltage rise, suggesting exciton-exciton annihilation is not significant in this system.
10.2 Transient photovoltage of dark excitonic materials

The technique was further expanded to determine 7 in dark materials which are
inaccessible by traditional transient PL measurements. As demonstrated in Chapter 7, the

intrinsic Lp of a dark material can be extracted when it is paired with a luminescent donor
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or acceptor and photovoltage Lp measurements are combined it PL quenching
measurements of luminescent material. Therefore, the intrinsic Lp of a dark material can
be determined allowing for the extraction of z as the only fit parameter. Planar
heterojunction devices based on the D-A pairing of CuPc and Ceo were fabricated at a
variety of layer thicknesses. The N2 dye laser used to excite the devices can be tuned to
different wavelengths, so that = of each material could be independently measured. Here, a
2 =400 nm pulse was used to probe Csoand a A = 579 nm pulse was used to probe CuPc.
At 1 =400 nm 94% of the dissociated excitons originate from Cgoand at A = 579 nm 85%
of the dissociated excitons originate from CuPc. The normalized photovoltage transient at
each of these excitation wavelengths are shown for a device consisting of 35.4 nm CuPc
and 31.8 nm Ceoin Fig. 10.2a. Here it can be seen that the photovoltage transients generated
from probing each material are nearly identical. This agreement was present for six
different devices that were tested, which vary in layer thickness. Additionally, the
agreement of photovoltage transients between the donor and acceptor was also observed in
a PHJ H2Pc-Ceo device. It would be serendipitous for the rise time in both materials to be
identical, and suggests that there may be some other rate limiting step inherent in the device
or measurement which occurs between the arrival of excitons at the D-A interface and the
measurement of the photovoltage, controlling the timescale of the photovoltage rise. The
two most obvious mechanisms which could be responsible are the timescale of charge
transfer state dissociation or the timescale charge carrier collection.

In these experiments, the open-circuit voltage is measured by connecting the device to
a 1 MQ terminal of an oscilloscope. The measurement of a voltage in this set up requires a

small current to flow through this terminal. This behavior could be explained if the
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Figure 10.2 (a) Photovoltage transient of a CuPc-Cg device. The photovoltage rise is
independent of which material is excited and suggests some other rate limiting step controls the
timescale of the photovoltage rise in this device. (b) Photovoltage rise as a function of CuPc
layer thickness. Longer rise times are consistent with the model, as excitons generated further
away from the interface take longer to dissociate. (c) Photovoltage rise as a function of
increasing Ceo thickness. Displaying counterintuitive behavior where rise time gets faster with
thicker layers, which does not agree with the photovoltage model.

measurement is limited by a charge carrier transit time between the interface and electrode.
To investigate this, photovoltage transients were measured as a function donor and acceptor
layer thickness. It stands to reason that if this measurement is limited by some sort of charge
carrier transit time, the thicker the device, the slower the photovoltage rise due to the longer
pathway for charge collection. Figure 10.2b displays the photovoltage rise for three devices
with a constant Ceo thickness of 31.8 nm and varying CuPc thickness, where demonstrates
that the photovoltage rise time increases as a function of donor layer thickness. The
photovoltage transients shown in Figs. 10.2b and 10.2c correspond to 4 = 400 nm
excitation; however, the transients generated from A =579 nm excitation produce the same
results. It should also be noted that this trend could be explained by exciton diffusion,
where if Lp is sufficiently long, the photovoltage rise time will trend with thickness due to
the dissociation of excitons generated further away from the D-A interface. Devices with
a constant CuPc thickness of 18.6 nm and an increasing Ceo thickness are shown in Fig.
10.2c. These devices display the opposite dependence, where the rise time decreases as a

function of increasing Ceo thickness. This behavior was unexpected and contrary to both
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exciton diffusion and charge collection arguments. Lastly, 1:1 CuPc:Ces BHJ devices were
measured at different active layer thicknesses. In this architecture, the timescale for an
exciton to reach the D-A interface should be minimized and equivalent between the two
devices. Figure 10.3 shows the resulting photovoltage transients with both log and linear
time scales for 31.5 nm and 61.9 nm thick BHJ devices. These devices displayed similar,
counterintuitive behavior that was observed in PHJ devices with an increasing Ceo

thickness, where the photovoltage rise was the same regardless of which material is initially

excited and plateaued faster in thicker devices.
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Figure 10.3 Transient photovoltage rise of a 1:1 CuPc-Cqg bulk heterojunction device on both
log (left) and linear (right) timescales. Bulk heterojunction devices should minimize the
timescale for exciton dissociation and display similar counterintuitive behavior where the rise

time is longer for thicker devices.
10.3 Conclusions and future directions

Probing excitons in non-emissive materials is an inherently difficult problem. Charge
carrier based Lp measurements probe the magnitude of this parameter, but often Lp must
be decoupled with a measure of D or 7 in order to provide a deeper understanding of what
processes control exciton diffusion. The results presented in this chapter offer a unique and
experimentally simple approach to measure z in dark excitonic materials compared to

traditional transient absorption measurements. The photovoltage produced by a device is
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directly proportional to the number of dissociated excitons. Measuring a photovoltage
transient resulting from a short excitation pulse has the potential to probe the dissociation
of excitons in real time, which can be fit for 7 provided that Lp is known. However, more
work needs to be done in order to understand the physics associated with the photovoltage
transients. Initial measurements of Algs show consistency between the experimental and
modeled photovoltage transients using only experimentally measured inputs of Lp from
photoluminescence quenching and z from time-correlated single photon measurements.
When the method was applied to PHJ CuPc-Ceo and H2Pc-Ceo devices, the normalized
photovoltage transients were nearly identical regardless of which layer was excited by
optical excitation. This suggests that there is some rate limiting step inherent in the device
or measurement that occurs between the arrival of excitons at the D-A interface and the
measurement of voltage, possibly either the timescale for charge transfer state dissociation
or the timescale for charge transit. Devices displayed counterintuitive behavior where the
photovoltage rise time systematically decreased as a function of increasing Ceo thickness
and systematically increased as a function of increasing CuPc thickness. Additionally, 1:1
CuPc:Ceo BHJ devices showed a decrease in photovoltage rise time with increasing
thickness. Future work should focus on trying to understand this result in order to elucidate
what controls the timescale of photovoltage transients. Other D-A pairings should be
investigated to see if this behavior is specific to Ceo Or is general to all PHJ and BHJ
devices. In order for this measurement to be successful the photovoltage transient must
reflect the timescale of excitons arriving at the D-A interface. This could potentially be
accomplished by efforts to minimize the timescale for exciton dissociation and charge

collection by making increasingly thinner devices to maximize the internal electric field at
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the D-A interface or measuring the photovoltage rise under a constant reverse bias voltage
to increase field assisted charge transfer state dissociation and free carrier collection.
10.4 Experimental Methods

Device Preparation: Algs devices consisted of a 11.0 nm TAPC donor layer, paired
with a 13.0 nm Algs acceptor layer, deposited on ITO and capped with a 10.2 nm BCP
exciton blocking layer and 100 nm Al cathode. H2Pc-Ceo devices consisted of a 16.6 nm
H2Pc layer, 22.8 nm Ceo layer, 10.2 nm BCP layer and 100 nm Al cathode deposited on an
ITO coated glass substrate. For the devices used in thickness dependent CuPc-Ceo
measurements, a constant 31.8 nm Ceo layer was paired with 12.2 nm, 35.4 nm, and 75.6
nm CuPc donor layers, with a 10.3 nm BCP layer and 100 nm Al cathode, and a constant
18.6 nm CuPc layer was paired with 12.5 nm, 32.2 nm and 86.8 nm Ceo acceptor layers,
with a 10.4 m BCP layer and 100 nm Al cathode.

Transient photovoltage measurements: All devices were excited with a N laser
operating at 1 Hz. Dye cells were inserted into the laser to down convert the 4 = 337 nm
exciton to A =400 nm and A = 579 nm. The pulse width was measured with a Thorlabs
PDA10 Si amplified detector. Photovoltage transients were measured at open-circuit by
connecting the anode of the device to a 1 MQ terminal of a Tektronix TDS5104B
oscilloscope capable of a 250 GS/s sample rate with a voltage resolution of eight bits. The
cathode of the device was grounded directly to the shield of the device probe with a copper
wire, which was found to reduce the noise associated with the photovoltage transient.

