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Abstract

Optoelectronic processes in semiconductor-based devices are widely understood
through the constructs of highly-symmetric crystalline inorganic systems, where
the lattice periodicity allows significant simplification. Emerging technologies,
such as organic semiconductor-based devices, share many qualities with crys-
talline inorganic semiconductors; however, they diverge in subtle yet important
ways. Optical absorption in organic semiconductors gives rise to long-lived and
tightly-bound excitons, which migrate in manner often disregarded in the un-
derstanding of highly-symmetric crystalline inorganic semiconductors. Further,
‘free’ charge carriers in organic semiconductors ‘hop’ between organic molecules
in a disordered film rather than the undergo band transport that delocalised car-
riers in periodic lattices do. This hopping transport leads to lower charge carrier
mobilities which have far-reaching ramifications to device operation.

In the work summarised in this thesis the effect that excitonic and charge
transport have on device performance of solar cells based on organic photo-
voltaics will be explored. Experimental techniques are designed and developed to
gain insight into the efficiency of exciton transport, the nanostructure of organic-
semiconductor blends, and the relation between charge injection and extraction.
Utilising these techniques, various state-of-the art systems are examined in detail
and various pathways for improving device performance are voiced.

Specifically, a technique to measure the exciton diffusion length in organic
semiconductors is developed and shown to have many advantages over established
techniques while improving the accuracy of the measurement. This technique is
expanded to blends of organic semiconductors to quantify the efficiency of dif-
fusion and quenching occurring between semiconductors in blends. This, along
with a developed theoretical understanding, allows for the size of the phase sepa-
rated domains to be quantified. Relationships between the excitons generated in
organic semiconductors, charge carriers created in the blends, and the transport
of charges to and extraction at the electrodes is considered in detail. Finally, a
technique to distinguish between the nonradiative recombination occurring within
an organic semiconductor blend and at the interface between the blend and the
larger device structure is introduced. This technique utilises the well-establish
reciprocity theory to reconcile the imbalance between charge injection and ex-
traction unique to low-mobility organic semiconductors.



The insights developed here contribute to a comprehensive understanding of
device operation in organic optoelectronics. The addition of these techniques to
the wide variety available will aid researchers in understanding the fundamental
photophysics occurring in organic semiconductors. Which will potentially lead to
improvements in device performance as well as aid in the search for novel device
architectures based on organic semiconductors.
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Chapter 1

Introduction

It is difficult to overstate the impact technological revolutions have on society, the
last hundred years is no exception and has been characterised by the semiconduc-
tor revolution. The lineage of semiconductor physics can be traced all the way
back to the coining of the phrase ‘semicoibente’ (semi-insulating) or semiconduct-
ing by Alessandro Volta in 1782 [4]. Continuing into the 19*™" century, the work of
Seebeck (1821) [5] and Faraday (1833) [6] eventually culminated in the discovery
of the rectification effect by Karl Ferdinand Braun in 1874. Braun’s discovery
lead to the harnessing of radio waves and the first Nobel Prize rewarding work
in solid-state physics [7]. Continued into the 20™ century, the dual inventions
of the point-contact (1947) and junction (1948) transistors by John Bardeen,
Walter Brattain, and William Shockley (shared Nobel Prize 1956) launched the
solid-state transistor era [8,9].

Logic, being the easiest and most well understood application of transistors,
developed the computer industry into a multi-billion dollar industry with the
introduction of integrated circuit, first designed by Jack Kilby (Nobel Prize in
Physics 2000) at Texas Instruments [10], and the silicon monolithic integrated
circuit, developed by Robert Noyce (founder of Intel).

A contemporary to William Shockley at Bell Laboratories, John Shive demon-
strated that current could be passed through the bulk of a point-contact transis-
tor, confirming the viability of William Shockley’s junction transistor. Utilising
a light source as the emitter in this new point-contact transistor modality, John
Shive demonstrated the first phototransistor (first announced by Bell Labora-
tories in 1950) [11]. First used as ‘electronic eyes’ in Bell’s switching systems,
phototransistors, later renamed photodiodes, now have many applications from
fire detectors to astrophysics [12].

Congruently, in the late 19" century, Charles Fritts was working towards a
light harvesting selenium solar cell [13]. In 1939 Russell Ohl inadvertently dis-
covered the p-n junction and filed the first patent for a p-n based solar cell [14].
Further work understanding the effect dopants, impurities, and contacts have on
solar cells at Bell Laboratories led to additional interest in the p-n junction and
eventually inspired the work of William Shockley. William Shockley’s seminal
work at Bell Laboratories laid the ground work for our modern understanding



of p-n type semiconductors, which drives our modern understanding of the op-
eration of all semiconductor based devices including transistors, photodetectors,
and solar cells. Although the work described in this thesis concerns fundamen-
tal optoelectronic processes occurring in semiconductors, often agnostic of device
application, it is motivated by recent surges in demand for and deliverance of
novel photovoltaic light harvesting materials. Hence, in order to guide the reader
towards the relevant applications motivating the remainder of the thesis, the next
section will establish the basic operating principles of a solar cell.

Solar Cells

Today, the rise in solar power consumption around the world has driven research
into ever improving solar harvesting ability. Characterised by the maximal power
that a solar cell can provide to a load, the Power Conversion Efficiency (PCE)
can be expressed through the open-circuit voltage (Voc) and short-circuit current
(Jsc) reduced by the so-called fill-factor (FF < 1) as

(1.1)

where Ps,, is the power delivered by the sun to the solar cell, typically described
by the AM1.5 spectrum for solar panels on the Earth’s surface (shown in Figure
2.3a). The most common architecture for a solar cell is an active layer sandwiched
between two electrodes, as shown in Figure 1.1a. However, various alternative
architectures have been developed such as the interdigitated back contacts [15];
additionally, much development has gone into the design and deposition of both
the active layer and the electrical contacts [16,17]. In all designs the active layer
serves a two-fold purpose, to create pairs of positive and negative charges, known
as electron-hole pairs, and transport these charges to opposite electrodes to be
extracted as current. The voltage and current that a solar cell can produce will
depend on the optoelectronic properties of the active layer as well as the overall
architecture of the cell, including additional interlayers between the active layer
and metal electrodes. The current delivered by a solar cell can be described by
the Shockley diode equation

V——JR@} _ 1} LYo IR (1.2)
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In which Jj is the current associated with unwanted, but inevitable, charge car-
rier recombination, known as the dark saturation current, Jpy, is the photocurrent
generated when the cell is exposed to the AM1.5 spectrum, Rg is the series re-
sistance of the load circuit including the solar cell contacts, Rgy is the resistance
associated with leakage currents caused by defects within the device, m; is the



ideality factor describing how closely a cell performs to the ideal Shockley type
cell (m; = 1 — Shockley type), kp is the Boltzmann constant, ¢ is the elemen-
tary charge, and 7' is the temperature. Figure 1.1c shows the equivalent circuit
diagram for a solar cell in which Jp), is a steady current source and J4(V) is a
diode with ideality factor m;.

Equation 1.2 is plotted as a function of applied voltage in Figure 1.1b. The
black curve represents the current density output of a cell, while the red dashed
line represents the power output of a cell, positive numbers representing power
delivered to the load. The FF is defined as the ratio of the maximum output
power (MPP = Vypp X Jypp) to the product of the Voc and Jsc, or the ratio
of the area of yellow to blue rectangles, ultimately determined by the various
material and device properties.

The most common p-n type solar cells on the market today use silicon as the
active layer due to silicon’s earth abundance, well understood electronic prop-
erties, and well established and widespread fabrication and supply chains [18].
The record efficiency for a crystalline silicon solar cell is 26.7%, however; most
commercial modules use multicrystalline silicon with a maximum laboratory ef-
ficiency of 21.9% [15,19]. Other inorganic active layers have been utilised such
as gallium arsenide (28.8%), indium phosphate (24.2%), and cadmium telluride
(21.0%) [20-23].

Although these materials show high PCEs with remarkable stability they re-
quire energy intensive fabrication and heavy mounting brackets, often are com-
posed of rare earth elements, a few show (relatively) weak absorption of sunlight,
and their crystalline nature makes them brittle. Future applications including
solar windows, light weight and flexible solar cells, semi-transparent solar cells,
and indoor solar cells require materials that are light weight and flexible, with
tunable and strong spectral absorption, and utilise earth abundant materials with
low cost and scalable fabrication techniques [17,24-26].

One promising candidate to fulfil this emerging market are known as organic
photovoltaics (OPVs) made of blends of organic semiconductors (OSC). OSCs
are comprised of organic molecules which absorb and emit photons (as all organic
molecules do) as well as conduct electricity in a similar manner to the inorganic
semiconductors listed above. Although OPVs can be utilised in many different
applications such as light-emitting diodes [27], photo-detectors [28], and lasers
[29], the discussion in this thesis will focus on OPV-based solar cells, which have
shown promising development in recent years [17]. The majority of OPV-based
solar cell development has historically been based on blends of a polymer with
C60 derivative, known as fullerene OPVs, which has reached PCEs as high as
12% [17,30]. In parallel, research into alternative blends was ongoing, and, in
2017, the emergence of high-efficiency non-fullerene acceptor (NFA) based blends
quickly propelled PCEs of OPVs-based solar cells from 13% to the current state,
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Figure 1.1: (a) Basic architecture of a solar cell. (b) Equation 1.2 (black line)
and output power (red dashed line), indicated is the power delivered by the
cell (yellow shading) defined by the maximum power point voltage (Vypp) and
current density (Jypp) as well as the maximum possible output power (blue
shading) defined by the Voo and Jso. (¢) Equivalent circuit diagram of a solar
cell connected to a load of series resistance Rg delivering current J(V). Rgp-
shunt resistance of cell. Jp-Photocurrent generated by the cell. Jy(V')-voltage
dependent dark current of the cell.

where many polymer-NFA blends consistently achieve PCEs above 18% with 20-
25% predicted [31-38].

In this thesis fundamental processes that underlie the power conversion pro-
cess in solar cells will be examined utilising the (historic) crystalline inorganic
understanding before comparing with OPV-based solar cells. However, the pro-
cesses examined have wide-ranging implications in other OPV-based applications
and the experimental techniques introduced and discussed will be relevant to
researchers pursuing alternative applications of OPVs.

1.1 Structure and Scope of Thesis

In Chapter 2 fundamental processes occurring in crystalline inorganic semicon-
ductors are discussed in detail. Section 2.1 discusses how conductivity arises
in solids and offers an overview of basic semiconductor processes. Section 2.2
introduces various thermodynamic processes that occur in semiconductors. Fi-
nally, Section 2.3 focuses on the thermodynamic processes limiting PCEs in
semiconductor-based solar cells.



In Chapter 3 the reader’s focus is brought to OSCs. Section 3.1 introduces
the structure and transport properties of OSCs. Section 3.2 describes how OSCs
can be used to create OPV devices and contrasts the thermodynamic processes
occurring in OPV devices with those introduced in Section 2.2. Finally Section
3.3 compares the thermodynamic limit of OPV-based solar cells to that described
in Section 2.3.

Two key fundamental differences that will be developed between inorganic
semiconductors and OSCs are the excitonic nature of the charge generation pro-
cess, developed in Section 3.1.2 and 3.2.1, and the low mobility nature of the
separated charge carriers, as outlined in Section 3.2.3 and 3.2.4. These differences
culminate in the independent thermodynamic limits for inorganic solar cells, ex-
pressed in Section 2.3, and OPV-based solar cells, outlined in Section 3.3. In the
remaining chapters of this thesis, simulation and experimental investigation of
these two unique processes occurring in OSCs will be discussed.

In Chapter 4 the role that exciton diffusion and dissociation plays in the charge
generation process of OPV devices will be explored with a focus on modern low-
offset NFA-based solar cells. Expressions for the exciton dissociation efficiency
and effective dissociation rate will be derived depending on the size of the phase
separated domains and the exciton diffusion length. The effect diffusion has on
charge generation yield will be examined for both low-and high-offset systems,
contrasting the two.

In Chapter 5 various experimental methods used to measure exciton diffusion
length and exciton diffusion constant in OSCs will be discussed. The limitations
of these techniques will be explored through the use of Monte-Carlo simulations.
An alternative method, called pulsed-photoluminescence quantum yield, will be
introduced through the same Monte-Carlo simulations and validated on a well
studied OSC. It will be shown that pulsed-photoluminescence quantum yield is
faster, easier, requires less equipment specialisation, and is less prone to experi-
mental errors than well established techniques.

In Chapter 6 the use of pulsed-photoluminescence quantum yield will be ex-
panded to OSC-based bulk-heterojunctions (BHJs). It will be shown that pulsed-
photoluminescence quantum yield is a powerful tool in determining the phase
separated domain size of OSC-based BHJs. This experimental technique will be
validated by measuring the phase separated domain size of bi-layer systems with
known thickness. After which, the phase separated domain size will be measured
on a variety of technologically relevant bulk-heterojunction films. Beyond estab-
lishing this new methodology, the link between the phase separated domain size
and the recombination of separated charge carriers will be discussed.

Finally, in Chapter 7 the extraction of separated charge carriers will be con-
sidered and the conditions under which reciprocity can be broken will be anal-
ysed. The relationship between electroluminescence, photoluminescence, and



non-radiative photovoltage losses will be illustrated and examined in detail through
the use of drift diffusion simulations. The result of this analysis will be the

introduction of an experimental technique called electro-modulated photolumi-

nescence quantum efficiency, which, when coupled with traditional measurement

techniques, will allow for a full description of non-radiative photovoltage losses.

Additional information about simulations and experimental procedures are in-

cluded in the Appendices.



Chapter 2

Fundamentals of Semicondcutors

2.1 Inorganic Semiconductors

Covalent bonds are formed due to quantum mechanical forces between nearby
atoms creating an energy well with energetic minima at a interatomic spacing
a ~ 1 A [39]. When several electrons are available for bonding directional bonds
are created resulting in a periodic, ordered solid. The arrangement of atoms in
a solid is known as a lattice, where the interatomic spacing is referred to as the
lattice constant. The highly symmetric nature of a lattice can be exploited to
gain insight into its electronic and vibrational properties. In momentum (E) space
the periodicity of the lattice creates a space of unique electronic and vibrational

solutions known as the first Brillouin zone (BZ), with BZ boundaries at ‘/2 ‘ =7/a.

Further, the periodicity of the lattice leads to a delta function potential of height
Ve in momentum space. The Schrodinger equation for an electron wavefunction
(¥)) with mass m, in momentum space is

~2
v (1) e (7) - e (7) we (7). 2.)
2me

where p is the momentum operator. Equation 2.1 has energy eigenstates Fj) =
R2k? /2m., where i is the reduced Plank’s constant, for a free-electron (U (E) = 0) .

A weak periodic potential (a delta function U (E = 7r/a> = Vi) leads to eigen-

states in the vicinity of the BZ boundary varying away from the free electron
case [40]. Figure 2.1a shows the free-electron energy and the so called nearly-free
electron energy over the first and second BZ. Under a periodic potential, elec-
trons with momentum k are equivalent to those of k + 2zm/a for any integer z.
To account for this, all BZ are typically ‘folded’” into the first BZ, known as the
‘reduced’ zone scheme, as shown in Figure 2.1b. Under the periodic potential, an
energetic gap of 2V forms at the BZ boundary creating a ‘band’ of forbidden en-
ergetic states, where the size of this energetic gap is known as the bandgap (Eg).
Electronic states above (below) the bandgap are known as conduction (valence)
band states [39-41]. Under circumstances where an electron is promoted from
the valence band to the conduction band an overall positive charge is left behind
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Figure 2.1: Conduction and valence bands determined by the nearly free elec-
tron model in the (a) extended and (b) reduced zone schemes. Dashed line-free
electron energies, solid line-nearly-free electron model. (c) Density of states in
the conduction (D¢) and valence bands (Dy) and Fermi-Dirac distribution for
various temperatures.(d-e) Energetics of highest lying electrons in equilibrium
(black circles) and under an external electric field (E,) (open red circles) for (d)
a conductor and (e) an insulator.

in the valence band, known as a hole (as it is in fact the absence of an electron
from an atomic orbital).