Transient photoluminescence measurements: Transient photoluminescence of Algs
was measured on an 11.3 nm film of deposited on glass and encapsulated with a glass

microscope slide and epoxy to avoid oxidation. The decay was measured via time
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correlated singe photon counting with a PicoQuant PDL800-B laser pulse driver and laser
diode operating at 4 = 375 nm. Timing was measured using a PicoQuant NanoHarp 250
processor with a 31 ps time resolution and instrument response time of ~ 0.5 ns.
Photoluminescence quenching measurements were performed on a series of 12 Alqgs
films ranging from 4.6 to 38.8 nm with a 14.2 nm HATCN quenching layer. Films were
excited at under monochromatic illumination at a wavelength of 4 = 350 nm at an incident

angle of 65° with s-polarized light.
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11. Conclusions and future work

11.1 Summary and conclusions

Organic photovoltaic devices are an emerging renewable energy technology that has
the potential to provide low cost solar energy to a variety of unique applications that are
not accessible by traditional photovoltaics. In order to be economically viable and carve
out a space in the marketplace device efficiencies and operating lifetimes need to be
improved. Consequently, there needs to be a better understanding of the underlying
mechanisms of device operation in order to design materials and device architectures
capable of producing more efficient OPVs. This dissertation has focused on the
development of measurement techniques which are capable of accessing new material sets,
providing a deeper understanding of the physics of device operation; as well as, the
manipulation of material parameters in order to increase diffusion efficiencies for the
realization of more efficient devices.

Chapter 6 investigated the effects of materials purity on exciton transport, as native
molecular impurities were systematically removed from films of a-NPD. This study aimed
to explore what levels of impurities could be tolerated before exciton diffusion was
significantly hampered. With this knowledge, better insight into the degree of material
purification needed optimize device performance can be obtained. It was found that an
increase in HPLC purity from 97.1% to 99.0% coincided with concomitant increases in Lp
from (3.9 = 0.5) nm to (5.3 £ 0.9), due to a reduction in the concentration of exciton
quenching impurities, which primarily acted to reduce knr and increase 7. Fitting this trend

with a diffusion model based on Forster energy transfer suggested that large increases in
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Lp occur at thin film purities beyond 99%, stressing the importance of achieving very high
film purities to optimize exciton diffusion.

Chapter 7 presented a new method to determine Lp in device relevant architectures
utilizing a photovoltage-based measurement. This technique is equally capable of probing
exciton harvesting in luminescent and dark excitonic materials. When a photovoltage is
measured at open-circuit charge collection is not necessary, eliminating non-geminate
recombination losses that lead to underestimates of Lp in established photocurrent based
methods. This technique is subject to geminate recombination of interfacial CT states and
thus yields a device relevant value of Lp, which represents the fraction of excitons that are
able to be harvested as useable photocurrent in a device. When a dark material is paired
with a luminescent donor or acceptor, which are accessible by PL based Lp measurement
techniques, #cs can be decoupled, elucidating intrinsic values of Lp for the dark material.
The photovoltage approach offers a unique tool to learn about exciton diffusion in non-
luminescent materials, including triplets, which remain an understudied faction of organic
semiconductors.

Chapter 8 presented a series of experiments which can be combined to probe exciton
harvesting and quantitatively decouple the active recombination pathways as a function of
forward bias voltage in a PHJ OPV. Three techniques which are typically only used to
extract values of Lp were considered in concert with one another and demonstrated that
each technique actually probes a separate point in the photoconversion process. With these
three techniques, the intrinsic Lp of each material was determined and the effects of
geminate and non-geminate recombination were quantified and decoupled throughout the

power generating fourth quadrant. For the particular SubPc-Ceo device under study, it was
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found that geminate recombination was the dominant loss pathway and that non-geminate
recombination only began to take effect past the maximum operating power point. This
work demonstrates a methodology which can be used to learn about where the
inefficiencies in photoconversion occur during device operation. With this knowledge,
materials and device architectures can be designed to minimize dominant loss pathways
for more efficient operation.

Chapter 9 utilized the photovoltage method presented in Chapter 7 to measure Lp in
the dark singlet fission based material pentacene. Singlet fission is a process capable of
producing two excitons per absorbed photon, which enhances photocurrents and can
potentially produce more efficient OPVs. Additionally, single crystals of emissive singlet
fission materials have yielded the longest reported Lp to date; however, relatively little is
known about the diffusive behavior of triplet excitons in dark singlet fission materials. In
this study, Lo was demonstrated to systematically increase as a function of polycrystalline
grain size due to the reduction in exciton quenching at grain boundaries. The reported Lp
ranged from (20.9 + 2.2) nm to (33.4 = 3.5) nm. This is relatively long compared to many
reported values of Lp for singlet excitons; however, it was well short of the micron scale
Lo observed in single crystals. Future work should explore different material sets to see if
other singlet fission systems are capable of producing microscopic Lp in device
architectures. This would allow for the use of optically thick films and simple PHJ
architectures which are capable of overcoming the exciton bottleneck.

Chapter 10 expanded the photovoltage technique to the transient regime. In these
measurements, the rise in photovoltage was measured after excitation from a short laser

pulse. Generated photovoltage transients potentially represent exciton dissociation in real
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time and can be fit for 7 if a value of Lp is known. This would allow for experimentally
simple measurements of z in dark materials, where traditional transient PL measurements
are not applicable. To demonstrate the method, transient photovoltage and PL
measurements of the emissive material Algs were compared and observed to be in a good
agreement. However, when the technique was expanded to dark materials, counterintuitive
behavior was observed. In these devices, the photovoltage rise time was independent of
which material was excited and got shorter as a function of increasing acceptor layer
thickness, in disagreement with the model. In order for this technique to be successful more
work needs to be done to understand this behavior and different device architectures and
experimental set ups should explored in order to optimize the rate of CT state dissociation.

Each of these studies advanced the understanding OPV device operation in some way
or provided tools to learn about underlying device physics. However, a lot more work needs
to be done in order to advance the understanding of these devices to the point where power
conversion efficiencies are high enough to compete in the marketplace. Many companies
are nearing the point of commercialization and time will tell whether OPVs can be an
economic solution capable of providing low cost renewable energy.
11.2 Future work

In order for OPVs to overcome the exciton bottleneck in simple PHJ devices, materials
with Lp on the order of the absorption length of light, which are able to be successfully
implemented into device architectures must be realized. It should be noted that even in BHJ
devices a longer Lp will be beneficial by increasing #p or relaxing the constraint on phase
morphology. As discussed in Section 3.6, triplet excitons present the best opportunity for

this to be achieved due the fact that D and 7 are not coupled. If triplet materials can be
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fabricated with sufficiently long z, then microscopic Lp are possible, which has been
demonstrated in single crystals of rubrene and tetracene.*”"#2 Additionally, devices based
on singlet fission materials have the potential of increasing power conversion efficiencies
through enhanced photocurrents by generating two excitons per absorbed photon. The
techniques developed throughout this work provide tools to study exciton diffusion in these
systems. Chapter 9 demonstrated that the photovoltage approach could be used measure Lp
in pentacene; however, this is the simplest case to study because singlet fission is fast and
efficient and triplet fusion is inefficient. Future work should focus on expanding upon this
work to study triplet exciton diffusion in singlet fission materials with more complicated
exciton dynamics.
11.2.1 Decoupling singlet and triplet diffusion lengths in rubrene

Rubrene provides an interesting test case to combine photovoltage and PL quenching
measurements to decouple singlet and triplet Lo in a singlet fission based material. In
rubrene, S1 (2.29 eV) and 2T, (2.28 eV) are approximately isoergic, as shown in Fig.
11.1a.2%" Consequently, both singlet fission and triplet fusion occur readily at room
temperature.22"-2%° This complicates the photovoltage analysis significantly, as you can no
longer assume a 2:1 ratio of generated excitons to absorbed photons. In this case, Egns. 9.1
and 9.2 cannot be simplified and must be solved as two coupled differential equations.
Additionally, there are now six unknown parameters: Ds, zs, Dy, i, Kis, and ksus. Previously,
with only one type of diffusing exciton, Lp was the only fit parameter. In the steady-state,
with only one diffusing species, the fraction of dissociated excitons is only proportional to
the product of D and z and not the magnitude of either individual component. That is not

the case for rubrene, where the rate of singlet exciton dissociation, which is proportional
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Figure 11.1 (a) Singlet (S1) and triplet (T1) energy levels of rubrene. (b) Photoluminescence
guenching and (c) photovoltage based Lo measurements of rubrene, assuming a single diffusive
species. Discrepancy between these measurements demonstrates that a large fraction of triplets
are dissociated.

to Ds, will compete with ksis, and similarly the rate of triplet exciton dissociation, which is
proportional to DT, will compete with kss. With one experiment and six unknowns, it is
clear that photovoltage measurements alone are not enough to solve this problem and must
be combined with photoluminescence quenching, transient absorption, and transient PL
measurements in order to be able to achieve a unique fit for the singlet and triplet Lp.
Figures 11.1b and 11.1c demonstrate preliminary PL quenching and photovoltage
measurements, respectively. Here, both measurements are fit with a model that naively
neglects singlet fission and triplet fusion, assuming a single diffusive species where one
absorbed photon generates one exciton. Photoluminescence quenching measurements,
which probe the magnitude of the singlet exciton density yield a value of Lp = (6.5 £ 0.5)
nm. However, when photovoltage measurements are conducted on a rubrene based OPV,
which are sensitive to the dissociation of both singlets and triplets, a value of Lp = (27.2 £
2.7) nm is extracted. The device measured here consists of a 31.3 nm rubrene film deposited
on ITO, paired with a 21.8 nm Cgo acceptor, 11.8 nm BCP exciton blocking layer, and 100
nm Al cathode and is excited with Apeak = 530 nm excitation. The disagreement between

these two measurements suggests a significant number of triplet excitons reach the
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dissociating interface; however, a more rigorous treatment is needed to quantitatively
decouple the singlet and triplet Lp.

When transient PL of rubrene is measured, it displays near biexponential behavior
where there is a short-lived prompt fluorescence component, zprompt, Which is dominated by
singlet excitons rapidly undergoing fission to two triplets, as well as a long lived delayed
fluorescence component, resulting from triplet fusion repopulating the singlet state, which
then radiatively decays.®28240 Transient absorption measurements are capable of
monitoring the singlet and triplet exciton densities as a function of time and can extract the
sum of 2ksis + krus. 2" If transient absorption measurements are combined with transient PL
measurements and it is assumed that zprompt = kiis, Which is a good approximation if kiis™
<< s, then reasonable measures of kss and kss can be obtained. From Eqn. 9.1 it can be
inferred that the intensity of the delayed fluorescent component is proportional to n¢é.
Previous reports have argued that at very long times when the triplet density is low enough,
that the delayed fluorescence component transitions form a power law t2 dependence to a
single exponential dependence, where the decay is determined by z:. If these experiment
can successfully determine ks, ks, and =, this leaves three remaining unknown
parameters: Ds, Dy, and zs.

If photovoltage measurements are combined with PL quenching measurements, then
two sets of differential equations can be solved simultaneously in order to fit the remaining

three parameters. The data that is fit from PL quenching measurements is:

_ Inso(x)dx
Plratio = 170 " coax (11.1)

where nso and nsuq are the quenched and unquenched singlet exciton densities,

respectively. Photovoltage measurements will determine the total number of dissociated
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excitons (Npe) including singlets and triplets. Additionally, #cs will need to be decoupled,
as demonstrated in Chapters 8 and 9. Photovoltage data can then be fit using an equation

similar to Eqgn. 8.1, incorporating both species of exciton:

dns(x)

dng(x)
Npg = TpulseA (DS dx + D, -

dx ) |D—A Interface (112)

where 7, IS the excitation pulse width and A is the excitation area.

If this series of experiments is successfully able to extract values of Ds, Dy, and zs, then
the singlet and triplet Lp can be extracted. In this sort of a two state system however, Lp is
not simply given by vDz. The balance of krisand krus determine effective lifetimes for which
the exciton exists in each state. It has previously been demonstrated that in this sort of a

two state system Lp and the effective lifetime can be determined as:*

-1
Lps® =D Kruste (11.3)

S — — — —
kpusts 1 +kpiste 1 +Ts7 1,7t

Lp:2 =D Kris . (11.4)

ke pusts L4k pisTe 14751,
Decoupling singlet and triplet Lp in singlet fission materials which display triplet fusion is
far more complicated than the method used for determining triplet Lp in exoergic singlet
fission materials demonstrated in Chapter 9. However, this series of experiments offers a
unique opportunity to study the interplay of diffusing excitons in a two state system. The
films used in the experiments shown in Figs. 11.1b and 11.1c are amorphous and reveal no
scattering peaks. If these experiments can successfully decouple singlet and triplet Lp, then
the approach could be expanded to explore how this relationship is affected as a function

of crystallinity.
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11.2.2 Intramolecular singlet fission sensitization

Singlet fission materials can enhance photocurrents by generating two excitons for
every absorbed photon; however, the linear acenes and their derivatives, which make up
the majority of singlet fission materials, are characteristically weak absorbers limiting
device efficiencies.®® In order to overcome this problem, studies have tried to decouple
absorption from singlet fission through singlet fission sensitization.**?!3 Similar to the
exciton injection scheme discussed in Section 9.4.3, a strongly absorbing material is paired
with a singlet fission layer, such that optical absorption on the strongly absorbing material
generates singlet excitons, which can then undergo Forster transfer to the singlet fission
material to generate two triplets. The problem with this approach is that while it
successfully decouples absorption from singlet fission, it doesn’t take advantage of the
potentially long Lp of triplet excitons. If two triplet excitons could instead be transferred
back to the strongly absorbing material after fission occurs, then triplet excitons, with
potentially long Lp, could be generated on the absorber and thicker films could be used to
boost optical absorption, while still employing the benefits of singlet fission.

Generally, singlet fission is a bimolecular process where an excited molecule shares its
energy with a neighboring molecule in the ground state. This process is highly sensitive to
the packing of the two molecules and is generally more efficient in highly crystalline
systems.®1°2240 Recently however, dimer-like molecules which display efficient
intramolecular singlet fission have been synthesized. In these molecules an exciton
undergoes singlet fission to create two triplets on the same molecule, relaxing the

restriction on molecular packing.?41-2*2 This type of molecule could be doped into a strongly
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Figure 11.2 Energy level diagram of an intramolecular singlet fission sensitized host-guest
system. Optically generated singlet excitons on the host (Siwest) Undergo Forster transfer to
Si1cuest. Intramolecular singlet fission converts the singlet exciton to two triplets. Triplet excitons
can then transfer back to the host trinlet level bv Dexter transfer.

absorbing film in a host-guest architecture, similar to what has been demonstrated with
phosphorescent  sensitizers.}1%1%1243  previous work phosphorescent sensitizers has
demonstrated that triplet excitons can be generated on a fluorescent host by doping in a
small fraction of a phosphorescent molecule. In this scheme the host transfers an optically
generated singlet exciton to phosphorescent guest, which rapidly converts the singlet
exciton to a triplet due to strong spin-orbit coupling and is then transferred to the triplet
energy level of the host. If the energy levels of the host and guest are chosen correctly this
same sort of transfer could occur, while simultaneously generating an extra exciton through
singlet fission.

In order for such a host-guest system to operate effectively two criteria must be
satisfied: first, the energy of lowest excited singlet state of the host, S1nost, must be greater
than the lowest excited singlet state of the guest, S1 guest. This ensures that there is adequate
spectral overlap between the emission spectrum of the host and the absorption spectrum of

the guest, such that optically generated singlet excitons on the host can be transferred to
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the guest via a Forster mechanism. The exciton on the guest can then undergo singlet fission
to generate two triplet excitons, with energy Tiguest. Second, T1,guest Must be greater than
the first excited triplet energy level of the host, T+ nest, SO that converted triplet excitons can
be transferred back to the host. This energetic offset ensures that triplet excitons will not
be trapped on the guest. This pathway of triplet exciton generation on the host is shown
schematically in Fig. 11.2.

One material system which could potentially satisfy this criteria is SubPc and the
molecule BET-B, which consists of two covalently linked cofacial 5-ethynyl-tetracene
dimers. BET-B has demonstrated efficient intramolecular singlet fission occuring on
timescale of 1 ps, with high triplet yields of 154%.%*! There exists a spectral overlap
between the emission spectrum of SubPc and the absorption spectrum of BET-B, ensuring
Forster transfer can occur. Additionally, the two molecules have resonant triplet energy
levels of 1.4 eV, which would allow triplet excitons to undergo Dexter transfer back to
SubPc.?* In this system, the strong visible aborption of SubPc can be utilized, while two
long lived triplet excitons, with potentially long Lp, can be generated on SubPc. This
decouples the process of singlet fission and absorption and also allows diffusion of triplet
excitons to occur on the absorber, so that thicker films could be used to boost optical
absorption

If this is energy transfer process is able to occur efficiently, neqe spectra and current-
voltage characteristics should first be measured as a function of BET-B concentration in
order to optimize photocurrent and the magnitude of the SubPc 7eqe peak. This will ensure
that the balance between the energy transfer scheme shown in Fig. 11.2 and triplet transport

on SubPc is optimized. If too little of the guest is doped into the host, then singlet excitons
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will be dissociated without encountering a BET-B molecule. If too much of the guest is
doped into the host, then transport along BET-B will compete with triplet transport in
SubPc.