Although it is common (and useful) to consider bands to be continuous, the
finite nature of the lattice means that each band is made up of unique energy
states which, according to the Aufbau principle, will be filled from lowest to
highest energy. The number of conduction (valence) states per unit energy and
volume is known as the density of states (DOS). In a 3D semiconductor the DOS



for electrons (holes) in the conduction (valence) band, D¢ (Dy ), can be written

m*)3/2
D¢ (E) = Cmo) E (2.2)

2m2h3
R —
Dy (E) = oo VEV - E, (2.3)

where Eo (Ey) is the lowest (highest) conduction (valence) state known as the
conduction (valence) band edge, m} (m}) is the effective mass of an electron (hole)
in the conduction (valence) band, defined from the curvature of the respective
band as m} , = h? (02E/8k*)~". The D¢ and Dy are plotted as the red and blue
shaded areas in Figure 2.1c.

The occupation of electrons (holes) across the conduction (valence) states is
governed by the Fermi-Dirac distribution [41]

1
F-F ;
exp (—kB;f/”) +1

where Ep, (Ep,) is known as the electron (hole) quasi-Fermi level, representative
of the chemical potential () of the highest (lowest) energy electrons (holes).

In an electrical conductor the Fermi level lies within the conduction states. In
equilibrium (no external potential applied) electrons relax to the lowest energy
states as shown by the black circles in Figure 2.1d. When an external electric
field (E,) is applied for some time &t each k will shift by 0k = —qE,dt/h leading
to an uneven distribution of electron momenta, as shown by the red circles in
Figure 2.1d and current flows. In an insulator the Fermi level lies within the
bandgap. At T" = 0 K, due to Equation 2.4, the valence states are completely
full, as shown by the black circles in Figure 2.1e, while the conduction states
are completely empty. When FE, is applied the DOS is full and electrons cannot
change momenta, hence no current flows, exemplified by the red circles in Figure
2.1e. The responsivity of electrons (holes) to an external electric field is known
as the mobility p, (1,) and is directly proportional to the curvature of the bands
in k-space, such that a band with high curvature will have low effective mass and
high mobility. With regards to Figure 2.1d, larger p, would result in a larger
energetic increase with equivalent momenta change.

As the temperature increases the Fermi-Dirac distribution expands and, de-
pending on Eg, electrons could occupy the conduction states. f (F) is plotted for
T =0 K (blue curve) and 7" > 0 K (orange and red curve) in Figure 2.1c. Under
conditions where the electron (hole) quasi-Fermi level is far away from the band
edges, the Fermi-Dirac distribution can be approximated with Boltzmann statis-
tics [41,42]. The total number of electrons (holes) in the conduction (valence)

f(E) = (2.4)



states can then be found as

n = DCQDf(E,EdeE-—A@eXp(E%i;;§9> (2.5)
Ec¢ kBT
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where Ne (Ny) is the number of states within a few kg7 of the conduction
(valence) edge, known as the effective DOS. The carrier concentrations can be
related to the bandgap and quasi-Fermi levels as

Ep, — Ep, — Eg Ep, — B,
np = No Ny exp ( d k;} ) = ;% exp (%) , (2.7)

where n;% is the concentration of electrons (holes) in the conduction (valence)
band at temperature 7', known as the intrinsic carrier concentration. Under
thermal equilibrium (Er, = EF,) recombination and generation are equal and
Equation 2.7 becomes the well-known law of mass action, under which np is a
constant. The difference between the electron and hole quasi-Fermi levels (Eg, —
Ep,) is known as the quasi-Fermi level splitting (QFLS or Eqprs) and has many
implications in the performance of semiconductor-based devices [42,43].

A semiconductor is defined as an electrical insulator that allows for an elec-
tron to be excited into the conduction band from the valence band through an
external input, such as absorption of a photon or application of an external field.
This external input creates a bound electron-hole pair, which, depending on the
electronic properties of the semiconductor may stay bound together or dissociate
into an unbound electron and hole pair [39-41]. Once an electron-hole pair has
been created the electrical conductivity of the solid changes dramatically, as the
conduction (valence) electron (hole) is now able to change momenta in response
to an external field.

The bandgap requirements for a material to be considered a semiconductor
are not well defined and can range from to near zero to 6 eV [44,45]. However,
semiconductors useful in light harvesting applications typically have bandgaps
from the infrared to the visible spectrum of light (~ 0.43 to 3.1 eV). Semiconduc-
tors with bandgap larger than this are known as wide-gap semiconductors and
have applications in high power [46-48| and high switching frequencies [49-51]
electronics.

Although this discussion has centred on inorganic, including elemental (such
as silicon) and compound (such as gallium arsenide) semiconductors, many of
the ideas developed in this section are applicable to other semiconductor systems
such as; quantum dot [52], 2-dimensional [53], and molecular semiconductors
such as perovskite [54] and organic [17] semiconductors. In Section 2.2 and 2.3
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the thermodynamics of semiconductors and semiconductor-based solar cells will
be discussed, for which many of these concepts will be pertinent. In Chapter 3
organic semiconductors will be introduced and discussed, comparing them to the
ideas developed here. Finally, a detailed description of how the ideas discussed in
this section can be used to model charge transport and collection in photovoltaic
devices is given in Appendix G.

2.2 Thermodynamics of Semiconductors

2.2.1 Generalized Plank Radiation

The thermal emission energy density of any black-body at temperature 7', known
as the black-body radiation, can be expressed as

ot - 0B Lo () 1] o8

in which €2 is the solid angle subtended by the surface the radiation is illuminating,
E, is the energy of the emitted photon, and c is the speed of light in vacuum.
Combining this with Gibbs’ observation that the changes in energy are related
to the changes in the relevant extensive variables, photons confined to a cavity
with constant volume (OV = 0) and entropy (0S5 = 0) exhibit an energetic change
dependent on the chemical potential of the radiation (4,) and the photon number

(V)

OF = T9S — PAdV + p,dN,, (2.9)

where P is pressure. For the non-trivial case (ON, # 0) the chemical potential
must vanish when the system is in equilibrium with the surrounding environ-
ment, characteristic of thermal radiation. The relationship between non-thermal
radiation and the emission spectra will instead be characterised by the threshold
photon energy which, as will be shown, necessitates a non-zero chemical potential
of radiation.

2.2.2 Electronic Transitions and Photon Currents

To determine the emission current from a semiconductor in equilibrium with
an external photon bath consider the slab of material shown in Figure 2.2a. The
photon current (/) flowing within the slab is contingent on the rates of absorption
(7o), spontaneous emission (rs,), and stimulated emission (rg;) as

1
—Tsp — (Toc - 7’St) ) (210)

VI, =g
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Figure 2.2: (a) Thermodynamic processes in semiconductors including rates of
spontaneous emission (rg,), stimulated emission (rg;), and absorption (r,). J,-
Photon current, ®.y,-Photoluminescence emission. (b) Electron and hole pro-
cesses occurring in semiconductors. Intraband thermal relaxation resulting in (1)
phonons and (1i) photons, interband relaxation resulting in (2) phonons and (2i)
photons, (3) interband recombination resulting in photons.

where the factor of 1/4 is due to Lambert’s Law [55]. The net absorption rate
can be expressed as the product of the absorption coefficient (o) and the photon
current (r, — gy = aJ,). Leading to the solution to Equation 2.10

TSP —ax
J. =—(1- . 2.11
() = "2 (1 - o) (211)
At the interface, the fraction of the photon current transmitted into the sur-
rounding media will depend on the reflection coefficient at the interface (R(E,)).

Allowing for multiple reflections through a slab of length L and refractive index
n, the photon current emitted through the surface,

1 —exp (—a(E,)L) I'sp
R(E,)exp (—a(E,)L) | 4a(E,)n?’

JAL,By) = [1 = R(EL)] | = (2.12)
is dependent only on material parameters as well as the coupling strength between
the material and the exterior photon bath, determined by the rate of spontaneous
emission.

Figure 2.2b shows the various processes an electron-hole pair can undergo in
a semiconductor. Each electron or hole is characterised by a chemical poten-
tial increasing away from the energy gap region such that an electron and hole
with the same energy will have chemical potentials p, = —puy,. Reactions can
be either radiative (such as processes (1i), (2i), and (3)), meaning the energy
exchange results in photon emission, or non-radiative (such as processes (1) and

12



(2)), meaning the energy exchange results in phonon emission. Further, reactions
can be interband, meaning they occur between conduction and valence states, or
intraband, meaning they occur fully within either conduction or valence states.

2.2.3 Radiative Relaxation and Photoluminescence

Radiative interband relaxation processes (process 3 in Figure 2.2) are recombina-
tion events between conduction electrons and valence holes that result in photon
emission

e+h—n. (2.13)
The Gibbs free energy exchange,
OF = MeaNe + ,uhéNh + M,YaNA/ =0, (2.14)

indicates that 0N, = ON;, = —ON,, and e + pp, = . Under these conditions,
rsp(E,) will be dependent on the number of pairs of occupied and unoccupied
conduction (n. and n., respectively) and valence (n, and n,, respectively) band
states that differ by energy E. [56]

nen,
o) = A(E) |t 2.15)
where A is a constant which depends on the density and velocity of photons.
The DOS will be given by the Fermi-Dirac distribution, such that EFr = p.
and Ep, = pp. Taking this into consideration, Equation 2.12 and 2.15 can be
combined and simplified to

J(E,) = a(Ey);QEi;R; {exp (E” _li’:T_ “">> - 1} B , (2.16)

in which a(E,) is the total absorption of the material, described by the prefactors
in Equation 2.12 and 2.15. Equation 2.16 indicates that the emitted photon
flux is in equilibrium with the excited species (u. and pyp,) in the semiconductor.
Substituting s, from the Gibbs free-energy conservation leads to the radiation
formula

J(B,) = a(EW);i_ZQ; {exp (%) - 1} B , (2.17)

which indicates that transitions resulting in photons of energy below E, < pu,
are forbidden. Therefore, interband radiative recombination is characterised by
emission of photons with £, > E and a non-zero chemical potential.
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The excess photon flux (P, ), or measurable photoluminescence, can be found
from the difference between Equation 2.17 and the black-body radiation given by
Equation 2.8

Do = a( B,)Dry [exp (ki%) - 1} , (2.18)

in which the Laurent series expansion is used. The photoluminescence of OSCs
will be considered in Chapter 5 and 6, while the relationship between photolumi-
nescence, QFLS, and photovoltaic device properties will be discussed in Chapter

7.

2.2.4 Non-Radiative Relaxation

Non-radiative energy loss can be due to intraband thermalization of electrons or
holes in their respective bands

et+e —T, h+h —T (2.19)
or interband electron and hole exchange
e+ h — Nr, (2.20)
mediated either by a single phonon (I") or a host of phonons (Nr) of total energy
Er.
Intraband Relaxation
The Gibbs free energy exchange for a thermally relaxing electron,
OF = —pcON, + 1t ONy + prONp = 0, (2.21)

indicates that —ON, = ON. = ONr and e = pter+Nrur. The rate of spontaneous
emission will be characterised by the rate of phonon emission and Equation 2.15
can be modified to

rspr(Er) = A(Er) [n—n/} : (2.22)

/ !/
nine — nenl,

where each pair of states differs by the energy of the emitted phonon. The
differential phonon current leaving any slice of the material can be found to be

E2 Er — !
0Jr(Er) = alBr) [exp (II;TTMF> _ 1} . (2.23)

Since the intraband transitions are always low energy exchanges ur ~ 0.
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Interband Relaxation

When an electron-hole interaction is mediated by the available phonon states,
the equilibrium condition is given by u. + pp = Nrpur and Equation 2.15 can be
re-modified to

A nen.,
rspr(Br) = A(Ep) | = (2.24)
The phonon current generated in a differential slice of the material will be the
summation of all the participating phonon modes

S 0Jr(Ey) = Za(Ef)% {exp <%) . 1} B , (2.25)

for a total energy equal to the energy of the recombining electron-hole pair. As
each individual phonon is a low energy excitation, ur ~ 0 for each term in the
summation.

Similar relaxation processes to Equation 2.23 and 2.25 resulting in a host
of photons are allowed (indicated by process (1i) and (2i) in Figure 2.2) [55];
however, the energy exchange is equivalently small leading to p, ~ 0. Therefore,
these radiative interband and intraband transitions result in the thermal radiation
predicted by Equation 2.8 [55].

The thermal radiation of a semiconductor, described by Equation 2.8, is as-
cribable to intraband transitions resulting in photons of u., = 0, while the radia-
tive interband transitions result in photons with z, # 0. The impact of radiative
and non-radiative recombination to photovoltaic device properties will be dis-
cussed in the following sections.

2.3 Thermodynamics of Solar Cells

The process of converting thermal radiation energy from the sun into usable
electrical energy is limited by a number of thermodynamic factors. If all the
incident solar radiation could be transferred into usable electrical energy the
PCE would simply be limited by the heat transfer efficiency described by the
Carnot cycle, characterised by the ratio of the temperature of the sun (7%) to
the temperature of the cell (Tx) as PCE = 1 — T /Ts [57,58]. In p-n junction
type solar cells, the exchange of energy depends primarily on the energy of the
bandgap, limiting the number of photons that can be converted into electrical
energy.

The probability that a photon of energy E, incident on a solar cell will create
an electrical current is known as the photovoltaic external quantum efficiency
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Figure 2.3: (a) AM1.5 spectrum along with (solid red line) the black-body ra-
diation spectra (Equation 2.8) for the temperature of the sun (5770 K) . (Solid
blue line) illustration of the step function EQEpy used to calculate the thermo-
dynamic limit of the power conversion efficiency. (b) Thermodynamic limits to
the power conversion efficiency calculated for a (solid black line) Heat Engine,
from the Shockley-Queisser limit (SQ) for a cell temperature of (blue line) 0 K
and (red line) 300 K, and from the (multicoloured line) AM1.5 spectra shown in
panel a.

(EQEpy ), the ideal form of which is a step-function where any photon with E., >

E¢ give rise to EQEpy, = 1 resulting in an electron-hole pair with energy Eg,
while photons of £, < Fg give rise to EQEpy = 0. This ideal EQEpy; is given
by the blue line in Figure 2.3a.

2.3.1 Thermodynamic Limit of Power Conversion Effi-
ciency

The ultimate efficiency of a heat engine with the EQEp,, characteristics described
above (PCEyg) would be the ratio of the total energy absorbed by the cell (E, >
Eg) compared to the incident power density, each found through Equation 2.8
with T' = Ts. &y, for T' = Ty is given by the red line in Figure 2.3a, while the
heat engine limit of the PCE is given by the black dashed line in Figure 2.3b.
A maximum PCE of 44% occurs at a bandgap of 1.09 eV. Developing a more
sophisticated limit requires consideration of the generation, and radiative and
non-radiative recombination properties of the electrons and holes in the cell.
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Generation

When a photovoltaic cell is in the thermal equilibrium the only form of carrier gen-
eration will be due to reabsorption of the cell’s own black-body radiation. The flux
of generated charges will be given by ny, = [ Ez Oy, (T = Te)dE. While the flux

of charges generated under illumination by the sun will be ng,, = f EOZ Oy, (T =
Ts)dE.

Radiative Recombination

The number of electron and hole pairs recombining radiatively (ng(V)) will de-
pend on the distribution of electrons and holes in the semiconductor and ulti-
mately be proportional to the product of the distributions (np) [40]. Further, ther-
mal equilibrium requires the current generated by the cell’s black-body radiation
be balanced by an according recombination current, meaning ng(0)gax = 7bb-
The law of mass-action requires that npgai = n;2 (when Ep, = EFP), and, con-
sequentially, ng(V) = nppynp/n;®> = ny, exp (¢V/kgTc).

Non-Radiative Recombination

The number of non-radiative generation (nygo) and recombination events (nyg(V))
must balance at thermal equilibrium, leading to nyg(0) = nyre. The voltage
dependence of nygr(V) can be approximated with the ideal rectifier equation
nyr(V) = nyroexp (¢V/kgTc) [59]. Further, the proportion of recombination
which is radiative can be described by the factor f,.

Steady-State Considerations

Under steady-state illumination the total generation and recombination of electron-
hole pairs must result in an overall current (J(V)), leading to

1) = a0 (%) [ow (5 ) <1) . 22

where J(V) is the current delivered to the load, g (np, — nsun) defines the short-
circuit current and ¢ (nyy,/ f,-) defines the Jy in Equation 1.2. When all recombina-
tion is radiative (f, = 1) Jy is minimised, known as the radiative dark-saturation
current (J&d). In practice, f, < 1 due to the presence of nonradiative recom-
bination. At the same time EQEpy is less than unity and has complex spectral
characteristics due to the optical properties of the active layer as well as cavity
effects due to the overall structure of the device [60]. With these considerations
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in mind, the Jsc and J§* are formally defined for solar cells exposed to AM1.5
spectra as

JSC = q/ EQEPV(E,Y)(I)AMLg,dE (227)
0

Jhad — g / EQEpy (E. )y, (T = To) dE. (2.98)
0

The highest possible Ve, occurring when all the recombination is radiative,

known as the radiative limit to the Voc (VEa4) can be found by solving Equation

2.26 for J(Vad) = 0, leading to

B kBTCI Jsc
Jé{ad

+ 1} . (2.29)

Which ultimately results in an open-circuit voltage of Eg for 7o = 0 K [59]. As
the temperature rises additional radiative decays will occur reducing the chemical
potential of the remaining electron-hole pairs. Accordingly, the Vo will be a
fraction of F¢, dependent on the relative absorption of the black-body and solar
radiation expressed as fr = (TS/TC)3 fEO; O (T = TS)dE/ fJ;ZTS/Tp Py (T =
Tc)dE [59)].

Finally, the fill-factor of a cell can be calculated by solving d(IV)/dV = 0,
using Equation 2.26, for Vypp and Jypp. Ultimately, the thermodynamic limit
to the PCE of a solar cell is

where fr and FF are less than unity. Equation 2.30 is known as the Shockley-
Queisser (SQ) limit and can be used to calculate the thermodynamic limit to the
efficiency of a solar cell based on the material parameters (Eq, EQEpy, T¢) and
the incident radiation spectrum.

Figure 2.3b shows the power conversion efficiency for a heat engine, along
with the SQ limit calculated using the black-body spectra at the temperature
of the sun when T = 0 K, Tz = 300 K, and using the AM1.5 spectra. At
Te = 0 K the SQ limit approaches the heat engine limit, as the T is raised the
PCE is reduced following the blue-red gradient until 7> = 300 K. Finally, the
realistic SQ limit, calculated using the AM1.5 spectra shown in Figure 2.3a in
place of Equation 2.8, is given by the colored line. The reduction in PCE from
Ts = 5770 K to AM1.5 is ascribable to the overestimation of high energy radiation
in the ®,,(T = Ts) compared to the AM1.5 spectra shown in Figure 2.3a, due
to atmospheric effects such as Mie scattering [61]. Under these conditions, the
maximum value of PCE (33.7%) occurs using a step-function EQEp,, with Eg of
1.33 eV, while an additional maximum (32.6%) occurs at a Fg of 1.09 eV.
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2.3.2 Non-Radiative Photovoltage Losses

Equation 2.29 indicates that the highest possible Vo for a cell occurs when there
is no voltage losses due to non-radiative decays. Introducing non-radiative voltage
losses reduces the chemical potential of the ensemble of electrons-hole pairs in the
semiconductor by reducing the QFLS of the recombining species, as outlined in
Section 2.2.4. This results in a further potential loss across the device leading to
a reduction in Ve known as non-radiative losses to the V¢, expressed as

AV = V5Ed = Voc. (2.31)

As AVAE is due to non-radiative recombination events, the important param-
eter is the competition between the radiative (¢®er) and non-radiative (¢Pyg)
components of the recombination current, known as the LED External Quantum
Efficiency (mLep = ¢Pem/(¢Pem + ¢Pxr)) where &, is the emitted photon flux
due to the total injected current at Vo (Jinj(Voc)). At open-circuit conditions
Jinj(Voc) is equal to Jsc and AVRE can be found through Equation 2.29 as

kgT
AVSE = ——Z In [nLep] - (2.32)

2.3.3 Optoelectronic Reciprocity and Electroluminescence

The functional form of ®., can be found by recalling that, at thermal equilib-
rium, the current generated by the black-body radiation must be balanced by a
recombination current (J*°) injected from the electrodes

T = 8 = q [ BQEp(E,) 0 (E,)E. (2.33)
0

Indicating that the emission of semiconductor operated as a light emitting diode
is dependent on the optical generation and carrier collection properties when
operated as a solar cell (and vice versa), known formally as a reciprocity rela-
tion [62-67]. When the voltage is increased away from equilibrium, the excess
photon flux will be given by the difference between the current contributing to
the radiation less the J{*¢ as

JRec qV JRad JRad qv
Py = -2 =20 S —1]. 2.34
= e () - DB o (L) ] )

Equivalently the spectral flux,

Von(E) = EQEw (E)0u(E) o (o) 1], 239
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will depend on the spectral properties of the cell’s EQEp,, and black-body radi-
ation. Although the principle of detailed balance from which Equation 2.33 is
derived is universal, the reciprocity relation relies on the linearity of the system
away from equilibrium, effectively implying that the emission is due to linear
band-to-band recombination, as described in Section 2.2.3 [67,68].

In the following chapter organic semiconductors will be introduced and dis-
cussed utilising the concepts developed in Section 2.1 and 2.2. The applicability
of Equation 2.33 to organic photovoltaic devices will be discussed in Section
3.4 and, based on this understanding, the relationship between the electrolu-
minescence emission, photoluminescence emission (described by Equation 2.18),
and QFLS will be discussed in Chapter 7. Utilising this analysis, methods for
measuring distinct non-radiative recombination pathways will be developed and
examined.
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Chapter 3

Optoelectronics of Organic Semi-
conductors

3.1 Organic Semiconductors

In contrast to crystalline inorganic semiconductors discussed in Section 2.1, or-
ganic semiconductors are not composed of atoms in a well ordered crystal lattice
of high permittivity. Instead, their constituent elements are conjugated (derived
from the Latin ‘to link together’) chains of carbon (C) atoms bonded to Hydro-
gen (H) atoms and the occasional functional group (those with Oxygen, Nitrogen,
Sulphur, Fluorine, or Chlorine). A single carbon atom has the electronic config-
uration of 1s%2522p?, which can form sp, sp?, or sp® hybridized orbitals when
bound to nearby elements, depending on the electronic structure of the elements
surrounding it [69].

For example, one of the most important conjugated configurations in organic
chemistry is the benzene ring, as shown in Figure 3.1a. In this configuration each
C-atom is involved in bonding to two C-atoms and one H-atom. To accomplish
this, each C-atom promotes an electron from the 2s to the 2p orbital forming a
state 1s*(2s'2p}2p;)2p.. The (25'2p)2p)) forms a superpositional state known as
a hybridized orbital (in this case sp® hybridized). sp® hybridized orbitals are 2-
fold degenerate, one lower energy consisting of constructive interference between
the s and p orbitals while the higher energy consists of destructive interference;
known as bonding and anti-bonding (denoted with a x) orbitals, respectively.
The bonding sp? orbitals lie in-plane with 120° arc between bond angles, while
the remaining 2p, orbital will lie out-of-plane [69].

Figure 3.1b shows the shape of the 2p, and sp? orbitals between two C-atoms
in benzene, where red (blue) represents positive (negative) wavefunction values.
Each sp? orbital points towards a neighbouring C-atom, the strong overlap region
between C-atoms causes the formation of a ¢ bond. This wavefunction overlap
leads to a large exchange integral between sp? orbitals on neighbouring C-atoms,
causing a large energetic splitting between the o-and o*-orbitals. Meanwhile, the
overlap between the out-of-plane 2p, orbitals leads to a m bond forming with a
comparatively smaller splitting between m-and 7*-orbitals [40]. The orbitals are
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Figure 3.1: (a) The Benzene ring. (b) In- and out-of- plane orbital configurations
of sp? hybridization. Red (blue) indicates positive (negative) wavefunction values,
black circles indicate carbon atoms, additional sp? orbitals have been removed
from left hand image for clarity. (c) Energetic landscape of bonding and anti-
bonding states in Benzene. (d) Wavefunction configuration for bonding and anti-
bonding 2p, orbitals. (e) Energetic disorder in organic semiconductors. Fe-
conduction band edge, Fy valence band edge, Fg-bandgap

filled according to the Aufbau principle such that the lowest lying o-orbitals will
be filled first followed by the lowest lying m-orbitals, as shown in Figure 3.1c. In
this picture, the highest occupied molecular orbital (HOMO) plays the part of
the valence state while the lowest unoccupied molecular orbital (LUMO) plays
the role of the conduction state.

When an electron is promoted from the HOMO to the LUMO state (for exam-
ple, by the absorption of a photon) the molecule reorganises from a ground-state
configuration to an excited-state configuration through re-orientation of the 2p,
orbitals. Two example wavefunction configurations are shown for the 7- and
m*-orbitals in Figure 3.1d, the lowest lying configuration of m-orbitals has con-
structive interference between all the 2p, orbitals of the C-atoms while the highest
lying configuration of m*-orbitals has destructive interference between all the 2p,
orbitals of the C-atoms. This reorientation can be viewed as an electron (in the
m*-orbital) bound to a hole (in the m-orbital) localised to, but delocalised within,
the benzene ring, commonly referred to as a Frenkel exciton [70,71]. These ex-
cited states can decay back to the ground state through additional reorganisation
of the 2p, orbitals and the emission of a phonon or photon, known as geminate
exciton recombination.
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An organic semiconductor is created when many molecules, bound together
through weak Van der Walls forces, form a polycrystalline or amorphous film.
Variations in molecular conformation, polydispersity, random orientations of molecules
within the solid, and chemical impurities results in a great deal of (static) dis-
order with the HOMO and LUMO states. Therefore, the DOS in the HOMO
and LUMO levels of an organic semiconductor can be described by a Gaussian
distribution with total density of states Ny, width o4, and mean value (E¢/v)

N _ (E - EC/V)2
g (E) - \/ﬁexp ( ) (Ud)2 > : (31)

Figure 3.1e shows the conduction and valence DOS for a disordered semiconduc-
tor. As a consequence of the static disorder, electronic transitions can occur over
a range of energies broadening the spectral absorption and emission of organic
semiconductors from their molecular constituents. In this picture the range of
HOMO (LUMO) states plays the role of valence (conduction) levels. However,
as a result of the heavily localised excitons combined with the asymmetry of the
polycrystalline film, the concept of continuous energy bands, introduced in Sec-
tion 2.1 does not apply to excitonic transport. Further, the asymmetry in the
film limits electrostatic screening between excited states, leading to a much larger
exciton binding energy of the Frenkel excitons, compared to the Wannier-Mott
excitons generated in inorganic semiconductors [72]. Therefore, a new approach
will be needed to understand excitonic transport in OSCs.

3.1.1 Forster Resonance Energy Transfer

The low dielectric constants present in organic semiconductors creates strong elec-
tronic dipole moments within excited state configurations. These strong dipole
moments result in dipole-dipole coupling to nearby ground state molecules. This
coupling provides the possibility of resonance energy transfer from one molecule
to another known as Forster Resonance Energy Transfer (FRET) [73-75]. The
development of FRET theory requires both a quantum mechanical and classi-
cal treatment to fully comprehend. In the quantum mechanical view two static
dipoles can interact when they are in resonance with one another through the
electromagnetic force. The energy of this interaction (U) is dependent on the
electric field created by the oscillating dipole (E) and the dipole moment of the
two dipoles (jt172). In the near field this is

A - 1 /Fl ' /72 -5
U=-F- 5= + O 3.2
K2 dmee r3 (T ) ’ (3:2)
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Figure 3.2: (a) Forster Resonance Energy Transfer coupling between two ben-
zene rings with intermolecular spacing Ry. (b) Emission and absorption overlap
including width of emission €2 and overlap €. (c¢) Probability of FRET occurring
Ry-intermolecular spacing, Rprer-FRET Radii.

where r is the separation between dipoles. The transfer rate of a such a dipole-
dipole interaction is given by kg4 = hji*/r® [76,77]. However, this treatment
assumes that the spectral lines of the dipoles are very sharp, which, as has been
discussed, is not the case for OSCs. Figure 3.2a shows a pair of Benzene molecules
and the relevant interaction energy separated by an intermolecular spacing (R).
Figure 3.2b shows the emission and absorption (estimated as Gaussian distribu-
tions) with width Q and overlap region €. For an emitter and absorber with
a broad line-shape the probability that they will be in resonance at any time is
low, however; the assumption of resonance need only be valid for a small amount
of time for energy transfer to occur. The interaction of a broad emitter-absorber
pair can be estimated by a sharp quantum mechanical dipole multiplied by the
probability that the emitter and absorber will be in resonance [78,79]. For this
to be true the pair of dipoles must have spectral overlap between the emission
and absorption of electromagnetic waves, with probability 2’ /). Further, the ab-
sorber must be be oscillating with identical frequency (w) to the emitter within
', such that hw = U. The probability that w is within Q' at the same time as
fw = U is w/Q x ' /Q = U/hQ. Therefore, the rate of energy transfer is given

by
hower = () () > bo-o (<hg>2) (5) (33)

24



Which drops off at a much faster rate than the spectrally narrow dipoles (kq_q x
r=3). The spectral overlap is typically quantified by the so-called FRET Radii
(RpreT), defined as the distance that FRET competes equally with excited state

to ground state decay
1 (R ¢
fona = (221 (3.4
T0 T

where 7y is the excited state lifetime of the lone emitter. Although it may be
necessary to amend Equation 3.4 when the size of the molecule becomes similar
to the intermolecular spacing [80].

Careful quantum mechanical treatment reveals that the transition dipole mo-
ment will be dependent on the relative orientation of the dipoles (k) and the
Coulomb potential, while the resonance overlap will be dependent on the Frank-
Condon Factors and the occupational probability between the excited and ground
states [77,81-83]. This treatment allows the spectroscopic transition frequencies
to be correlated to the overlap integral of the photoluminescence emission and
absorption spectra (J(\)) of the two dipoles leading to a FRET rate governed by
Equation 3.4 and an Rprpr defined by

91n [10] ) (#%

12872 N4 n4

Rpgrer’ = ( ) X J(A), (3.5)
where Rprgr is in cm, ®p is the fluorescence quantum yield of the lone emitter,
n is the refractive index of the medium, N, is Avagadro’s number, the overlap
integral is

T = /0 T Fi () ea (0) MdA / /0 T R (V) d), (3.6)

in which Fg (\) is the emitter fluorescence per unit wavelength, and €4 () is
the molar extinction coefficient of the absorber. In this view, FRET can occur
between any emitter-absorber pair as long as the emitter couples strongly to the
electromagnetic field (high ®p), the absorber is in an orientation to oscillate with
the electromagnetic field (via k), the space between emitter and absorber has low
permittivity (low n), and high probability that the emitter and absorber will be
in resonance (high J (\)).