If an increase in photocurrent or neqe can be demonstrated, then photovoltage
measurements can be used to determine if the triplet Lo on SubPc is enhanced relative to
neat SubPc. The model for fitting Lp in this system will also be complicated. As a first
order approximation, at the optimized doping level it can be assumed that every SubPc
singlet exciton is able to undergo Forster transfer to the guest before it is dissociated. In

this case, the 154% triplet yield can be incorporated into the diffusion equation as:

2
0= p, L™ _ ”;—f” + 1.54G (x). (11.5)

dx?
This scheme provides an opportunity to simultaneously employ the strong absorption of
SubPc and the benefits of singlet fission, by generating two triplet excitons through and
intramolecular singlet fission sensitizer. If the generated triplets display an enhanced Lp
relative to neat film, then thicker active layers can be used increase #aand the photocurrent

will be increased due to both singlet fission and increases in Lp.
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B. Experimental methods

Substrate cleaning procedure:

All substrates used in this work were cleaned prior to film deposition with the following
procedure:
1) Sonication for 5 minutes in a dilute solution of Tergitol and deionized water
2) Sonication for 5 minutes in deionized water
3) Sonication for 5 minutes in acetone
4) Sonication for 5 minutes in a second acetone bath

5) Boiling for 5 minutes in isopropyl alcohol

6) Boiling for 5 minutes in a second isopropyl alcohol bath
Additionally, substrates of ITO were exposed to an ultraviolet-ozone atmosphere for 10
minutes prior to deposition.
Film and device preparation:
Unless otherwise noted:

Films and device active layers used in this work were fabricated using thermal vacuum
sublimation. Organic layers were deposited at 0.2 nm s, and the Al cathode was deposited
at 0.3 nm s at a base pressure of 107 Torr. All materials were used as received without
further purification. Materials were obtained from the following suppliers: HoPc and MgPc
from Sigma-Aldrich; CuPc from Acros Organics; PbPc from TCI America; BCP, NTCDA,
MoOx and Al from Alfa Aesar; HATCN, SubPc and UGH2 from Luminescence
Technology Corporation; a-NPD from The Dow Chemical Company; and Ceo from MER
Corporation.

All devices were fabricated on an ITO coated glass substrate with a sheet resistance of
15 Q per square and were capped with a 10-nm-thick exciton blocking layer of BCP and a

100-nm-thick cathode layer of Al deposited through a shadow mask. Devices deposited on
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pre-patterned ITO have an active area of 0.25 cm?and devices deposited on unpatterned
ITO have an active area of 1x0.0025 cm?. All patterned devices were encapsulated with a

glass microscope slide and UV cured epoxy to avoid device degradation in atmosphere.
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C. a-NPD photoluminescence spectra and purification details
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Figure 13.1 Photoluminescence (PL) spectra of a-NPD films used to calculate PL ratios for Lp
fits in Fig. 6.3. (@) Unquenched and (b) quenched spectra of 97.1% pure films corresponding
t06.4,6.9,7.8,8.3,10.3, 11.5, 12.3, 13.3, 16.4, 18.0, 19.7, 21.0, 28.2, 31.4, 35.2, and 37.3 nm
thicknesses in order increasing intensity. (¢) Unquenched and (d) quenched spectra of 98.3%
pure films corresponding to 5.6, 6.1, 6.3, 6.7, 10.9, 12.3, 13.7, 14.8, 19.2, 21.7, 23.6, 25.5, 29.9,
33.1, 36.1, and 38.9 nm thicknesses in order increasing intensity. (e) Unquenched and (f)
guenched spectra of 98.8% pure films corresponding to 6.8, 7.5, 8.4, 9.3, 11.4, 12.2, 13.7, 14.9,
20.5, 23.3, 27.0, 29.7, 33.8, 37.8, 43.4, and 48.0 nm thicknesses in order increasing intensity.
(9) Unquenched and (h) quenched spectra of 99.0% pure films corresponding to 6.7, 7.5, 8.5,
9.2,10.9, 13.1,14.1, 16.5, 18.7, 21.7, 24.5, 28.0, 28.9, 33.9, 38.1, 44.5 nm thicknesses in order
increasing intensity. Counts axis between different purities is arbitrary.
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a-NPD purification details:

a-NPD was purified once by thermal gradient sublimation purification. Prior to
purification all glassware was cleaned by rinsing in acetone, isopropanol, and DI water
three times to remove the majority of the organic material left from previous purifications.
The remaining residual organic material was then removed with a piranha etch, consisting
of a 3:1 sulfuric acid (H2SO4) to hydrogen peroxide (H.0) ratio. Here, 150 mL of 99%
sulfuric acid is mixed with 50 mL of 30% hydrogen peroxide in the purification tube, this
is repeated three times until the glassware is submerged, with a total of 600 mL of solution
in the tube. The glassware was rinsed three times with piranha etch and on the third rinse
the solution was left in the purification tube overnight in a fume hood in order to ensure
that all organic material was completely etched. All glassware was subsequently rinsed
with water and isopropanol to remove any sulfuric acid and hydrogen peroxide.

All glassware was then allowed to dry before being inserted into the thermal gradient
sublimation purification setup. Empty glassware was placed under vacuum at a base
pressure of 2.2x10° Torr, heated to 500 °C, and left overnight to remove any residual
water, solvent, or organic material. The next day, 11.4 g of a-NPD was loaded into the
deposition boat and inserted into the purification tube, along with five glass sleeves which
are used to collect the sublimed material. The purification tube was evacuated to a base
pressure of 1.8x10° Torr and all three zones of the furnace were set to 120 °C and left
overnight to bake off any volatiles and residual solvent in the source material. The next
day, all three zones of the furnace were increased to 260 °C at a starting base pressure of
3.4x107 Torr. While all three zones of the furnace were set to the same temperature,
separation was achieved by the linear temperature gradient out of the end of the furnace.

After eight days, once the purification was complete, all three zones of the furnace were
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turned off and the furnace was removed, allowing the purification tube to be crash cooled
to room temperature. Once the tube had cooled to room temperature and was brought up
to room pressure, 9.1 g of pure material was collected from the end of the third and
beginning of the fourth sleeve, as shown in Fig. 6.2b, by manually scraping the inside of

collection sleeves.
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D. Photovoltage Lp measurements of dark phthalocyanine
materials

The following figures display the charge extraction and photovoltage results used to

measure Lp in dark phthalocyanine materials presented in Chapter 7.
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Figure 13.2: Measuring the Lp of Hz2Pc: (a) Architecture for the planar heterojunction
organic photovoltaic cell (OPV) based on the donor-acceptor pairing of metal-free
phthalocyanine (H2Pc)-Cso. (b) Comparison of the extinction coefficients for H2Pc and Ceo
as well as the spectrum of the LED pulse (Apeak = 625 nm) used to pump HzPc. (c) Four
photovoltage rises recorded when pumping HzPc with the 1 = 625 nm LED at intensities
of 14.0 mW cm2 (black), 19.9 mW cm (red), 25.9 mW cm (blue) and 32.0 mW cm™
(green). (d) The relationship between charge carriers and voltage for the H2Pc-Cgo device
obtained using the charge extraction method and a linear fit to the data. (¢) Simulated 7anp
curves for three H2Pc Lp values compared to the time integrated LED pump spectrum. (f)
Comparison of the predicted number of charge carriers generated (for multiple values of
the HoPc Lp) to the photovoltage-based measurement (horizontal line). The Voc (in
millivolts) that would be measured for the corresponding number of charge carriers is
labeled for each bar.
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Figure 13.3 Measuring the Lp of MgPc: (a) Architecture for the planar heterojunction OPV
based on the donor-acceptor pairing of magnesium phthalocyanine (MgPc)-Ceo. (b)
Comparison of the extinction coefficients for MgPc and Ceo as well as the spectrum of the
LED pulse (Zpeak = 625 nm) used to pump MgPc. (c) Three photovoltage rises recorded
when pumping MgPc with the A = 625 nm LED at intensities of 29.9 mW cm (black), 35.6
mW cm? (red), 41.5 mW cm (blue). (d) The relationship between charge carriers and
voltage for the MgPc-Ceo device obtained using the charge extraction method and a linear
fit to the data. (e) Simulated #anp curves for three MgPc Lp values compared to the time
integrated LED pump spectrum. (f) Comparison of the predicted number of charge carriers
generated (for multiple values of the MgPc Lp) to the photovoltage-based measurement
(horizontal line). The Voc (in millivolts) that would be measured for the corresponding
number of charge carriers is labeled for each bar.
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Figure 13.4: Measuring the Lp of PbPc: (a) Architecture for the planar heterojunction
OPV based on the donor-acceptor pairing of lead phthalocyanine (PbPc) -Ceo. (b)
Comparison of the extinction coefficients for PbPc and Ceo as well as the spectrum of
the LED pulse (Apeak = 625 nm) used to pump PbPc. (c) Five photovoltage rises recorded
when pumping PbPc with the 1 = 625 nm LED at intensities of 25.0 mW cm (black),
30.8 mW cm (red), 36.7 mW cm? (blue), 42.3 mW cm (pink) and 49.3mW cm
(green). (d) The relationship between charge carriers and voltage in the PbPc-Ceo device
obtained using the charge extraction method and an exponential fit to the data. (e)
Simulated nanp curves for three PbPc Lp values compared to the time integrated LED
pump spectrum. (f) Comparison of the predicted number of charge carriers generated
(for multiple values of the PbPc Lp) to the photovoltage-based measurement (horizontal
line). The Voc (in millivolts) that would be measured for the corresponding number of
charge carriers is labeled for each bar.
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E. Solving the diffusion equation with the centered finite difference

approximation

In some cases it is necessary to use a numerical solution to the exciton diffusion
equation in order to account for processes like Forster transfer to a quencher, exciton-
polaron gquenching, etc. One approach is to solve the exciton diffusion equation with the
centered finite difference approximation. This is a numerical method which approximates
derivatives as finite differences and transforms an ordinary differential equation into a set

of algebraic equations on the form A% = b, where % and b are vectors and A is a tridiagonal
matrix. In this approach the domain, x, will be discretized into a set of N points ranging
from x1 to xn and the exciton density, n(xi), will be approximated at each point.