The probability FRET will occur (Prrer) between two identical molecules,
will depend on the competition between kprpr and 79 as Prrer = krret/(AFreT+
1/79). In Figure 3.2c Prrer is plotted as a function of distance away from the
excited molecule. When Ry < Rpgrgr the probability that an excited state con-
figuration will be transferred to an adjacent molecule will be greater than 0.5.
The smaller Ry, or the larger the Rprgr, the greater the probability of FRET
occurring.
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3.1.2 Exciton Transport in Organic Semiconductors

When FRET occurs between molecules in an organic semiconductor the exciton
is effectively transferred from one molecule to another. This type of excited-state
energy transfer is often referred to as ‘hopping’ transfer, since, from a macro-
scopic viewpoint, the exciton appears to be moving around in a collection of
molecules [84,85]. Similar hopping transport occurs between defect sites in in-
organic semiconductors, known as thermally activated hopping transport [86].
Formalised by Miller and Abrahams, thermally activated hopping transport con-
sists of two characteristics; the probability that resonance energy transfer will
occur and the energetic barrier between sites [87]. In the Miller-Abraham for-
malism, hopping from a lower to higher energy state in the DOS is thermally
activated and is mediated by phonon modes while hoping from a higher to lower
energy state is energetically favourable and; therefore, is only dependent on the
wavefunction overlap between the two sites. The Miller-Abrahams hopping rate
from site ¢ to j can be expressed as

exp (—E]é;fl> , Ej > FE;
1, E; < Ej

kij =rvexp (—QSRZ]) X { (37)

where v is the maximum hopping attempt frequency, determined by the high fre-
quency phonon modes, R;; is the distance between site ¢ and j, E; and Ej are the
site energies, and S is the inverse localisation length describing how quickly an
excited state wavefunction drops off outside the defect site. The first exponential
accounts for the degree of coupling between the two sites, while the second expo-
nential is a Boltzmann factor requiring an ‘uphill” jump to be thermally activated.
In this picture a charge-carrier undergoes a random walk throughout a collection
of sites according to their (spacial and energetic) distribution. Although FRET
is the underlying mechanism of intra-molecular energy transfer between organic
molecules, combining FRET with Miller-Abrahams rates (by replacing the prefac-
tor in Equation 3.7 with kpgrgr) has been shown to account for excitonic diffusion
in disordered organic semiconductors [88].

In an organic semiconductor, FRET, in principle, can occur between molecules
that are not nearest neighbours. However, as kprgr o r~°, the probability of
hops further than Ry drops off dramatically as shown in Figure 3.2¢, where the
probability of hopping 2Ry is significantly reduced from the probability of hopping
Ry. Further, n will most likely be smaller between nearest neighbour pairs than
long-range pairs, and kprgr o< n~%, indicating that the probability of long-range
hops will be further diminished by the presence of nearest neighbours.

Therefore, the D can be calculated assuming that most hops happen between
nearest neighbour pairs within the time 7,0, = 1/kprer. In m dimensions this
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is [89]

D Ry*> 1 Rpger®
N 2m7’h0p N T0 2mR04 '

(3.8)

The average distance travelled by an exciton during a random walk is known as
the exciton diffusion length (Lp) and can be calculated from D, and the average
lifetime of an ensemble of excitons in the organic semiconductor (7) as

Lp =+V2m x Dr, (3.9)

although sometimes the factor of 2 (or 2m) is dropped. Since Lp is dependent
on both the excited state configuration of the base molecules and the structure of
the polycrystalline film making up the organic semiconductor, it will be sensitive
to many factors and; therefore, not readily calculable from first principles. In
Chapter 4, the role that exciton diffusion plays in OPV devices will be discussed,
in Chapter 5 various way of measuring D and Lp will be introduced and consid-
ered, and in Chapter 6 description of how these measurements can be utilised to
gain insight into the nano-structure of OPV devices will be presented.

3.2 Organic Photovoltaic Devices

3.2.1 The Bulk-Heterojunction

All electronic applications require unbound (free) electrons and holes to be present
in the system to generate an electrical current. In OPV devices the high binding
energy of the Frenkel excitons must be overcome before any unbound charge
carriers can be utilised. The separation of electron-hole pairs in OPV devices is
accomplished by creating energetically favourable pathways from excitonic states
to CS states, enabled by an intermediate step known as a charge transfer (CT)
state. The most common way of establishing energetically favourable pathways is
by creating an interdigitated network of two OSCs known as a bulk-heterojunction
(BHJ).

Figure 3.3a shows the basic structure of a BHJ OPV device. The BHJ is
sandwiched between a transparent conductive electrode and a reflective (or trans-
parent) electrode. The interlayers between the BHJ and the electrodes are chosen
to enhance the electron (hole) extraction at the BHJ-cathode (-anode) interface,
as will be described in detail in Section 3.2.4.

The two OSCs that make up the BHJ are chosen according to their ionization
potential (IP) and electron affinity () as well as their optical-excitation gap, ul-
timately determined by the HOMO-LUMO gaps of the various molecules making
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Figure 3.3: (a) Architecture of organic photovoltaic devices. (b) Structure of a
phase separated donor acceptor interface including exciton diffusion and charge
transfer. (c¢) Energetics of channel I (II) charge transfer for excitons localised to
the donor (acceptor) molecule, y-electron affinity.

up the polycrystalline or amorphous film. One of the OSCs is chosen to have
a relatively high x called the acceptor while the other has a lower y, called the
donor. In a BHJ the absorption of light will depend on the optical-excitation gap
of each OSC since, as described in Section 3.1, optical excitations are localised
to a single molecule. However, as will be illustrated in Section 3.3, the V¢ of an
OPV-based solar cell is limited by the chemical potential of the CT state (ucr).
This, in turn, will ultimately be determined by the difference between the IP of
the donor and the x of the acceptor.

Within the BHJ, areas rich in donor (acceptor) molecules are formed, known
as donor (acceptor) phases, as shown in Figure 3.3b. Once an exciton is generated
within a phase, it is able to diffuse throughout that particular phase as described
in Section 3.1.2. Occasionally, and dependent on the size of the phase separated
domains, the exciton will arrive at the interface between donor and acceptor
phases. An exciton in the donor (acceptor) phase may form an interfacial CT
state through the transfer of an electron (hole) to the acceptor (donor) phase in a
process known as channel I (II) charge transfer, as shown in Figure 3.3c [90]. The
binding energy of the CT state is reduced from the exciton binding energy by a
factor dependent on the difference between the y (IP) of the two OSCs in channel
[ (IT) charge transfer, reducing the energetic barrier associated with CT-to-CS
state generation [91]. In fact, in state-of-the art OPV-based solar cells near unity
CT state-to-separated charge carrier generation has been observed [92].

CT state mediated separated charge carrier generation is thought to be the
primary route for charge generation in OPV devices and is therefore central to the
understanding of any organic-based optoelectronic device [17]. However, alterna-
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tive and /or supplementing theories have been proposed to explain the high charge
generation yields in state-of-the art OPV devices. It has been proposed that in-
creased delocalisation of excitonic states can account for increased electrostatic
quadrapole moments in certain donor-acceptor systems leading to increases in
separated charge carrier generation [93,94]. Supporting this view, kinetic Monte-
Carlo simulations have shown that even a small amount of delocalisation can lead
to a large reduction in CT state binding energy [95,96]. Additionally, when the
difference in IPs between donor and acceptor phases is small, the excited state
kinetics begin to play a much larger role and could be responsible for increases
in charge generation yield [37]. Further, it has been conjectured that FRET
can occur between donor and acceptor molecules in a BHJ, leading to a possible
suppression of one charge generation pathway [97].

3.2.2 FRET in OSC Bulk-Heterojunctions

For FRET to occur between donor and acceptor molecules in a BHJ there must
be significant overlap between the emission spectra of the donor and absorption
spectra of the acceptor. Rprgr can be calculated in donor acceptor pairs with
Equation 3.5 and 3.6, where the F is the normalised photoluminescence emission
from a neat donor film and €4 is the absorption coefficient from a neat acceptor
film, and n can be taken as an effective index of refraction (n.g) of the BHJ film
weighted by the overlap integral [97]

et = / T er () n(\) Fp (A) MdA / TON. (3.10)

In which n () is the spectral index of refraction of the BHJ film. In this process an
exciton may undergo FRET from the donor to acceptor phase of a BHJ without
forming a CT state. The transferred exciton will most likely undergo FRET to
an acceptor molecule very near the donor-acceptor interface and; therefore, will
likely diffuse to the interface to form a CT state via channel II charge transfer.
In Chapter 6 the effect of FRET between BHJ donor and acceptor molecules
on the free-charge generation will be discussed and Rprgr Wwill be calculated for
various OSC BHJ systems. Appendix C.5.5 provides additional details and Rprgr
measurements for various donor-acceptor BHJs.

3.2.3 Separated Charge-Carrier Dynamics

Once excitons have migrated to the donor-acceptor interface and a CT state
is formed through channel I or II charge transfer the CT state may undergo
geminate recombination, or dissociate into separated charge carrier, which may
undergo non-geminate recombination, or carrier transport [17,98].
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Geminate Recombination

Geminate (meaning ‘of the same pair’) recombination refers to the process of a
CT state recombining to the ground state via radiative or non-radiative decay,
with rate constant k. Considering the CT state to have only recombination and
separation pathways leads to the dissociation efficiency Por = kq/(kq+Fky), where
k4 is the rate at which CT states are thermally driven to dissociate into separated
charge carriers, given by [99]

k 59t p( AE) h <2\/2_b> (3.11)

4= Ameegl3  kgT Vob o

In which € is the relative dielectric permittivity of the BHJ, ¢ is the donor
acceptor separation at the donor acceptor interface, AFE is the CT state-to-
separated charge carrier energy barrier, J; is the Bessel function of the first
order, and b accounts for the electric field (E,) dependence of the dissociation
as b = ¢®F,/8meeo(kpT)?. AE is highly dependent on the system in question
and evidence of near zero AF has been demonstrated in certain donor acceptor
combinations [91].

Non-Geminate Recombination

Non-geminate (meaning ‘not of the same pair’) recombination occurs when two
oppositely-charged separated charge carriers meet, form a CT state, and re-
combine as described above. The additional barrier of the charges meeting is
typically understood through the Langevin recombination model [100]. In this
model, the carriers must be within a critical radius such that the Coulomb at-
traction is greater than the kinetic energy pulling them apart, guaranteeing that
they will meet. The critical radius is known as the Coulomb capture radius,
(r. = ¢*/4meeokpT) expected to be between 14-18 nm for typical organic semi-
conductors [101]. The upper limit to the rate of recombination, known as the
Langevin recombination rate constant, can be found by considering the time it
takes carriers to diffuse towards one another

oy = Lt i1p) (3.12)

€€
However, in OPV devices recombination rates many orders of magnitude lower
than the Langevin limit have been observed, often referred to as suppressed re-
combination [17,92,102-107]. The origins of this suppressed recombination is a
debated subject and has been attributed to CT state kinetics including: electro-
static quadrapole moments [93,97], static disorder [108], delocalisation of exci-
tonic wavefunctions over multiple molecules in the film [95], and re-dissociation
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of CT states [92,109]; as well as hindrances to electron-hole encounters such
as: polaronic distortion of the surrounding media [110], imbalances in separated
charge carrier mobilities [111], and confinement of electrons (holes) to the ac-
ceptor (donor) domain [105,112]. The total bimolecular recombination rate for
CS-to-CT state transfer is expressed as the Langevin recombination rate constant
reduced by the CT state (yor) and encounter (yen) kinetics as

kL o Q<,un +,up> (313)

- - )
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where both vor and Yepe > 1.

Carrier Transport

Separated charge carriers in an OPV device move throughout their respective
domains driven by an internal electric field induced by the difference in work
function between the cathode and anode (often identified with the built-in voltage,
Vbi). As with inorganic semiconductors the responsivity of the separated charge
carriers to an electric field is determined by the charge carrier mobility. However,
since the separated charge carriers are being transported between discrete sites
they undergo hopping transport similar to that of excitons discussed in Section
3.1.2. Unlike excitons, separated charge carriers are not electrically neutral and
when they hop between sites the surrounding media reorients to account for this
electric monopole, resulting in a quasi-particle known as a polaron [17]. The
hopping rate of a polaron can be described by a Marcus-Hush charge transfer
process with rate [113-115]

om | V| (E; — E; + \*)°
by = — o il 5 , 3.14
vy vy L ( e TA* (3.14)

where \* is the energy associated with reorganisation of the surrounding molecules,
and Vj; relates to the coupling between sites. The average separated charge carrier
diffusion constant (D, ,) for such a hopping mechanism can be found in a similar
manner to Equation 3.8 utilising Equation 3.14 but with each pathway weighted
by the distance over which a hop occurs (r;) and its corresponding probability

(P)

z

1 2
Dyjp = E;ﬁ kP, (3.15)

where z is the total number of available sites, P, = k;/¥;k;, while k; is the rate
along path [ and ¥;k; is the total hopping rate away from the site [116,117].
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The separated charge carrier mobilities can be determined from D, /, utilising
Einstein’s diffusion equation as

an/p

:un/p = kBT : (316)

Therefore, as with excitons, the separated charge carrier mobilities will be depen-
dent on the degree of coupling and distance between molecules; however, unlike
excitons, the separated charge mobilities will depend on the electrostatic interac-
tions between the charged carrier and the uncharged media surrounding it.

The total electron current flowing between sites 7 and j can be calculated from
the continuity equation as a function of the electron density at those sites (n;,n;)
as

Jn = qujinj — quijni, (317)

which can be compared to the discretized drift-diffusion equation

d i j =y
T = quanE, + and_” = qiin (” ‘;”3> E, + qD, (”J n > . (3.18)
X

Equating 3.17 and 3.18 and solving for u, and D, gives

r

Hn = E (kji - kij) ) (3-19)
r2

while similar expressions can be derived for holes. In this picture, u, appears to
be inversely related to the field, however, the drift current has no explicit field
dependence. In fact, the field dependence returns in the hopping rates. If site
J is a lower energy than site 7, kj; — k;; < 0 and the carrier will likely move
1 — j. However, as an electric field will alter the energetic landscape between
sites, the rates k;; and kj; will change with E, and thereby alter the carriers
trajectory [118,119].

When the electric field strength and carrier concentration are relatively low
the average carrier energy is independent of carrier concentration and the mobility
can be approximated from a Miller-Abrahams rate as

R2v o\’
Un = C1 gdq exp <—CQ (ij_dT> ) s (321)

with ¢; = 1.8 X 107 and ¢y = 0.42 being empirical parameters [120]. In this pic-
ture, separated charge carriers quickly move throughout the polymer film to fill
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the lowest lying states in the DOS after which, subsequent carriers are able to hop
readily throughout the remaining states in the film with average energy o4%/kpT
below the center of the DOS. Known as the Gaussian disorder model, this un-
derstanding allows for the use of the effective mobilities described by Equation
3.21, and suggests that the donor IP and acceptor y can be treated as conduction
and valence levels respectively while the difference between them can be consid-
ered as an effective bandgap when describing carrier transport in OPV devices
under steady-state conditions [120-123]. Once initial thermalization occurs the
separated charge carriers are transported along a conduction edge between their
average energy and the DOS centre, similar to that described in Equation 2.2
and 2.3, allowing for the calculation of separated electron and hole densities as
described in Equation 2.5 and 2.6. Figure 3.1e shows the average energy and
conduction and valence edges for a disordered semiconductor DOS.

3.2.4 Charge Extraction

Electrons and holes at the semiconductor-electrode (or interlayer) interface must
be extracted from their respective phase of the BHJ through the electrodes and
into the external circuit. However, when a semiconductor is brought into contact
with a metal, the Fermi level of the semiconductor will bend to equilibrate with
that of the metal, accomplished through the transfer of charge between the two
materials [40,41].