The first step in this method is to approximate derivatives using a Taylor series expansion

of n(x) around an arbitrary point x, given by:
n(x) =nlx;) +n' () (x —x;) + %n”(xi)(x —x)? + (12.1)
Now, let x = x;,; and Ax = x;,; — x;. Then the first forward finite difference is given
by:
n(xiz1) = n(x;) + n'(x;)Ax + %n”(xl-)sz + . (12.2)
Rearranging Eqn. 12.2, we can approximate the derivative as:

n'(x) = —"(xi“‘?;n(x") - %n”(xi)Ax (12.3)

Taking only first order terms, this can be simplified to:

n' () = Mo one) (12.4)

Similarly, letting x = x;_; and Ax = x; — x;_, the first backward finite difference is given

by:
n(xj;1) = n(x;) + n'(x;)(—Ax) + %n”(xi)sz + (12.5)
n () = MO 4 2 ) Ax (12.6)
n () = MO (12.7)
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The centered finite difference approximation is then given by combining the first forward

and first backward finite differences to approximate the first and second derivatives as:

(12.4) + (12.7) - ' (x;) = M niz) (12.8)
(12.3) - (12.6) > n"(x) = ML ZREp ey (12.9)

Now Eqgn. 12.9 can be used to transform the diffusion equation into a series of linear
equations. Here, the exciton density and spatial position are discretized into a series of N
pointsasn — n;..nyand x — x; ...xy Where xy is the left interface and xn is the right
interface of an arbitrary film. In the simplest form, the one-dimensional steady-state

exciton diffusion equation is given by:

2 2
d n(zx)—M-FG(x) 50 = d n(x)_n(x)_l_G(x)
dx T

dx? Lp? D

0=D

(12.10)

Inserting Eqn. 12.9 into 12.10, at any point xi, the diffusion equation can be approximated

as:
— M4 2Midniog o Gi
0= a7 12 + (12.11)
Rearranging this equation yields:
—(A 2 (A )2
(DX) Gi =MNj41 — (L.% + 2) n; + ni_q (1212)

The entire domain can be expressed in matrix form using an NxN tridiagonal matrix as:
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—(Ax)?

D Gy
—(A '2 B
w2
2
—((iz)z +2) 1 0
_ ((ax)? n
1 (Tr+2) 1 @ [ : ] (12.13)
_ (Ax)2 nN
0 1 (LDZ +2) 1
1)

Now we have a matrix in the form A% = b which can be solved using the linsolve function
in Matlab, for example. Next, quenching and reflecting boundary conditions can be applied
by changing the first and last rows of this matrix. As an example, we will apply a reflecting
boundary condition at the left interface and a quenching boundary condition at the right
interface, as would be the case for exciton donor. However, this method can be used to
determine quenching or reflecting boundary conditions at both interfaces. For a reflecting

boundary condition, we can use Egn. 12.8 to determine:

d —
L=0="2"omy =m0, (12.14)

Inserting this into Eqn. 12.12 yields:

— 2 2
6, = - ((Z‘i +2)ny + 2n, (12.15)

Similarly, for a quenching boundary condition at the right interface, we want to enforce
that:

ny =0 (12.16)
Inserting Eqns. 12.15 and 12.16 into Eqgn. 12.13, we now have a system of linear equations

which can be solved to determine the exciton density from the diffusion equation as a
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function of position, x, with a reflecting boundary condition on the left side and quenching

boundary condition on the right side as:

[ —(Ax)2
I <Ax)2
l D
- ((f;‘f +2) 2 0
1 - ((f;‘); +2) 1
0 1 - ((i‘zf +2
1)

-1

e —|

nq
Ny

(12.17)

Note that in Eqn. 12.17, the first and last rows are changed from Eqgn. 12.13. A similar

approach can be used to modify Eqn. 12.13 for a left quenching boundary condition by

switching and reversing the first and last rows. Using this approach, different boundary

conditions and other quenching and generation terms can easily be incorporated into the

diffusion equation without the need for complex analytical solutions for each variation.
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F. Optical field simulation code

The following Matlab function uses a transfer matrix formalism to generate an electric field
profile in a given multilayer stack. The primary inputs of this function are incident
wavelength(s) of light, thickness of the active absorbing layers, complex indices of
refraction, light polarization angle, and angle of incident illumination. The code then
outputs vectors of optical field, and absorbed power to calculate the optical generation rate.

function
[alpha,qg,xi,L,S,Scheck, Spr, Sprpr,Tj,Q,01,E, Intensity,Beta,DC,Refl] =
ElectricFieldGeneration(d,n,K,Ld,AM15, tau, x,epsilon, c,charge,plank, phi,
lambda)

for z = l:size(lambda,l)
$Cycles through layers and calculates constants for each layer
Refl(z,1l) = abs((l*cos(phi)-n(1l,z)*sqrt(l-

(1*sin(phi) /n(1l,2z))"2))/(1*cos(phi)+n(1l,z) *sqgrt (1-
(1*sin(phi) /n(1l,z))"2)))"2; %Reflection of Air/Glass Interface - S-
Polarized

$Refl(z,1) = abs((l*sgrt(l-(1l*sin(phi)/n(1l,z))"2)-
n(l,z)*cos(phi))/ (1*sqrt (1-(1*sin(phi)/n(1,z))"2)-n(1l,z)*cos(phi)))"2;
$Reflection of Air/Glass Interface - P-Polarized

for § =1:1:size(d,2)
$Absporption Coefficient (1/m)
alpha(z,j) = (4*pi*K(j,z))/lambda(z,1);

$Optical Constants Relation
a(z,3)=((n(j,z))"2-(n(l,z)"2)*(sin(phi)*2))".5;

% xi*dj 1s layer phase thickness corresponding to phase change
as wave goes through layer j
xi(z,3) = (2*pi*q(z,3))/(lambda(z,1));

%$Layer Matrix describes propogation of wave through layer j
L(:,:,3,2) = [exp(-1li*xi(z,J)*d(1,3)) 0; O
exp(li*xi(z,3J)*d(1,3))1;

$Diffusion Coefficient
DC(J) = (Ld(3)"2)/tau(]j);

%Beta = 1/1Ld
Beta(j) = 1/Ld(3);
end

%Calculates complex Fresnel Reflection and Transmission
Coefficients and Interface Matrix
for j = 1:1:(size(d,2)-1)
%$S5-Polarized Light
rik(z,3) = (q(z,3)-q(z,3+1))/(q(z,])+q(z,J+1));
tik(z,J) = (2*q(z,3))/(a(z,J)+a(z,3+1));

$P-Polarized Light
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%rjk(zlj) = (-

n(j+l,z)"2*q(z,j)+n(j,z)"2*q(z,3+1))/(n(J+1,z)"2*q(z,])+n(J,z) "2*q(z, J+

1))
stik(z,])
(2*n(3+1,z)*n(J,z)*q(z,3))/ (n(3+1,z)"2*q(z,])+n(J,z) "2*q(z,J+1));

$Interface Matrix
Ijk(:,:,3,2) = (1/tjk(z,3))*[1 rik(z,3):;rijk(z,3) 11;
end

%Calculates Total System Transfer/Scattering Matrix S(:,:,z)
S(:,:,z) = [1 0;0 1717
for j = 1:1:(size(d,2)-2)
S(:,:,2) = S(:,:,2)*Idk(:,:,3,2)*L(:,:,7%t1,2);
end
S(:,:,2) = S(:,:,2)*I3k(:,:, (size(d,2)-1),2);

%$Total Reflection and Transmission Coefficients (Assumes E- of
Substrate = 0)

r(z) = S(2,1,z)/S(1,1,2z); %Reflection Coefficient Eo-/Eo+

t(z) = 1/S(1,1,z); %Transmission Coeffiecient E+substrate/Eo+

%$Partial System Transfer/Scattering Matrices
for j = 2:1:(size(d,2)-1)

Spr(:,:,3,2z) = [1 0; 0 1]; %SjPrime in Patterson et al
Sprpr(:,:,3,2z) = [1 0; 0 1]; %$SjPrimePrime in Patterson et al

for v = 1:1:(j3-2)

Spr(:,:,3,2z) = Spr(:,:,3,2z)*I3k(:,:,v,2)*L(:,:,v+l,2);
end
Spr(:,:,3,2) = Spr(:,:,3,2)*Ijk(:,:,3-1,2);
for v = j:1:(size(d,2)-2)

Sprpr(:,:,3,z) = Sprpr(:,:,3,z)*Ijk(:,:,v,2)*L(:,:,v+l,z);
end
Sprpr(:,:,3,z) = Sprpr(:,:,3,z)*Ijk(:,:, (size(d,2)-1),z);
Scheck(:,:,3,2z) = Spr(:,:,3,2)*L(:,:,7,2)*Sprpr(:,:,3,2);

end

%$Partial Reflection and Transmission Coefficients of Partial System

Transfer Matrices
for j = 1:1:(size(d,2)-1)
rpr(j,z) = Spr(2,1,3,2z)/Spr(l,1,3,z); % r prime
tpr(er) = 1/Spr(1llljlz);
rprpr(j,z) = Sprpr(2,1,3,2z)/Sprpr(l,1,j,2z); % r prime prime
tprpr(j,z) = 1/Sprpr(1,1,3,2);
tplus(j,z) = tpr(j,z)/(1-(-
Spr(1,2,3,2z)/Spr(l,1,3,2))*rprpr(j,z) *exp (1i*2*xi(z,3) *d(1,3)));
$Internal Transfer Coefficient of wave in +x direction
tminus(j,z) = tplus(j,z)*rprpr(j,z)*exp(li*2*xi(z,3)*d(1,3));
$Internal Transfer Coefficient of wave in -x direction
rho(j,z) = abs(rprpr(j,z));
delta(j,z) = angle(rprpr(j,z));
Tj(j,Z) =
(real(n(j,z))/real(n(1l,z)))* (tplus(j,z) *conj (tplus(j,z)));
end

%Creates x positions inside each layer
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NumberofSteps = 100;
for j = 1:1:(size(d,2)-1)
for 1 = 1:1: (NumberofSteps+1)

$Electric Field Calculations
Eo(z) = 1;
(jlzll) =

) * (exp (1i*xi(z,3) *x(J,1))+rprpr(J,z) *exp (li*xi(z,])*(2*d(1,7) -
*Eo(z);

E1(3,z,1) =
(tplus (3, z) * (exp (1i*xi (
li*xi(z,J)*x(J,1))))*Eo

tplus(j,z
x(J,1))))
z,3)*x(3,1)))+tminus (3, z) * (exp (-
(z)

I

$Time average absorbed power in layer j per second at
position x (W/m"3)
Q(jlzll) =
.5*c*epsilon*alpha(z,j) *real (n(j,z))*(E(j,z,1)*conj(E(j,z,1)));
Ql(j,z,1) = alpha(z,]J)*Tj(j,z)*AM15(z)* (1-Refl(z,1))* (exp (-
alpha(z,3j)*x(j,1))+(rho(j,z)"2)*exp(-alpha(z,j)*(2*d(1,7) -
x(j,1)))+2*rho (j,z) *exp (-
alpha(z,3j)*d(1,3)) *cos(((4*pi*real(n(j,z)))/lambda(z,1))*(d(1,7)-
x(j,1))+delta(j, z)));
end
end
Intensity = E.*conj (E);
end
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G. Analytical solution to diffusion equation

The following Matlab code analytically solves the one-dimensional steady-state exciton
diffusion equation with different quenching and reflecting boundary conditions. The inputs
to this model are wavelength(s), layer thicknesses, complex indices of refraction, partial
transfer matrices, boundary conditions, and diffusion coefficients. The function outputs the
exciton density as a function of layer position and the photocurrent.

function

[ExcDen, ExcDenTot, Jphotod, JphotoO]=AnalyticalModel (lambda,d, n, x,alpha,B
eta, Spr, Sprpr, Tj,AM15,BC, ¢, charge, plank, thetal, theta2,DC,Refl,GlassTran
s)

ExcDenTot = zeros(size(d,2)-1,101);

$Cyles through all wavelenghts

for z = 1l:1:size(lambda,l)
nu(z) = c/lambda(z,1); %Frequency of Light (1/s)
Nflux(z) = AM15(z)* (1-Refl(z,1))*GlassTrans(z,1)/ (plank*nu(z));

%$Incident Photon Flux (1/m"2*s)
%Cycles through layers and calculates constants for each layer
for j = 1:1:(size(d,2)-1)
rpr(j,z) = Spr(2,1,3,2)/Spr(l,1,3,2); % r prime
tpr(j,z) = l/Spr(l,l,j,Z);
rprpr(j,z) = Sprpr(2,1,3,2z)/Sprpr(l,1,3,2z); % r prime prime
tprpr(j z) = 1/Sprpr(1,1,3,2);
z)
z)

rho (j, z) abs (rprpr(j,z));
delta (J = angle (rprpr(j,z));
gamma (] = 4*pi*real(n(j,z))/lambda(z);
Cl(j,z) = (rho(j,z)"2) *exp(-2*alpha(z,3)*d(3));
C2(3,z) = ((Beta(j)" 2 -
alpha(z,3)"2)/ (Beta(j) "2+ (gamma (j, z) *2))) *2*rho (3, z) *exp (-
alpha(z,3j)*d(3J));

%$Boundary Conditions in each layer

if BC(3) ==1

Abc(j,z) = (-(alpha(z,]j) *exp(Beta(j)* (j))+Beta(j)*eXp(—
alpha(z,J)*d(J)))+Cl(J,z)*(alpha(z,J) *exp (Beta(J)*d(J)) -

Beta (j) * eXP(alpha(z,j)*d(j)))+C2(j,2)*(eXP(Beta( d(j) *gamma (J, z) *sin
(gamma (j, z) *d(j)+delta(j,z))-Beta(j) *cos(delta (] ))))/ (Beta(j) * (exp (-
Beta(')*d( ) ) texp (Beta (J)*d(J))) )

Bbc(j,z) = ((alpha(z,]j)*exp(-Beta(j)*d(j))-Beta(j) *exp (-
alpha(z,3)*d(3)))-Cl(j,z)* (alpha(z,]j) *exp (-
Beta(j)*d(j))+Beta (j) *exp (alpha(z,3)*d(3)))-C2(j,z)* (exp (-

Beta(') (j)) gamma (j, z) *sin(gamma (j, z) *d(j) +tdelta(j, z) ) +Beta (j) *cos (de
lta(j,z))))/ (Beta(j)* (exp(-Beta(j)*d(j))+exp (Beta(j)*d(j))));

$Photocurrent at x = d for each layer (A/m"2)

Jphotod(j,z) =
((charge*thetal*theta2*alpha(z,J)*T]j(J,z)*Nflux(z))/ (Beta(]j)"2-
alpha(z,J)"2))* (Beta(j) *Abc (], z) *exp (-Beta () *d(3)) -
Beta(j)*BbC(j,Z)*eXp(Beta(j)*d('))+alpha( »J) *exp(-alpha(z,J)*d(3)) -
alpha(z,j)*Cl(j,z) *exp (alpha(z *d(j)) -
gamma(j,z)*C2(j,z)*sin(delta(j z)));

elseif BC(j) ==

— —
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Abc(j,z) = ((- alpha( ,J) *exp (- alpha<z,j)*d<j))—
Beta(j)*exp(Beta(')*d(j)))+Cl( ) (alpha(z,3j) *exp(alpha(z,j)*d(j)) -
Beta (j) *exp (Beta () *d(3)))+C2(J,z) * (-

Beta(j)*exp(Beta( ) * d(j))*cos(gamma( z)*d(j)+delta(j, z)) +tgamma (j, z) *si
n(delta(j,z))))/ (Beta(3)* (exp (- Beta(') d(j ))+exp<Beta< )*d(3))))

Bbc (j,z) = ((alpha(z,]j)*exp(-alpha(z,])*d(]j))-Beta(]j) *exp (-
Beta(j)*d(j)))— ( z) * (alpha (z )*exp(alpha(z,j)*d( ))+Beta (J) *exp (-
Beta(j)*d(J)))-C2(J,z)* (Beta(')*eXp(

Beta(j)*d(j))*cos(gamma( z)*d(j)+delta(j, z))+tgamma (j, z) *sin(delta(j, z)
)))/ (Beta(3) * (exp (- Beta(') d(j))+exp(Beta(j)*d(3))));

$Photocurrent at x = 0 for each layer (A/m"2)

JphotoO(j,z) =
((charge*thetal*theta2*alpha(z,j)*Tj (j,z) *Nflux(z))/ (Beta(j)"2-
alpha(z,j)"2))* (-Beta(j) *Abc(j, z) +Beta (j) *Bbc (j,z) -
alpha(z,j)+alpha(z,j)*Cl(j,z)+tgamma(j,z) *C2(j, z) *sin (gamma (j, z) *d () +de
lta(3,z)));

else
Abc(j,z) =0
Bbc(j,z) = 0

~e N

end

for 1 = 1:1:101

%exciton density (1/m"3)