Figure 3.4 shows the energetic dia-
gram for a semiconductor-metal inter-
face (a) before and (b) after contact.
The energy is referenced to the mate-
rial Fermi levels to convey the thermo-
dynamic equilibrium. The equilibrium
carrier density in the semiconductor at
the cathode interface will be given by

Ncat = Ne exp (—%) . (3.22)

Pcat = NU exp (_%) ) (323)

where neat (Gpeat) is the electron Figure 3.4: Energetics of a

(hole) barrier at the cathode. Given semiconductor-metal interface
by the difference between the cathode (a) before and (b) after makmg
work function, WF.,,, and the accep- contact referenced to the Fermi

tor electron affinity, xa (donor ioniza- levels.
tion potential, IPp), of the OSC blend
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as

an,cat = WFcat — XA, (324)
¢p,cat = _WFcat + IPD; (325)

as shown in Figure 3.4b. In general, interfacial properties including subgap surface
states or impurities at the interface may cause changes in the work function
when brought into contact with a semiconductor, further modifying ng..; and
Deat [43,124-126].

In the case of the cathode, decreasing ¢, .4 increases the number of holes,
while simultaneously decreasing the number of electrons (by increasing ¢, cat)
at the interface, assuming ideal band transport. The current of holes flowing
between the cathode and the valence band in devices accurately represented by
band transport can be found from thermionic emission theory as

Jearsy = ART? (1 — Q) exp <—%> , (3.26)
B

in which Ag is the effective Richardson Coefficient (Ag ~ 120 A/cm?/K), and Q
is the reflection factor [127].

In contrast, the hole current flowing from the valence band to the cathode
is typically expressed as a non-radiative relaxation process given by Jy _cat =
¢Srp, where Sg has units of cm/s and is known as the surface recombination
velocity. Often described as carriers being removed at the ‘wrong’ electrode (in
this case, holes at the cathode), this non-radiative loss pathways is known as
surface recombination [128-136]. At thermal equilibrium these currents must be
balanced indicating that the total hole current exiting the semiconductor is

Jp = qSr (P — Peat) ; (3.27)

where p is the density of holes in the semiconductor at the interface. The asso-
ciated surface recombination velocity (Sg = iR—NTCQ (1 — @)) has an ideal (Q = 0)
upper limit of ~ 10% cm?/s at 300 K, calculated from the ideal band transport-
type injection expressed in Equation 3.26 [127,135].

An electrode is considered to be ideal (Ohmic) when it is not limiting the
current a device produces. To ensure this condition, the impedance of the
semiconductor-electrode interface must be negligible compared to the bulk semi-
conductor. The primary route to accomplishing this in OPV devices is to engi-
neer interlayers that increase the conductivity of majority carriers between the
device and electrodes, effectively reducing the injection barrier [124, 125, 135].
In Chapter 7 the effect of surface recombination on the photoluminescence and

electroluminescence of OPV devices will be discussed in detail.
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3.3 Thermodynamic Limits of OPV-Based So-
lar Cells

In Section 2.3 the thermodynamic limit of a step function EQEpy solar cell was
found through a detailed balance approach, under the assumption that the photon
interactions with the cell occur between free electron-hole pairs (1, = ¢Voc). This
is a valid assumption for inorganic semiconductors as photon absorption leads to
Wannier-Mott excitons with binding energy < kgT at room temperature, easily
dissociating into free charge carriers [17]. As discussed in Section 3.1, optical
excitation in organic semiconductors results in tightly bound Frenkel excitons.
As a result, the associated radiation field will be in equilibrium with the exciton,
resulting in a separated charge carrier with chemical potential (ucs) lower than
the optical gap of either organic semiconductor. The difference between chemical
potential of excitons (p, ) and pcg will depend on the binding energy of the exciton
(Ep) and the entropic change due to converting excitons into separated charge
carriers (AS) as

qT.AS

(H’x - :U“CS) = _EB + 5 (328)

30 where J/q is the carrier flux created
by converting excitons into separated

9 charge carriers and the dot indicates
=20 the temporal derivative, assuming ev-
8 ery exciton reaches the donor accep-
- 10 tor interface [137,138]. This change

—AGCTZ—O.]. eV
AGCT=—0.3 eV
—AGcTr=—0.5 eV | N

in chemical potential between excitons
and separated charge carriers results in
0 , , a trade off between optical gap require-
1 2 3 ments (as laid out in Section 2.3) and
Bandgap Energy (eV) Voc, as well as a current dependent on

the difference between p, and pcs. As-
suming exciton-to-CT state formation
is the limiting reaction in OPV-based
solar cells, the PCE for given exciton-
to-CT state energy offset (AGcr) can
be calculated and compared to exper-
imental results. Figure 3.5 shows the
PCE calculated as a function of the optical gap for various values of AGar.
As AGcr approaches 0 the PCE approaches the Shockley-Queisser (free-carrier)

Figure 3.5: The entropic limit of ex-
citonic solar cells calculated for vari-
ous driving forces for charge separa-

tion (AGCT)
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Figure 3.6: Schematic energy levels and kinetics processes for interfacial exciton
S*, charge-transfer (CT) states, and separated charge carrier (CS) states.

limit. However, experiments reveal that 0.5 eV is a more realistic value for AG¢r
for fullerene OPV-based solar cells [139]. As shown in Figure 3.5, increases in
AGcr reduce the PCE significantly as well as shift the peak maximum to a
bandgap of 1.5 eV [137].

This analysis assumes that PCE is dependent only on the energetics of the var-
ious states leading from excitons to separated charge carriers. However, recent
advances in low-offset (low AGcr) donor-acceptor material combinations have
shown dramatic improvements in both Voo and Jsc. On top of this, evidence
suggests that separated charge carriers may be in thermal equilibrium with exci-
tons implying that AGcr = 0 [94,140,141]. The previous analysis would suggest
that this is due to free-carrier generation in the BHJ, indicative of Wannier-Mott
excitons; however, the measured binding energy of excitons in these low-offset
systems indicate the opposite to be true [142-144]. It has been suggested that
long enough exciton lifetimes could compensate for this lack of a driving force by
increasing the time the exciton is near the interface [97]. To explore this idea,
and to fully understand the factors contributing to the thermodynamic limit of
PCE in OPV-based solar cells, the interplay between the excited states must be
evaluated considering not only the energetics (as before) but the kinetics between
states as well.

Figure 3.6 shows the stepwise process and the various rates from photon ab-
sorption to separated charge carrier extraction in BHJ OPV-based solar cells.
The green arrows indicate processes that move towards separated carrier extrac-
tion while the red arrows indicate loss pathways. In the notation here S* denotes
interfacial excitonic states, G denotes rates of generation, k denotes rate con-
stants for various processes, n denotes carrier densities in the particular state, N
is the DOS of that state, § is given by Equation 3.13, AE;/; = E; — E;, and Jr
accounts for the total charge flux between the active layer and the electrodes.
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Using a detailed balance approach, the difference between pu, and puct can be
found as [37]

P,Gs ktNcr AFEct/s
—er = kpTn Py + 2258 |1 _ p, 4 Mo 2ECs L) (329
Mz — HCT Bl In ( s+ Cor [ + kot Ns exp ( kg T ( )

where Ps = kcr/(ks + kcr) and Gor is the total rate at which CT states are
formed from all pathways. In this picture, the difference between ¢V and g,
approaches zero when AE¢r ¢ = 0 (assuming a small difference between pier and
tcs). However, even at low-offsets the imbalance between Gg and GCT leads to
a difference between u, and pcrp. Further, under the influence of even a small
offset, the rate of decay (kf) and charge transfer (kcr) play an important role in
determining fi,.

Taking this into account, the Vo will depend primarily on the energy of the
CT state, but with dependence on the interplay of both the kinetics (k¢ and k)
and energetics (AEcr/s) of the exciton and CT state

kaCT) ( PsksNg ( AECT/S))
Voc = Ect — kT In - —kgTln |1+ ——Texp | ——L= )
qvoc CT B ( or B keNor P gl

(3.30)

While the Jsc can be found from the
Voc, the generation of charge trans-

fer s‘tates (Jéoy), and the chemical po- TR Eor)ce=0 oV
tential of the separated charge carriers 30t —AEct,cs=0.1 eV
pes = q(V +aVoc) /(14 a) where _ﬁg(?T/Cng'%;VV
a? = BGord q®/Apnp, (kpT)* as e Ao
<20+ [,/
Jsc == Jao, T s /
q 2|/
S XD (V(1 ta) kBT) ‘ = 10-/’
(3.31) y
Finally, the FF is given by [145, 146] 0 . /OIZT
FF — VOC/k:BT —In (1 + VOC/kBT) AES/CT (eV)
1+ Voc/ksT ’

(3.32) Figure 3.7: Detailed balance limit
for OPV-based solar cells for various
CT-to-CS state offsets as a function
of exciton-to-CT state offset.

Figure 3.7 shows the calculation of
PCE as a function of the exciton-to-
CT state energy offset for various val-
ues of CT-to-CS state offset. As Ect — Ecg this solution approaches the ‘realis-
tic’ analysis in Figure 3.5 (AGcr ~ —0.5 eV). In addition, as AEcr/cg increases
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the maximum PCE shifts to higher AEcr/g, similar to Figure 3.5. For realistic
CT state binding energies (AEcr/cs ~ 0.15 eV) this analysis ultimately leads to
a maximum PCE > 25% with AFEcp/s = 0.1 eV at an optical gap of 1.5 eV [37].

This analysis indicates that both the energetics and kinetics play an important
role in determining the various figures of merit in OPV-based solar cells. It
demonstrates that the thermodynamic limit of an excitonic solar cell is not only
dependent on the optical gap energy (as outlined in Section 2.3) but depends
strongly on the interaction between the energetics of the various excited states
and the kinetics occurring between them.

In Chapter 4 the role that exciton diffusion plays in the generation of charges
will be explored in detail, expanding on the state diagram shown in Figure 3.6.
Additional information relating to the thermodynamic calculations are included
in Appendix A and reference [37].

3.4 Reciprocity in Organic Photovoltaic Devices

Equation 2.32 was derived assuming that the spatially averaged injection (F;)
and collection (F,) efficiencies are equal across the range of voltages used [67].
A statement which is equivalent to the reciprocity relation between charge in-
jection and extraction expressed by Equation 2.33. Both these phrasings of the
injection-emission reciprocity rely on the linearity of minority carriers as the sys-
tem is moved away from equilibrium (in this case as a voltage is applied) [62,67].
However, the low separated charge carrier mobilities in OPV devices present a
situation where, despite the thin nature (< 100 nm) of OPV active layers, the
efficiencies of injection and collection may be unequal.

A more general form of Equation 2.32 can be found by noting that the V¢
can be expressed as Voo = kgT/qln (Jsc/Jo(V)), where Jo(V') is the voltage-
dependent dark-current. In this formulation npgp = ¢@en (V') /Jo(V), with ¢Pem (V)
being the voltage dependent recombination current. Which can be can be written
as a function of F; and the black-body radiation as

Pan(V) = [ FV)udE. (3.33)

Utilising the definition for npgp, Jo(V') can be written in terms of F; as

@alV) 0 fy E(V) BB

TILED TILED

Jo(V) (3.34)

Accordingly, the exact Vo found from npgp measurements, assuming that F; is
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known, would be given by

kgT ( JscnLED )
Vo = In 3.35
¢ q q fo i (Voc) PppdE ( )

Under the assumption that reciprocity holds (F, = F;), the predicted V¢ will be
given by

kBT JscnLeD
1% redicted — In 3.36
o Pt (rr (3.36)

The deviation of Vo predictea from the actual Vo can then be expressed in terms
of F. and F; as

kgT F; (W
WVoc = Voc,predicted — Voo = IZ In ( ( OC)) -

F. (Voc) (3:87)

Equation 3.37 indicates that while
reciprocity holds 0Voc = 0. How-
ever, when the injection and collection
efficiencies diverge the electrolumines-
cence no longer accurately represents
the non-radiative photovoltage loss un-
der steady-state illumination, open-
circuit conditions. Figure 3.8 shows
the Voo, Voc predicted and the 6Voc
calculated as a function of separated
charge carrier mobility [67]. As elec-
tron and hole mobilities are decreased
carriers near the center of the device

are no longer extracted, decreasing F.. 105 Tq0F 03

At the same time, injected carriers will Pn/p (cm?/s)

decay with a similar efficiency leading

to 5VQC < 0. Figure 3.8: (a) VOC and VOC,Predicted
Chapter 7 will expand on the idea | calculated from Equation 3.35 and

that reciprocity can be invalid in cer- | 3.36. (b) Deviation between Vo and

tain systems relevant to OPV devices. | Voc,Predicted-

The deviation from reciprocity will be
examined as a deviation in QFLS from the ideal case in which the separated
charge carriers are in equilibrium with u., across the device and the contacts.
Traditional measurements of nygp will be compared to an alternative technique
which, as will be shown, can accurately quantify the QFLS of a photovoltaic
device under steady-state illumination at V¢
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Chapter 4

Role of Exciton Diffusion and Life-
time in Low Energy Offset Sys-
tems

Despite general agreement that the generation of separated charge carriers in or-
ganic photovoltaic device devices is driven by an energetic offset, power conversion
efficiencies have been improved using low-energy offset blends. In this chapter,
the interconnected roles that exciton diffusion and lifetime play in the charge gen-
eration process under various energetic offsets is discussed. A detailed balance
approach is used to develop an analytic framework to discuss exciton dissociation
and separated charge carrier generation accounting for exciton diffusion to and
dissociation at the donor-acceptor interface. For low-offset systems, it is found
that the exciton lifetime is a pivotal component in the charge generation process,
as it influences both the exciton and charge transfer state dissociation. These
findings suggest that any novel low-offset material combination must have long
exciton diffusion lengths with long exciton lifetimes to achieve optimum charge
generation yields. The work presented in this chapter (in conjunction with Ap-
pendix A) is the same as that published in Role of Exciton Diffusion and Lifetime
in Organic Solar Cells with a Low Energy Offset [1].
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4.1 Diffusion and Charge Transfer State Gener-
ation in Low-Offset Systems

The recent rise in PCEs of OPV-based solar cells has been driven by the intro-
duction of narrow-gap NFA molecules, which show enhanced photon absorption
of the solar spectrum when used in conjunction with an appropriate and com-
plementary donor molecule [17]. This increase in absorption combined with a
superior CGY observed in state-of-the-art NFA-based BHJs ultimately cumu-
lates in short-circuit currents much higher than their fullerene-based predeces-
sors [17,147-149]. Concurrently, the reduction of energetic offset between donor
and acceptor molecules in low-offset NFA BHJs has reduced losses associated
with the Vo [140,150]. Specifically, low-offset NFA systems have small energetic
differences between the IPs of the donor and acceptor molecules. As such, the
increase in PCE of NFAs, compared to fullerene blends, is ascribable to both the
reduction of losses to the Vi, brought about by low IP-offsets, and the increase
in Jsc, supported by high CGYs.

The charge generation process in OPV devices, as described in Chapter 3, and
the thermodynamic treatments of OPV-based solar cells, as presented in Section
3.3, ignore the role that exciton diffusion plays in generating separated charge
carriers. Authors often assume that the exciton diffusion length is much larger
than the phase separated domains making diffusion to the interface efficient,
or that all excitons are generated near enough the donor-acceptor interface to
undergo charge transfer [37,137,138]. While it is widely accepted that increasing
the exciton diffusion length enhances the exciton dissociation (via more efficient
transfer of excitons to the interface), the influence of exciton diffusion on the
charge transfer efficiency at the interface is not fully understood. During exciton
dissociation, the transfer of an electron (hole) from the donor (acceptor) to the
acceptor (donor) phase during channel I (II) charge transfer has been historically
understood to be driven by an energetic offset between the y (IP) levels of the
two materials [17,90,141,151,152]. In NFA-based low-offset systems, the driving
force to dissociate excitons into CT states at the interface is expected to be
small due to the reduced energetic offset. Nonetheless, this has not resulted in
a reduction in the CGY, but instead, near unity CGYs have been observed in
state-of-the-art low-offset systems [149]. Contributing to the understanding of
how NFA BHJs can achieve high CGY in the absence of a significant IP-offset is
the motivation behind the work presented in this chapter and a necessary step to
further progressing the PCEs of OPV-based solar cells past 20%.

While a decreasing [P-offset is expected to reduce energetic losses to the Vo,
recent studies have also shown reduced nonradiative voltage losses in low-offset
NFA OPV-based solar cells attributable to an equilibrium between excitons lo-
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calised to the acceptor phase and CT states [94,141]. On the other hand, it has
been suggested that the decreasing driving force for exciton dissociation, brought
about through decreasing IP-offset, can be compensated for with increasing exci-
ton lifetime [140, 153]. Further, as presented in Section 3.3, photovoltaic param-
eters are contingent on not only the relative energetics of the donor and acceptor
molecules but also the kinetic rate constants between excitons, CT states, and CS
states. Including the interplay between the lifetimes of excitons and CT states
as well as the degree of equilibrium between the two states [37]. However, these
analyses assume that each exciton generated in the bulk dissociates into a CT
state via charge transfer at a rate independent of exciton diffusion.

In the work summarised in this chapter, the role of exciton diffusion in exciton
dissociation and charge generation yield of low-offset OPV devices is investigated.
An expression for the exciton dissociation efficiency and effective charge transfer
rate constant is derived accounting for exciton diffusion to and dissociation at the
interface. Using this expression, it is clarified under what conditions a system
with low driving force for CT state formation can achieve high charge genera-
tion yield. It is found that, in low-offset systems, long exciton lifetimes serve a
twofold purpose: to increase diffusion to the interface and to reduce the rate of
back-transfer of CT states to excitons. Therefore, large exciton diffusion lengths
supported by long exciton lifetimes are required for efficient charge generation in
low-offset systems.

4.2 Theoretical Treatment of Steady-State Dif-
fusion

The process of singlet exciton dissociation is mediated by two steps: (i) diffusion
of excitons to the donor-acceptor interface and (ii) charge transfer at the interface
with rate constant kcro. In the case of excitons in the donor (acceptor) phase,
kcro is the electron (hole) transfer rate constant associated with channel I (II)
charge generation. In the limit where diffusion to the interface is efficient the
exciton dissociation rate is independent of diffusion. In this limit, the exciton
dissociation efficiency (Ps or dissociation efficiency) is given by the charge transfer
efficiency (ncr) of excitons at the interface, described by the competition between
the interfacial charge transfer rate constant and the exciton lifetime within the
limiting phase as

kcr,o
= — 4.1
Ncr 1/7 + koo (4.1)

In general, away from the diffusion independent limit, the effective rate of ex-
citon dissociation will be given by processes (i) and (ii) occurring in series. To
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derive an expression for Pg and effective charge transfer rate constant, accounting
for exciton diffusion to and
charge transfer at the inter-

face, consider a domain of 7\\\“*’?9\1“,93”
leng.th L,‘spanm.ng 0 < x < S Feair S kor.on® R S

L, in which excitons are uni- N cT
formly generated at rate G. I OS] N o
Figure 4.1 shows a schematic ) G kvtncr

state diagram and the rele-
vant rates of diffusion, decay, Ground State
charge transfer, and CT state-
to-exciton back-transfer for a

Figure 4.1: Schematic energy-level diagram
singlet exciton in either the showing relevant kinetics and processes oc-
donor or acceptor phase. Un- curring for bulk (S) and interfacial (S*) exci-
der these conditions, the dif- tons and charge-transfer states (CT). Here,

fusion equation for excitons in kag represents the rate constant of diffu-

the bulk takes the form sion from bulk to interfacial excitonic states,
ko, is the electron or hole transfer rate con-
n(x) d*n(x) : . :
G — +D——>=0 stant from interfacial excitons-to-CT states,
T dx ’

kninot is the rate of back-transfer from CT

(4.2) states to excitons, 7 is the exciton lifetime, G
where n(x) is the exciton den- | is the rate of exciton generation, and kcr e
sity at position z in the do- | 18 the effective dissociation rate constant for
main. To account for exciton- | all excitons.

to-CT state dissociation and
CT state-to-exciton back-transfer, the exciton current leaving the domain at the
interfaces can be expressed as

p Ty — (4.3)
dx ol
dn(z) *
—D—= i = —v[n(0) — ngl, (4.4)

with v being the interfacial velocity of charge transfer from one phase to the other
and vnj, being the exciton current entering the domain via back-transfer from
CT states. Here, nf, is an effective density that depends on the prevailing density
of CT states at the interface but is independent of x. The solution to Equations
4.2-4.4 is obtained as

|Gt — nj,] cosh (w—Li/2>

cosh (ﬁ) [1 + % tanh (ﬁ)]

n(z) = Gt — (4.5)
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where Lp = v/Dr is the one-dimensional exciton diffusion length.

However, Equation 4.2 does not explicitly contain the exciton-to-CT state
charge transfer and CT state-to-exciton back-transfer rates, while Equation 4.5
strongly depends on the position within the domain. Therefore, to obtain a
general rate equation that relates excitons in the bulk to excitons at the interface,
one can average Equation 4.2 across the domain to obtain

n
G — ; — kCT,O [n* — n?;t] = O, (46)

where n = (1/L) fOLn(x)dx is the average density of bulk excitons, n* is the
density of excitons at the interfaces, and ket = 2v/L. Evident in Equation 4.6
is that the CT state-to-exciton back-transfer rate can be equivalently expressed as
kcrong, or knner (as shown in Figure 4.1, where ner is the density of CT states
and ky is the associated back-transfer rate constant). At thermal equilibrium,
the exciton-to-CT state and CT state-to-exciton rates must balance, kpnor.eq =

*

kcmoneq, leading to

N, AFE
= ner - exp (—k—T/) (47)

where Ns (Ncr) are available density of states for the lowest exciton (CT) states,

while n;, = Ngexp <—£—ST), and ncreq = Norexp <—5BL,}) Additionally, at
thermal equilibrium, the net diffusion current of excitons must vanish such that
n =n* = n},, in accordance with detailed balance.

After accounting for this, Equation 4.6 can be equivalently expressed in terms

of n as

n
G — ; — kCT’eﬁ‘ [TL — nm = 0, (48)
where
k
ko et = oLl I (4.9)
1+ (7 % kerp) [ T;(gDﬁlff]

is the effective charge transfer rate constant for excitons generated within the
domain, and ngy is the efficiency of exciton diffusion to the interface given by

2Lp L
= —— h{—|. 4.1
Taiff T tan <2LD> ( 0)
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Finally, the overall exciton dissociation efficiency, defined as the number of dis-
sociated excitons relative to the total number of generated excitons can be found
as

koo 1 1 -1
Ps = CLel_ — { + - 1] ; (4.11)
/T + koresr Naig  7CT

where Equations 4.1 and 4.9 were used in the last step. Note that Pg is not given
by the simple product of the diffusion and dissociation efficiencies, indicating that
processes (i) and (ii) are not independent.

4.3 Considerations for CT-state Generation

To substantiate Equations 4.9 and 4.11, a 1D Monte-Carlo hopping model was
implemented to simulate the exciton kinetics including diffusion, decay, and
interfacial charge transfer. Monte-Carlo simulations were used, as they have
been shown to accurately account for exciton dynamics within OSCs and OPV
BHJs [2,119,154-157]. Furthermore, the use of Monte-Carlo simulations allows
for the calculation of the exciton dissociation efficiency and kcres under con-
ditions where the phase separated domain size, interfacial charge transfer rate
constant, exciton lifetime, and exciton diffusion constant are known precisely.
The simulated Pg and kcres can then be compared to Equation 4.9 and 4.11.
Further details relating to the simulations used in this chapter are outlined in
Appendix A.1. The exciton dissociation efficiency was calculated as the ratio of
excitons exiting the domain at the interfaces to the total number of excitons gen-
erated in the simulation, from which the effective charge transfer rate constant
can be calculated through Equation 4.11. In this formalism, the characteristic
length ratio (defined as 2Lp/L) and the lifetime-product (defined as 7 X kcrp)
can be controlled by specifying L and k¢, respectively, while leaving the ex-
citon lifetime and diffusion constant unaffected. It is important to note that, in
general, these two metrics are not independent, as increases in the exciton lifetime
will affect both the lifetime-product and the diffusion length. The effect on these
metrics of changing the D and 7 are discussed throughout the remainder of this
chapter. In these simulations, 7 = 300 ps, while D = 5 x 1073 c¢m?/s, leading to
Lp =12 nm.

Figure 4.2 shows the normalised ket e and Ps as a function of the lifetime-
product for selected diffusion efficiencies, determined by the characteristic length
ratio through Equation 4.10, and the characteristic length ratio for various charge-
transfer efficiencies, determined by the lifetime-product through Equation 4.2.
The circles indicate values from the Monte-Carlo simulations, while the colored
lines indicate Equations 4.9 and 4.11 plotted with the associated values of 7, kcr o,
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Figure 4.2: (Top) Normalised kcres and (Bottom) Ps as a function of (left)

lifetime-product and (right) the characteristic length ratio. Circles indicate
Monte-Carlo simulations, solid lines indicate Equations 4.9 and 4.11, black dashed
lines indicate Equations 4.1 and 4.10.

L, and D. The analytic solution provided by Equations 4.9 and 4.11 reproduces
the simulated Pg and kcr e over the range of parameters used. As noted above,
exciton dissociation can be limited by two distinct processes: diffusion to the
interface and dissociation at the interface. As will be shown below, both these
processes must be efficient for excitons generated in the domain to be dissociated
efficiently.

Under conditions when either 7 x kgt is small or 2Lp/L is large, corre-
sponding to ner << Naig Or Naig — 1, respectively, the overall dissociation rate of
excitons is dissociation limited. As indicated on the left-hand side of Figure 4.2a
and right-hand side of Figure 4.2b, this limit is characterised by kcreg — kcro-
Under these conditions, the dissociation at the interface is the rate-limiting pro-
cess, and according to Equation 4.11, Ps = ncr (indicated by the black dashed
line in Figure 4.2¢). In the dissociation limited regime, Pg is strongly dependent
on lifetime-product, asymptotically approaching Ps = 0 with decreasing lifetime-
product. Conversely, under conditions when 7 x ko is large (right-hand side
of Figure 4.2a and c) or 2Lp/L is small (left-hand side of Figure 4.2b and d),
corresponding to ncr — 1 or Ngig <K ner, respectively, the exciton dissociation is
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diffusion limited. In this limit, diffusion to the interface is the rate-limiting pro-
cess, resulting in kot e/kcro < 1 and Ps = nag (indicated by the black dashed
line in Figure 4.2d). In this limit, Ps is dependent only on the characteristic
length ratio and approaches Pg = 0 for a diminishing characteristic length ratio,
as excitons are unable to diffuse to the interface. Finally, under conditions when
both 7 X ket and 2Lp /L exceed unity, shown on the right-hand sides of Figure
4.2¢ as ngig — 1 and Figure 4.2d as ncr — 1, eventually Ps — 1.

This analysis is summarised in Figure 4.3, which shows the simulated Pg
(Figure 4.3a) and ket (Figure 4.3b) as a function of the lifetime-product

and the characteristic length
ratio. Indicated on Figure 4.3
is the diffusion and dissocia-
tion limits. For a dissociation
limited system, changes to the
characteristic length ratio will
not significantly affect kcreq
or Pg. This can be recognised
by moving vertically in Figure
4.3 in the dissociation limited
regime. Similarly, for a dif-
fusion limited system, changes
to the lifetime-product will
not significantly alter ko eg or
Ps. This can be recognised
by moving horizontally in Fig-
ure 4.3 in the diffusion limited
regime.

These observations high-
light the primary thesis of
this chapter: to efficiently
dissociate excitons into CT
states, the phase limiting
charge generation must simul-
taneously have efficient diffu-
sion to and dissociation at
the interface, enabled by high
lifetime-products and charac-
teristic length ratios. The for-
mer can be increased by in-
creasing the exciton lifetime or
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Figure 4.3: (a) Exciton dissociation efficiency
and (b) effective charge transfer rate constant
as a function of characteristic length ratio
and lifetime-product. Red lines indicate the
direction a system will move for an increasing
exciton diffusion constant and lifetime.
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increasing kcto. The latter can be increased by increasing Lp, via increases in 7
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or D, or by decreasing the phase separated domain size [158,159]. Therefore, the
exciton lifetime plays a crucial role in determining the exciton dissociation effi-
ciency, as increases in exciton lifetime increase both the characteristic length ratio
and lifetime-product. This observation agrees with previous experimental studies
by other researchers [140]. Despite this, the diffusion constant plays an equally
important role in determining the characteristic length ratio and therefore is im-
portant in determining the diffusion efficiency, the dissociation efficiency, and
effective charge transfer rate constant. This is highlighted by the red lines in
Figure 4.3. Increases in diffusion constant lead to increases in the characteristic
length ratio, manifesting in a vertical transition in Figure 4.3, while increases in
the exciton lifetime increase both the characteristic length ratio as well as the
lifetime-product, signified by the sloped red lines in Figure 4.3.

4.4 Influence of Exciton Lifetime and Diffusion
on Charge Generation Yield

To explore the effects that exciton diffusion has on the device performance of
OPV devices, the charge generation yield was calculated. Here, the charge gen-
eration yield (Pogy) is defined as the ratio of generated CS states to the total
number of generated excitons. To calculate Pogy, the kinetic interplay between
excitons, CT states, and CS states is considered, as described in Section 3.3 and
Appendix A.2. After accounting for the generation, recombination, reformation,
and dissociation of CT states and excitons, summarised in Figure 4.4a, it is found
that Pogy = PsPor where Por = kq/(kq + k¢ + ki) denotes the CT state-to-CS
state dissociation efficiency. Further, k; is the CT state dissociation rate con-
stant, ks is the CT state recombination rate constant, and ki, = (1 — Pg)kptefr-
Finally, Ky oq is the effective CT-to-exciton back-transfer rate constant related to
kot eft Via ket = (14 /nor)kor.e; hence,

PgNg o [_ AEOT/S:|

kL =28
b rNor kpT

(4.12)
in accordance with Equations 4.7 and 4.9. Consequentially, CT states generated
directly from the ground state or via interfacial charge transfer may form excitons
via this back-transfer mechanism and reform CT states many times over. The
idealised case for Pogy with efficient diffusion, corresponding to ngig = 1, is shown
for a high interfacial charge-transfer rate in the dashed black line in Figure 4.4
b. The calculated Pcogy as a function of the exciton-to-CT state energetic offset
(AEct)s) is summarised in Figure 4.4b,c for the lifetime-products 7 x kcro > 1
and 7 X kcro = 1, respectively, assuming a domain size of 10 nm. In the case of a
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Figure 4.4: ((a) Schematic energy-level diagram summarising the work of Sand-
berg et al [37]. Labelled are interfacial excitonic states (S*), charge-transfer states
(CT), and charge separated states (CS), as well as the varying pathways between
them and to the ground state (vertical arrows). Charge generation yield calcu-
lated from detailed balance as a function of exciton-to-CT state offset for a system
with (a) large and (b) unity lifetime-products. The black dashed line indicates
the conclusion of Sandberg et al. Colors of lines indicate the characteristic length
ratios. Moving from dotted to solid to dashed lines indicates increasing exciton
diffusion constant and decreasing exciton lifetime.

high lifetime-product (equivalent to the diffusion limited regime), Equation 4.11
simplifies to Ps = ngig. Therefore, as the characteristic length ratio is increased,
exciton dissociation is increased. This results in an increase in Pogy with an
increasing characteristic length ratio independent of AFEcr/s, generally seen by
comparing the different colored lines in Figure 4.4b. Interestingly, in the high-
offset limit (AEct/g > 200 meV) Pogy is dependent on the characteristic length
ratio yet agnostic to the individual values of 7 and D. This effect can be observed
by comparing lines of the same color in the high offset region of Figure 4.4b c.
On the other hand, for low-offset systems (AEcr,s < 200 meV), the CT state-
to-exciton back-transfer plays a more central role in determining the Pogy. In
this case, the rate of CT states undergoing back-transfer to form excitons is much
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higher, which in turn increases the likelihood that excitons will reform and decay.
Therefore, it is expected that a higher 7 will decrease the number of CT states
that recombine to the ground state via an excitonic state by the back-transfer
mechanism and, in turn, increase the Prqy. This effect is evident in comparing
the dotted (longest 7), solid (middle 7), and dashed (shortest 7) lines of the
same color (equivalent Lp) in the low-offset region of Figure 4.4b. In this region,
Pcqy for identical characteristic length ratios is increased with increasing exciton
lifetime due to decreasing CT state-to-exciton back-transfer.