ExcDen(j,z,1l) =
((thetal*alpha(z,Jj)*Tj(j,z) *Nflux(z))/ (DC(]J)* (Beta(j)"2-
alpha(z,3)"2))) *(Abc (], z) *exp (-

Beta (j)*x(j,1))+Bbc(J,z) *exp (Beta (j)*x(j, 1)) +texp (-
alpha(z,J)*x(3,1))+Cl (3, z)*exp(alpha(z,]j)*x(j,1l))+C2(J,z) *cos (gamma (J, z
) *(d(3)-x(3,1))+delta(3,z)));

$Sum of all exciton densitys over all wavelengths

ExcDenTot (j,1l) = ExcDenTot(j,1l)+5*ExcDen(j,z,1);

$ExcDenTot = 0;

end
end
end
stop = 1;
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H. Numerical solution to the diffusion equation

The following Matlab code numerically solves the one-dimensional steady-state exciton
diffusion equation with different quenching and reflecting boundary conditions. This code
uses a centered finite difference approximation and allows for additional exciton loss
mechanisms to easily be incorporated into the diffusion equation.

function [ExcDenNum,JphotoNum, ExcDenTot] =
NumericalModel (plank,nu,Q,Ql,DC,BC, lambda, x,d, Ld, charge, DonorLayer, Acce

ptorlayer)
ExcDenTot = zeros(size(d,2)-1,size(x,2));
for j = DonorLayer:AcceptorLayer

$Numerically solves the Diffusion Equation to obtain the Exciton
$Density using the Centered Finite Difference Approximation

ExcitonDensityMatrix = zeros(size(x,2),size(x,2),size(lambda,l));
for z = 1:1:size(lambda,l)
deltax = d(1,7)/size(x,2); %Spacing of each step
DiagonalElement = - (deltax”2/Ld(j)"2+2); %Diagonal Element of
Matrix A in Ax = Db
Diagonal = zeros(size(x,2),1);
Diagonal(:,1) = DiagonalElement;
ExcitonDensityMatrix(:,:,z) = diag(ones(size(x,2)-

1,1),1)+diag(ones(size(x,2)-1,1),-1)+diag(Diagonal); %Tri-Diagonal
Matrix A in Ax = Db

for 1 = 1:1:size(x,2)

%$b in Ax = Db

b(l,z) = -(deltax”2/DC(j))*(Q1(j,z,1)/ (plank*nu(z))):;
end

%$Impose Boundary Conditions
if BC(j) == 1 %$Quenching Right Interface
ExcitonDensityMatrix(1l,2,z) = 2;
ExcitonDensityMatrix(size(x,2),size(x,2),
ExcitonDensityMatrix(size(x,2),size(x,2)-
b(size(x,2),2z)=0;
ExcDenNum (j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,2z),b(:,2z)); S$Exiton Density in
Material as function of x in layer
JphotoNum(j, z) =
DC (j) *charge* (ExcDenNum(j, z, size (ExcDenNum, 3) -1) -

ExcDenNum (j, z,size (ExcDenNum, 3))) /deltax; %Calculated
elseif BC(Jj) == 2 %Quenching Left Interface
ExcitonDensityMatrix(1,2,z) = 0;
ExcitonDensityMatrix(1,1,z) = 1;
ExcitonDensityMatrix(size (x,2),size(x,2)-1,z) = 2;
b(l,z) = 0;

ExcDenNum (j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,z),b(:,2z)); SExiton Density in
Material as function of x in layer
JphotoNum(j,z) = DC(]j)*charge* (ExcDenNum(j,z,2) -
ExcDenNum (j, z,1)) /deltax;
end

for 1 = 1:1:size(x,2)
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ExcDenTot (j,1l) = ExcDenTot(j,1l)+1E-9*ExcDenNum(j,z,1);
%$Total (Integrated) Exciton Density summed over all wavelengths
end
end
end
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I. Numerical solution to diffusion equation for singlet fission
materials

The following Matlab code numerically solves the one-dimensional steady-state exciton
diffusion equation incorporating singlet fission and singlet fission sensitization in Chapter
9. This code accounts for two excitons being generated for every absorbed photon in
pentacene and also accounts for injection of excitons from P3HT into pentacene through
long range Forster transfer.

function [ExcDenNum,JphotoNum,ExcDenTot] =
NumericalModelSFwithInjection (plank,nu,Q,Ql,DC,BC, lambda, x,d,Ld, charge,
DonorLayer, AcceptorLayer)

ExcDenTot = zeros(size(d,2)-1,size(x,2));

$Code solves diffusion equation with singlet fission and singlet
fission

$sensitization

RO = 2.2*10"-9; S%Forster Radius of Donor to Acceptor (m)2.17

RhoQue = 3.0283*10727; % Molecular Density of Quenching Material (m)

for 3 = 3:5
%Numerically solves the Diffusion Equation to obtain the Exciton
$Density using the Centered Finite Difference Approximation

o o
00

if j == Donorlayer S%For singlet fission layer
Q1 (Donorlayer, :,:) = 2*Ql (Donorlayer, :,:);sAccounts for two
exctions being generated for every absorbed photon
end
ExcitonDensityMatrix = zeros(size(x,2),size(x,2),size(lambda,l));
for z = 1:1:size(lambda,l)
%$Impose Boundary Conditions
if BC(j) == 1 %Quenching Right Interface
deltax = d(1,3)/size(x,2); %Spacing of each step
DiagonalElement = - (deltax”2/Ld(j)"2+2); %$Diagonal Element
of Matrix A in Ax = Db
Diagonal = zeros(size(x,2),1);
Diagonal(:,1) = DiagonalElement;
ExcitonDensityMatrix(:,:,z) = diag(ones(size(x,2)-

1,1),1)+diag(ones(size(x,2)-1,1),-1)+diag(Diagonal); %Tri-Diagonal
Matrix A in Ax = Db

for 1 = 1:1:size(x,2)

%b in Ax = Db

b(l,z) = -(deltax”2/DC(Jj))*(Q1(J,z,1)/ (plank*nu(z)));
end
ExcitonDensityMatrix(1l,2,z) = 2;
ExcitonDensityMatrix(size(x,2),size(x,2),z) = 1;
ExcitonDensityMatrix(size(x,2),size(x,2)-1,z) = 0;

b(size(x,2),z)=0;

ExcDenNum (j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,z),b(:,2z)); SExiton Density in
Material as function of x in layer

JphotoNum(j, z) =
DC(j) *charge* (ExcDenNum(j, z, size (ExcDenNum, 3) -1) -
ExcDenNum (j, z, size (ExcDenNum, 3))) /deltax; %Calculated

elseif BC(j) == %Quenching Left Interface
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deltax = d(1,7)/size(x,2); %Spacing of each step

DiagonalElement = - (deltax”2/Ld(j)"2+2); %Diagonal Element
of Matrix A in Ax = Db

Diagonal = zeros(size(x,2),1);

Diagonal(:,1) = DiagonalElement;

ExcitonDensityMatrix(:,:,z) = diag(ones(size(x,2)-

1,1),1)+diag(ones(size(x,2)-1,1),-1)+diag(Diagonal); %Tri-Diagonal
Matrix A in Ax = Db

for 1 = 1l:1l:size(x,2)

%$b in Ax = Db

b(l,z) = -(deltax”2/DC(j))*(Q1l(J,z,1)/ (plank*nu(z))):;
end
ExcitonDensityMatrix(1l,2,z) = 0;
ExcitonDensityMatrix(1l,1,z) = 1;
ExcitonDensityMatrix(size(x,2),size(x,2)-1,z) = 2;
b(l,z) = 0;

ExcDenNum(j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,z),b(:,2z)); SExiton Density in
Material as function of x in layer

JphotoNum(j,z) = DC(j)*charge* (ExcDenNum(j,z,2) -
ExcDenNum(j,z,1))/deltax;
elseif BC(j) == %$Quenching Right Interface with Forster
transfer
deltax = d(1,3)/size(x,2); %Spacing of each step
Diagonal = zeros(size(x,2),1);
for 1 = 1:1:size(x,2)
$b in Ax = Db
b(l,z) = -(deltax”2/DC(j))*(Ql(j,z,1)/ (plank*nu(z)));
di(l) = d(1,3) - (1-1)*deltax - 0.5*deltax; S%Distance
to the interface
Kf(l) =