This highlights the secondary thesis of this chapter; in low-offset systems, high
exciton lifetimes increase not only the exciton dissociation through increased
diffusion length, as shown by other researchers in previous experimental stud-
ies [140, 153] but additionally increase the Pcgy by ultimately decreasing the
rate of CT state-to-exciton back-transfer. The inverse relationship between the
CT state-to-exciton back-transfer rate and the exciton lifetime is expressed ex-
plicitly in Equation 4.12. Figure 4.4c shows the equivalent analysis for systems
with the same characteristic length ratios but with a lifetime-product of unity,
corresponding to ner = 0.5. Under these conditions, the exciton dissociation
efficiency is expressed as Ps = nqig/ (1 4 naig), resulting in a maximal efficiency
of 0.5. In general, decreases in 7 will decrease the exciton dissociation efficiency
via decreases to both the characteristic length ratio, as described above, and the
lifetime-product. This additional effect is equivalent to excitons reaching the in-
terface but being unable to dissociate into CT states, effectively ‘reflecting’ off
the interface. Therefore, even in the case of high characteristic length ratios and
high energetic offsets, such as that shown by the green curve in Figure 4.4 ¢, the
Pcgy is reduced via reductions to the kot e

4.5 Conclusion

In conclusion, the role that exciton diffusion plays in exciton dissociation in BHJ
OPV devices was investigated and analytic expressions for the exciton dissoci-
ation efficiency and the effective dissociation rate constant were derived. This
analysis revealed that the exciton dissociation efficiency is determined by the
efficiency of exciton diffusion to the interface (determined by the characteristic
length ratio, 2Lp/L) and the charge-transfer efficiency at the interface (deter-
mined by the lifetime-product, 7 X kcrg). The expression for exciton dissociation
efficiency was used to calculate the theoretical charge generation yield in BHJ
OPV-based solar cells. For high-offset systems, it was found that the charge gen-
eration yield is governed by the characteristic length ratio and that the individual
values of exciton lifetime and diffusion coefficient were inconsequential. However,
in low-offset systems, the exciton lifetime influences not only the characteristic
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length ratio but also the rate of back-transfer from CT states to excitons. This
suggests that CGY in low-offset blends could be increased by focusing on low-
offset blends with long diffusion length supported by increased exciton lifetimes.
Systems of this type would increase the diffusion of excitons to the interface while
simultaneously reducing CT state-to-exciton back-transfer losses.

Unfortunately for researchers, measuring exciton diffusion length and exciton
diffusion constant in organic semiconductor is a difficult process. In Chapter 5
various methods for determining exciton diffusion lengths and exciton diffusion
constants will be discussed, highlighting experimental difficulties. An alterna-
tive technique will be introduced that avoids these difficulties while increasing
the ease and speed of the measurement. Interestingly, low-offset NFAs organic
semiconductors will be found to show a significant increase in exciton diffusion
length compared to their fullerene predecessors, which would help to explain the
improvements in CGY. However, it will be shown that, the increased Lp in non-
fullerene acceptor OSCs is due to increases in D, not 7, consistent with other
authors in previous experimental reports [160-162]. This result, coupled with
the work developed in this chapter, indicates that the low-offset blends are not
optimised to reduced CT state-to-exciton back-transfer.
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Chapter 5

Quasi-Steady-State Measurement
of Exciton Diffusion Lengths

In Chapter 4 the importance of exciton diffusion length in the charge generation
yield process was emphasised. It was shown that optimised low-offset OPV de-
vices would require long exciton diffusion length with maximal exciton lifetime.
Established methods for quantifying exciton diffusion lengths in OSCs require
specialised equipment designed for measuring high-resolution time-resolved pho-
toluminescence (TRPL). In this chapter an approach, named pulsed-PLQY, is
introduced to determine the exciton diffusion length in OSCs without any tem-
poral measurements. Using a Monte-Carlo model the exciton dynamics within
a thin-film semiconductor are simulated and the results are analysed using both
pulsed-PLQY and TRPL methods. It is found that pulsed-PLQY has a larger
operational window and depends less on the excitation fluence than the tradi-
tional TRPL approach. The simulated results are validated experimentally on a
well-studied organic semiconductor, after which pulsed-PLQY is used to evaluate
the exciton diffusion length in a variety of technologically relevant materials. It is
found that the diffusion lengths in NFAs are much larger than in the benchmark
fullerene and that this increase is mainly driven by an increase in exciton diffu-
sion constant, not lifetime. The work presented in this chapter (in conjunction
with Appendix B) is the mostly identical as that published in Quasi-Steady-State
Measurement of Ezciton Diffusion Lengths in Organic Semiconductors [2]. Fig-
ure 5.3 was added to the published text, along with some additional explanation,
to aid the reader in their understanding of pulsed-PLQY.
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5.1 Measuring Exciton Diffusion Lengths

As outlined in Chapter 4, the lack of driving force for charge separation in low-
offset OPV-blends can be compensated for by an increase in exciton lifetime or
diffusivity, increasing the attempt frequency of CT-state formation. Thorough
understanding of exciton dynamics within the donor and acceptor lattices and
exciton kinetics at the donor acceptor interface is essential to explain the high
charge generation yields in low-offset NFA OPV devices.

While exciton lifetimes can be discerned from TRPL measurements, measur-
ing exciton diffusion constants is not as straightforward. Exciton diffusion con-
stants in OSCs can be determined through a variety of optical methods including
fluorescence volume [163-165] or bi-layer [163,166-173] quenching, and exciton-
exciton annihilation (EEA) measurements [165,173-181]. A robust quenching
experiment requires the fabrication of multiple films with varying thickness, de-
tailed measurement of optical constants, a precise understanding of both the
heterostructure and the quenching mechanism, and in the case of steady-state
measurements the absolute value of the photoluminescence quantum efficiency
(mpr). In contrast, EEA approaches require only one film with spectrally under-
stood absorbance, do not require absolute npy, measurements, and are less sen-
sitive to both optical interference effects and long-range quenching mechanisms
such as Forster energy transfer [182]. Further, EEA studies provide additional
insight into exciton dynamics by observing exciton-exciton interactions at high
excitation densities. This ancillary information allows for the determination of
the exciton-exciton annihilation coefficient (), important to the field of organic
lasing, and the so called exciton capture radius, defined as the average distance
at which excitons annihilate.

In the majority of experimental reports employing EEA | v is measured through
linearising TRPL data at high excitation densities, while the capture radius is
assumed to be on the order of the molecular spacing (Ry), allowing for the cal-
culation of the low-density diffusion length [173,174,176,177]. In some studies
authors further compare diffusion length and exciton-exciton annihilation coef-
ficient from two independent methods to gain insight into the capture radius,
however; this requires the assumption of a perfect quenching molecule or inter-
face [173,178,180]. Still others use global fitting techniques, including the capture
radius as either a fitting parameter or an assumed value [165, 180, 181]. Recent
studies found the lamellar spacing (dyg9) measured by grazing-incident wide-angle
X-ray scattering (GIWAX) experiments to be a close estimation of the capture
radius [180]. Although a reliable method for determining the capture radius is
yet to be agreed upon, EEA has been a useful tool in determining the exciton
diffusion length of many organic semiconductors [182].
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In the work contributing to this chapter, the limitations of EEA experiments
are explored by evaluating the density dependence of the diffusion length ex-
tracted from TRPL linearisation using a Monte-Carlo hopping model. Then an
alternative EEA approach, which does not require any temporal measurements
and instead focuses on the photoluminescence quantum efficiency, termed pulsed-
photoluminescence quantum yield (pulsed-PLQY), is proposed and demonstrated
via the same Monte-Carlo simulations. The use of Monte-Carlo simulations al-
lows for the identification of operational windows, defined as the range of den-
sities over which each analysis of the simulated kinetics reproduces the input
diffusion length. It is found that, even in the ideal case, pulsed-PLQY has a larger
operational window and is less sensitive to the choice of initial exciton density
compared to the traditional TRPL linearisation technique. TRPL linearisation
and pulsed-PLQY are performed on the well-studied P3HT system and compared
(for a list of chemical acronyms used in this chapter see Appendix B.1.1). Both
experiments reproduce the trends predicted by the simulations. Overall it is found
that pulsed-PLQY is less dependent on the excitation fluence, is faster, easier,
and requires less specialised equipment compared to traditional EEA measure-
ment techniques. Finally, pulsed-PLQY is used to measure the exciton-exciton
annihilation coefficient, exciton diffusion length, and exciton diffusion constant
in various organic semiconductors. It is found that diffusion lengths in NFAs are
longer than those found in fullerene acceptors and that this difference is driven
by an increase in diffusion constant.

5.2 Exciton-Exciton Annihilation

Singlet-singlet exciton annihilation can occur when two excitons interact with
each other, typically assumed to be on neighbouring molecules. The result of this
interaction is an exciton with excess energy, which quickly relaxes to the lowest
excited state, and one nonradiative decay event to the ground state. The rate
equation for the exciton density (p) in an organic semiconductor is determined
by the sum of this second-order nonradiative decay and the first-order natural
decay
dp(t) _ p(t)

o= (), (5.1)

where ¢ is time. When the process of annihilation is diffusion-limited, + can be
related to the diffusion constant in the film by [183]

~ = 47 DRy, (5.2)

where Ry is the capture radius, typically understood to be the molecular spacing
in OSC films [173,178,180, 182]. Although interactions that result in quenching
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of both excitons and lead to a value for v twice what is derived here have been
proposed [175], previous experimental reports by other authors have confirmed
that the primary quenching mechanism in organic semiconductors is accurately
described by Equation 5.1 and 5.2 [164,173,174,176-180].

The solution to Equation 5.1 is

B poexp (—t/7)
P =17 Vpot [1 — exp (—t/7)]’ (53)

where py is the initial exciton density (at t = 0). Equation 5.3 can be linearised
as

1 1
— ==+ 77’} exp (t/7) — 7. (5.4)
p(t) [Po
Allowing for v to be obtained from either slope or intercept of a 1/p vs exp(t/7)
plot, assuming 7 is known. Finally, the annihilation coefficient can be related to
the low-density exciton diffusion length, through Equation 5.2, and Equation 3.9.

5.3 Monte-Carlo Modelling of Photoluminescence
Experiments

To investigate the limits of TRPL linearisation and to introduce pulsed-PLQY the
two experimental methods were simulated using a Monte-Carlo hopping model.
The simulations were limited to capture only the relevant physics and to allow for
each experimental method to be evaluated under ideal conditions where system
parameters, such as the exciton diffusion length, are known and can be com-
pared to the extracted values. To this end, the exciton dynamics within a lattice
were simulated over a range of initial excitation densities with a 3D Monte-Carlo
model including natural (linear) and exciton-exciton annihilation decay mecha-
nisms (as shown in the inset of Figure 5.1 a). Here, exciton-exciton annihilation
is assumed to occur when excitons are within one lattice spacing of one another
(corresponding to an Ry equal to the lattice spacing).

Although it is possible that exciton-exciton annihilation occurs both over
greater distances and as a statistical process, the capture radius is typically
understood to be the average distance over which annihilation occurs. Lim-
iting the annihilation to one lattice spacing allows for an absolute calculation
of the diffusion length through Equation 5.2 and 3.9 and a direct comparison
of the diffusion length calculated from the simulated TRPL linearisation and
pulsed-PLQY techniques. Further, the finding that the GIWAX d;oy spacing is
similar to the capture radius experimentally corroborates the view that annihila-
tion, on average, happens between nearest neighbour pairs [180].
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Figure 5.1: Simulated (a) PL events as a function of initial excitation density.
(Inset) Cartoon depiction of various pathways for excitons to evolve in the simu-
lation. Red circles and arrows indicate hopping transport along major axes, blue
circles and arrows indicate reflecting and periodic boundary conditions, green
circles and arrows indicate exciton-exciton annihilation. Simulated (b) TRPL-
decays and as a function of time and (c) linearised TRPL decays for selected ini-
tial excitation densities (circles) and corresponding fit lines (black dashed lines),
note that the axis in panel (c) are log-lin. (d) Diffusion lengths extracted through
(blue and red circles) TRPL linearisation, (black circles) calculated from Equa-
tion F.6, or (black dashed line) calculated from input simulation parameters.

The lattice spacing (dx), temporal step size, and natural lifetime used were
0.775 nm, 1 ps, and 300 ps respectively, corresponding to a diffusion constant of
1073 ecm?/s and an input 3D diffusion length (Lp inpt) of 13.4 nm. Further details
relating to the implementation of the the Monte-Carlo algorithm are provided in
Appendix F.

Figure 5.1a shows the photoluminescence, determined by the number of nat-
ural decay events, as a function of initial exciton density. A transition between
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first and second-order response, as expected from Equation 5.1, can clearly be
seen starting around 3 x 10'” cm ™2 and fully occurring by 3 x 10'® cm™=3. This is
reflected in the increased quenching occurring on sub-100 ps time scale in the se-
lected TRPL curves shown in Figure 5.1b, typical of exciton-exciton annihilation

experiments [165,173-181].

To explore the limits of Equation 5.4 the simulated TRPL data was analysed,
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Figure 5.2: (a) Simulated 7py, as a function
of initial excitation density (blue circles) and
fit to Equation 5.5 (black dashed line). (b)
Exciton diffusion length extracted from data
in panel (a) as a function of the upper limit
to the fit (blue circles) and input diffusion
length (black dashed line).

through TRPL linearisation,
to obtain the exciton diffu-
sion length and compare with
Lpinpt- In this technique the
lowest density TRPL data is
fit to obtain 7 as shown by
the black dashed line in Fig-
ure 5.1b. Using this value of 7
each TRPL decay is linearised
according to Equation 5.4 and
fit to a line, as shown for the
selected curves in Figure 5.1c.
The slope and intercept are
used to obtain values of 7 for
each initial density and Lp is
calculated from Equation 5.2
and 3.9, using Ry = dx. This
is equivalent to the procedure
for fitting experimental data.
In Figure 5.1d the black
dashed line specifies Lp inpt
while the black circles indicate
the effective diffusion length
(Lpesr, calculated from sim-
ulated exciton dynamics, see
Equation F.6) of the simulated
excitons as a function of ini-
tial density. At low-densities
Lpes predicts Lpinpe; how-

ever, Lp ¢ increasingly underestimates Lp inp With increasing po. This is due
to an increase in exciton-exciton annihilation occurring at large py, where, on av-
erage, excitons have a shorter effective lifetime (and therefore move, on average,
less distance) than those under low-density excitations. It is therefore expected

that Lp s will decrease with increasing py.