(RhoQue*pi* (RO%6))/ (((Ld(3)"2)/(DC(3)))*6*(di(1l)"3));
DiagonalElement (1) = -
(deltax”2/Ld (j) "2+2+ (Kf (1) * (deltax”2/DC(j)))); %$Diagonal Element of
Matrix A in Ax = Db
Diagonal(l,1l) = DiagonalElement (1) ;
end
ExcitonDensityMatrix(:,:,z) = diag(ones(size(x,2)-
1,1),1)+diag(ones(size(x,2)-1,1),-1)+diag(Diagonal(:,1)); %Tri-Diagonal
Matrix A in Ax = b
ExcitonDensityMatrix(1,2,z) = 2;
ExcitonDensityMatrix (size(x,2),size(x,2),
ExcitonDensityMatrix(size(x,2),size(x,2) -
b(size(x,2),2z)=0;
ExcDenNum(j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,z),b(:,2z)); %Exiton Density in
Material as function of x in layer
JphotoNum(j, z) =
DC(j) *charge* (ExcDenNum(j, z, size (ExcDenNum, 3) -1) -
ExcDenNum (j, z, size (ExcDenNum, 3))) /deltax; %Calculated

for 1 = 1:1:size(x,2)
KEN(l,z) = Kf(l)*ExcDenNum(j,z,1l)*deltax; SForster rate
times exciton density in P3HT times step size for integration
end
TotalKf(z) = sum(KfN(:,z),1); %Integral of Forster rate
times excion density in P3HT
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elseif BC(j) == $Quenching Right Interface with Injection

from P3HT
deltax = d(1,7)/size(x,2); %Spacing of each step

DiagonalElement = - (deltax”2/Ld(j)"2+2); %$Diagonal Element
of Matrix A in Ax = Db

Diagonal = zeros(size(x,2),1);

Diagonal(:,1) = DiagonalElement;

ExcitonDensityMatrix(:,:,z) = diag(ones(size(x,2)-

1,1),1)+diag(ones(size(x,2)-1,1),-1)+diag(Diagonal); S$Tri-Diagonal
Matrix A in Ax = Db

for 1 = 1:1:size(x,2)
%$b in Ax = Db
b(l,z) = -(deltax”2/DC(3))*(Q1l(Jj,z,1)/ (plank*nu(z)));
end
ExcitonDensityMatrix(1l,2,z) = 2;
ExcitonDensityMatrix(size(x,2),size(x,2),z) = 1;
ExcitonDensityMatrix(size(x,2),size(x,2)-1,z) = 0;
b (l,z) = -
(deltax”2/DC(J))*((Ql(J,z,1)/ (plank*nu(z)))+TotalKf(z));
b(l,z) = -

(deltax”2/DC(J))*((Q1(j,z,1)/ (plank*nu(z)))+2*TotalKf (z) /deltax) ;%Facto
r of 2 accounts for singlet fission sensitization

b(size(x,2),2z)=0;

ExcDenNum (j,z,:) =
linsolve (ExcitonDensityMatrix(:,:,z),b(:,2z)); SExiton Density in
Material as function of x in layer

JphotoNum(j,z) =
DC (j) *charge* (ExcDenNum(j, z, size (ExcDenNum, 3) -1) -
ExcDenNum (j, z,size (ExcDenNum, 3))) /deltax; %Calculated

end

for 1 = 1:1:size(x,2)
ExcDenTot (j,1l) = ExcDenTot(j,1l)+1E-9*ExcDenNum(j,z,1);
%Total (Integrated) Exciton Density summed over all wavelengths
end
end
end
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J. Transient photovoltage simulation

The following Matlab code numerically solves the one-dimensional transient exciton
diffusion equation to simulate the normalized photovoltage transients in Chapter 10. This
code inputs an exciton generation rate, calculated from a transfer matrix formalism, in m-
351 an excitation pulse pulse width, exciton diffusion length, and exciton lifetime and
outputs a normalized photovoltage transient.

Main program:

format long;

clc;
clear;

clear L Ld tau Gen IC2 xlist
global L Ld tau Gen IC2 xlist

L 1.3037E-8; %Film thickness in m

ILd = 5.7E-9; %$Diffusion Length in m

= 16.1E-9; %Exciton Lifetime in s

m = 0; %Solving Diff. Eg in cartesian coordinates
tpulse = 1.8E-9; %Pulse Width in s

GenData xlsread('GenerationData.xlsx");
VocData = xlsread('VocDhata.xlsx');

x = GenData(:,1); %x in layer of interest

xlist = x;

Gen = GenData(:,2); %Genration rate m-3 s-1

t = VocData(:,1); %Time steps from data s

ExpVoc = VocData(:,2); %Experimental normalized Voc Data

for 1 = 1l:size(t,1)
if t(i,1l) == tpulse;
pulseindex = i;
break;
end
end

tpulselist = t(l:pulseindex,1);
tlist = t(pulseindex:size(t,1),1);

sol = pdepe (m, @PDEFUN, @ICFUN, @BCFUN, x, tpulselist) ;

ExcitonDensityl = transpose(sol(:,:,1)); %Exciton Density before the
pulse
IC2 = ExcitonDensityl (:,pulseindex); %Initial condition for after pulse

is turned off
$figure, plot(x,ExcitonDensityl(:,end));
$figure, plot(tpulselist,ExcitonDensityl (end, :));
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sol2 = pdepe (m, @PDEFUN2, @ICFUN2, @BCFUN, x, tlist);
ExcitonDensity2 = transpose(sol2(:,:,1));
$figure, plot(x,ExcitonDensity2(:,end));
$figure, plot(tlist,ExcitonDensity2(end,:));

for j = l:size(ExcitonDensityl,?2)
%$Exciton Density Derivative at x = 0 DA Interface
dndx1(j,1) = (ExcitonDensityl(2,7)-
)

ExcitonDensityl(1,73))/ (tpulselist(2,1)-tpulselist(1l,1));
end

for k = 1l:size(ExcitonDensity2,2)
%Exciton Density Derivative at x = 0 DA Interface
dndx2 (k,1l) = (ExcitonDensity2(2,k)-
ExcitonDensity2(1,k))/(tlist(2,1)-tlist(1,1));
end
VocTotl = trapz(tpulselist,dndxl); %Total Integrated Voc during pulse

VocTot2

trapz (tlist,dndx2); %Total Integrated Voc after pulse

for 1 = 2:size(tpulselist,1)

Vocl(l,1) = trapz(tpulselist(l:1,1),dndx1(1:1,1)); %$Integrated Voc
at any time step during pulse
end

for m = 2:size(tlist, 1)

Voc2 (m,1) = trapz(tlist(l:m,1),dndx2(l:m,1)); %Integrated Voc at
any time step after pulse
end

NormVocl Vocl(:,1)./ (VocTotl+VocTot2) ;
NormVoc2 = (VocTotl+Voc2(:,1)) ./ (VocTotl+VocTot2) ;
NormVoc (:,1) = [NormVocl;NormVoc2 (2:end,1l)];

subplot(1,2,1)

plot (t,NormVoc, t, ExpVoc) ;
axis ([0 t(end,1) 0 1.57)
xlabel ('time (s)'")

ylabel ('Normalized Voc')
hold on

subplot (1,2,2)

semilogx (t,NormVoc, t, ExpVoc) ;
axis ([0 t(end,1) 0 1.57)
xlabel ('time (s)'")

ylabel ('Normalized Voc')

The following function sets the initial condition for t < tpuise:
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function n0 = ICFUN (x)
n0 = 0; %$Initial Condition n(x,0) = 0
The following function sets the initial condition for t > tpuise:

function n0 = ICFUN2 (x)
global IC2 xlist

index 0;
for 1 = l:size(xlist,1l) %Input x is a scalar cycling through all x's
need to find initial condition corresponding to each x
if x == xlist(4i,1)
index = 1i;
break;
end
end

n0 = IC2(index,1); %Initial Condition n(x,0) = 0

The following function defines the transient diffusion equation for t < tpuise, Where optical

generation is present:

function [c,f,s] = PDEFUN (x,tpulselist,n,DnDx) %Defines diffusion
equation so Matlab can read it

global L Ld tau Gen

c =1;

f (Ld"2/tau) *DnDx;

s = Gen - n/tau;

The following function defines the transient diffusion equation for t > tpuise, Where optical

generation rate is zero:

function [c,f,s] = PDEFUN2 (x,tlist,n,DnDx) %Defines diffusion equation
so Matlab can read it

global L Ld tau Gen

c =1;

f (Ld"2/tau) *DnDx;

s = - n/tau;

The following function defines the boundary conditions:

function [pl,gl,pr,qgr] = BCFUN(xL,nL, xR,nR,T)
global L Ld tau

pl = nL;

gl = 0; %Sets neumann BC n(L,t) = 0 at x = 0

pr = 0;

qr = tau/Ld"2; %Sets dirichlet n'(0,t) = 0 at x = L
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o)
°

pl
gl
pr
qr

5}

0;

tau/Ld"2; %Sets neumann BC n(L,t) = 0 at x
nR;

0; %Sets dirichlet n'(0,t)

=0 at x = L
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