In contrast to this, the blue and red circles in Figure 5.1d, respectively, show
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the exciton diffusion lengths extracted from the slope and intercept of the fit to
the linearised simulated TRPL data. The extracted diffusion lengths reproduce
Lp inpt at high pg, where the second-order nonradiative decay dominates Equation
5.1. However, the diffusion length (or «) extracted from the slope increasingly
overestimates the input diffusion length with decreasing py. Similar reduction in
extracted v (as measured by high density TRPL experiments) with increasing
excitation density has been observed by other researchers in previous studies on
OSCs [174].

The apparent dependence of the slope on pgy limits the range over which the
true value of v (and hence Lp) can be extracted and the extracted value con-
verges to the expected low-density diffusion length only when v7 > 1/py. The
operational window is defined as the range of densities over which this technique
reliably reproduces the low-density diffusion length. The operational window for
extraction from the slope is indicated by the blue shading in Figure 5.1d. On the
other hand, according to Equation 5.4, the intercept does not depend on py. This
is reflected in the larger operational window for the diffusion length extracted
from the intercept (red shaded region in Figure 5.1d). However, in the limit
where pyyT < 1 Equation 5.3 is reduced to a single exponential decay and one
cannot expect to extract any second-order information, reflected in the increasing
overestimation of the diffusion length as the density approaches the linear regime.

Consequently; accurate quantification of the diffusion length (or v) from TRPL
linearisation requires careful analysis of the range of excitation densities used. Im-
plementation of this experimental procedure requires a femtosecond pulsed laser
source to inject (and subsequently let evolve) the initial exciton density, accurate
measurement of the exciton lifetime, and specialised equipment capable of mea-
suring the quenching kinetics seen in Figure 5.1b, which occur on the order of
picoseconds in organic semiconductors [165,173,175-177,179,180]. Furthermore,
as described above, the operational window for determining the diffusion length
(or 7y) of these materials occurs at high excitation density where the quenching is
fastest, requiring increasing resolution to resolve. Besides which, not all organic
semiconductors are stable at high excitation densities and may undergo photo-
or thermal-oxidation at sufficiently high excitation fluences.

To circumvent the apparent dependence of extracted values on the choice
of initial density, eliminate the requirements for measuring the exciton lifetime,
lower the equipment specialisation, and increase the speed of the measurement one
can measure and analyse these kinetics in an alternative way by considering the
normalised 7py, as a function of exciton density. The total number of excitons that
recombine via natural decay in accordance with Equation 5.1 is p, = [J~ p(t)/7dt.
On the other hand, the photoluminescence quantum efficiency is given by np, =
pr1pL,0/ po Where npy, o is the low density photoluminescence quantum efficiency.
From Equation 5.3, the photoluminescence quantum efficiency is then obtained
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as

ner (po) = UPL,OM- (5.5)
PoYT
Therefore, by measuring npr,/mpLo as a function of py one can fit to obtain the
product of y7 and either: (i) calculate the the diffusion length directly using
Equation 5.2 and 3.9 without the need for any temporal measurements, or (ii)
measure the exciton lifetime independently to calculate v (or D).

To evaluate the validity of this procedure, npr/npL o was calculated from the
results of the Monte-Carlo simulations as the ratio of natural decay events to
the initial number of excitons in the lattice. Figure 5.2a shows the results of
this analysis, the blue circles indicate npy, calculated for each initial density. The
exciton-exciton annihilation is evident in the decrease in npr, with increasing py,
as observed experimentally by other researchers in studies on metal-insulator-
semiconductor heterostructures [184,185]. The linear region marked in Figure
5.1a is reproduced in Figure 5.2 as a guide.

The simulated normalised npy, is fit to Equation 5.5, as shown by the black
dashed line and the exciton diffusion length is calculated from the extracted prod-
uct of 7 through Equation 5.2 and 3.9. Figure 5.2b shows the calculated Lp as
a function of the upper limit to the fitting. The operational window is defined
as the densities that, when used as the upper limit to the fitting, reproduce the
low-density diffusion length. The operational window for pulsed-PLQY is shown
by the red shaded region in Figure 5.2a and b. The operational window for
pulsed-PLQY is larger and extends to lower densities that those of TRPL lin-
earisation and, most importantly, the confidence in the extracted value increases
with increasing number of initial densities used. Whereas, in TRPL linearisation
increases in the number of measurements made at varying initial densities may
decrease the confidence of the extracted values, depending on the choices of py.

5.4 Experimental Validation of Pulsed-PLQY

Typical TRPL linearization techniques are accomplished through optical exci-
tation of a sample followed by the collection subsequent decomposition of the
photoluminescence response into its temporal and spectral characteristics. As
the EEA-induced quenching in organic semiconductors occurs on the picosecond
timescale the decomposition of light must have adequate resolution to resolve
this phenomena. This is typically accomplished with a Streak Camera which can
achieve the required temporal resolution and, when fitted with a spectrograph,
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can decompose the photoluminescence spectra simultaneously [173,174,180,181].
Figure 5.3a shows the apparatus used to perform a TRPL measurement.

The light source (Pharos PHM02-2h-3h) generates a 300 fs pulse at a wave-
length of 515 nm and a repetition rate of 25 kHz. The low repetition rate is
used to ensure the time between pulses is many times longer than the natural
lifetime of the sample, allowing the sample to fully decay in between pulses. Ad-
ditionally, the low repetition rate allows the fundamental wavelength generated
by the Pharos oscillator (1030 nm) to be converted into the second and third
harmonic (515 nm, and 343 nm) through a non-linear process occurring within
the Pharos. The 515 nm light is directed towards the sample with various mirrors
and periscopes, not shown in Figure 5.3, passed through a neutral density filter,
and focused to a spotsize of 50 um with a 200 mm focusing lens (see Appendix
B.3 for details about the spotsize measurements) before being incident on the
sample which is held in a cryostat (Linkam-LTS420) under a constant flow of
nitrogen gas. The resulting photoluminescence is collected, collimated, filtered
to remove any scattered pump light, and focused onto the spectrograph which

a)

515nm Q\ND-Filter
Pharos 25 kHz AN Hamamatsu
PHNM02-2h-3h 300 fs pulse duration C1483
Streak
Camera
Linkam-I; Spectra-Pro
HRS300
Spectrograph
Sample
- -b .) ----------------------------------------------------------------------
Pharos 25; 5kri_r1r;
PHMO2-2R=3H. L 306 13 pulse duration Lock-in Amplifier ]

Signal-in

SI-diode
(Thorlabs-
SM1PD1A)
Sample

Figure 5.3: (a) Time-resolved photoluminescence and (b) pulsed-PLQY appa-

ratuses. ND-neutral density, AOM-acousto-optic modulator, f, indicates a lens
with focal length x, LP-long pass filter.
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decomposes the photoluminescence into its spectral components before directing
it into the streak camera. To measured the photoluminescence decay of a sample
the collected spectra is integrated across the entire spectral range to create the
TRPL decays shown in Figure 5.4a.

The initial density of excitons in the film is given by

Pa

- 5.6
77-("J2frepE1phd7 ( )

Po =
where P is the average laser power incident on the sample, « is the total ab-
sorbance of the sample at the pump wavelength, f., is the repetition rate of the
laser, w is the spotsize of the laser, Epy, is the incident photon energy, and d is
the film thickness. Therefore, the initial density of excitons can be adjusted over
many orders of magnitude simply by adjusting the power of the laser through
tuning of the neutral density filter.

Realisation of pulsed-PLQY requires the same femtosecond pulsed laser as
with TRPL linearisation, however; the light-collection can be accomplished with
non-specialised equipment operating at a steady-state. Further, the exciton dif-
fusion length can be calculated directly from the product v7 without the need for
any temporal measurements, and « (or D) can be determined without the need
for a high resolution TRPL apparatus. Due to these considerations the experi-
mental apparatus used in pulsed-PLQY can be significantly simplified from the
one used in TRPL linearisation. Figure 5.3 shows the apparatus used to mea-
sure pulsed-PLQY with a photodiode as a detector. In addition to the optical
elements in Figure 5.3a, the laser is passed through an acousto-optic modula-
tor (AOM-commonly known as a chopper) which modulates the light at 273 Hz.
Additionally, as the photoluminescence does not need to be decomposed into
temporal components, the pump lens is removed to increase the spot-size of the
laser (see Appendix B.3 for details about spot-size measurements). The increase
in spot-size has two primary benefits. The first benefit is that, for a particular
po, the laser power (and therefore the collected photoluminescence) can be in-
creased, increasing the signal to noise ratio in low py measurements. The second
benefit is related to the theory laid out in Section 5.2, which implicitly assumes a
even distribution of excitons upon excitation. Increasing the spotsize of the laser
spreads the initial density of excitons over a larger area increasing the validity of
this assumption.

The resulting photoluminescence is collimated and focused onto the active area
of the photodiode (Thorlabs-SM1PD1A). The output signal of the photodiode is
fed into the lock-in amplifier (Stanford Research Systems SR860). The lock-in
measures the response of the photodiode at the frequency of the chopper. This
in principle is the photoluminescence of the sample, however; care must be taken
to remove any scattered light from the pump laser. Not shown in Figure 5.4b are
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the various solid and cloth blockers used to cover the photodiode in order to allow
only the photoluminescence signal into the active area. The pump scatter can be
evaluated by blocking the pump beam near the sample, such that any scattered
pump light will reach the detector in the absence of the photoluminescence. The
pump scatter (with the laser set at the power corresponding to the largest density
used) was reduced to 100X the smallest photoluminescence signal before taking
measurements. To show the simplicity of the measurement, this was carried out
with the most basic optical and electrical elements, however; the apparatus can
be improved by using a current-to-voltage amplifier to amplify the signal from
the photodiode (such as a Fempto OE-300-5i-30) to increase the signal-to-noise
ratio of the lock-in. Further, a long-pass 550 nm filter in front of the photodiode
was used to filter the remaining pump scatter.

To validate the simulations outlined in Section 5.3 TRPL linearlisation and
pulsed-PLQY were carried out on a P3HT thin film and the results compared.
Figure 5.4b shows the resulting normalised TRPL decays, where the expected
time-independent quenching dynamics can be seen, akin to other studies on sim-
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Figure 5.4: (a) Normalised TRPL decays as a function of time and (b) linearised
TRPL decays for various initial excitation densities. (c¢) P3HT spectra for selected
excitation densities. (d) P3HT peak PL counts as a function of initial excitation

density.
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ilar materials [165,173,174,176-178,180,181]. The exciton lifetime was measured
by fitting the decay of the lowest initial density to the linear region (where exciton-
exciton annihilation is minimal) on a log-lin scale as shown in the inset of Figure
5.4b. The measured 7 was used to linearise all the TRPL decays in Figure 5.4b
according to Equation 5.4, as shown in Figure 5.4c. The black dashed lines in-
dicate the fits used to extract the v from the intercept, as this was shown to be
the more accurate measure.

Selected spectra obtained from the same P3HT film are shown in Figure 5.4e.
These were collected with the same apparatus laid out in Figure 5.3b with the pho-
todiode and lock-in replace with a spectrograph (Hamamatsu C10029-01). The
peak values of the spectra are plotted against the excitation density in Figure 5.4f.
The transition from the linear
to sub-linear response can be
clearly seen occurring around

o po f:m_s) " the same values as those

10 10 10 . .
- R in Figure 5.la. To ensure
_ 1.0 Pif,ijg{ffj‘f that there was no degrada-
g 08 _a) L=~ Equation 5.5 | tion of the sample during
Z these measurements both for-
Eosl ward (blue circles-from low
to high density) and reverse
0.41 (red circles-from high to low-
ol 3 density) scans were performed
30 F consecutively. To calculate the

b) ) e TRPL ;
7 0l § Lopulsed-PLQY relative npr, the peak value
% ) of the photoluminescence data
S 0p e preevassvevensenel -7 was divided by the associated

po and normalised to the npr,
of the lowest density points,
as shown by the blue circles
in Figure 5.5a. To exemplify
the simplicity of this measure-
ment a second set of data
was collected where the imag-
ing spectrograph was replaced
with a silicon photodiode and
the voltage response was used
to calculate the relative npr.
This second data set is shown
as the orange squares in Fig-
ure 5.5a. Although the use of

1017 1018 1019
po or Upper pg of Fit (cm~3)

Figure 5.5: P3HT (a) pulsed-PLQY data
collected using (blue circles) spectrograph
and (orange squared) lock-in detection, and
(black line) fitting of spectrograph data to
Equation 5.5. (b) Diffusion lengths extracted
from the (red circles) intercept of TRPL lin-
earlisation as a function of initial density and
(blue circles) pulsed-PLQY as a function of
upper limit to the fit.
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a silicon photodiode does not provide spectral information, the relative npy,, and
therefore v7 (or Lp), can be measured with a further reduction in equipment
specialisation. Equation 5.5 is fit to the data collected with the spectrograph,
shown by the black dashed line, and the extracted product of y7 is used, with
the digo spacing as an estimate of Ry, to calculate Lp via Equation 5.2 and 3.9.

The results of the experiments on P3HT are summarised in Figure 5.5b which
shows the 1D diffusion length extracted from TRPL linearisation as a function
of initial density and pulsed-PLQY as a function of upper limit to the fit. As
predicted by the simulations the diffusion length extracted from TRPL lineari-
sation (red circles) decreases with increasing initial density. The diffusion length
measured by pulsed-PLQY (blue circles) converges to a constant value with in-
creasing upper fitting limit. These results verify the simulations and demonstrate
that pulsed-PLQY is a viable and accurate alternative measurement technique
for measuring Lp without the need for any temporal measurements, or ~ without
the need for high resolution TRPL equipment.

The product of y7 found from pulsed-PLQY was (7.2 £ 0.2) x 107" cm? (a
detailed description of error analysis is provided in Appendix B.4), leading to
a 1D diffusion length of 8 & 1 nm, comparable to literature values [173, 182].
Using the natural lifetime, found to be 330 £ 10 ps, a value of v = (2.15 +
0.08) x 107 cm™3 was found, slightly lower than previous values extracted from
TRPL linearisation by other researchers [173]. However, as exemplified by the
simulations, a slightly lower value of 7 is expected from pulsed-PLQY than from
TRPL linearisation. Finally, the diffusion constant was calculated from v, and R,
according to Equation 5.2 and found to be (1.0 £0.3) x 1073 cm?/s, in agreement
with previous values from quenching experiments [165,173].

After pulsed-PLQY was established it was used to evaluate y7 and the 1D
and 3D diffusion length in a collection of OSCs, including several technologically
relevant NFAs used in state-of-the-art OPV devices. Further, the exciton lifetime
was measured, at low excitation density, to evaluate the annihilation and diffu-
sion coefficients. These results are summarised in Table 5.1. The NFAs (such as
ITIC, IT4F, Y6, and BTP-eC9) were found to have much longer exciton diffu-
sion length than the benchmark fullerene acceptor PCgBM. Measurement of the
exciton lifetime shows that the increase in diffusion length is driven by increases
in exciton diffusion constant. Increases in D would allow bulk excitons to form
interfacial excitons many times over, increasing the probability of CT state for-
mation regardless of IP-offset. However, this evidence does not rule out FRET
playing a significant role in charge generation. The Forster radii is < 5 nm in
BHJs made from these materials [97]. If FRET were to occur, suppressing one
charge generation channel, increased exciton diffusion lengths would still increase
charge generation by increasing the number of bulk excitons that diffuse close
enough to the interface for long-range FRET to efficiently transfer the exciton to
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the opposing phase. Alternatively, for excitons that have undergone FRET to the
bulk of the opposing phase increased Lp would increase the chance of forming a
interfacial exciton from the newly occupied phase.

5.5 Conclusion

In conclusion, pulsed-PLQY was introduced as an alternative approach to estab-
lished exciton-exciton annihilation techniques. Pulsed-PLQY was used to deter-
mine the exciton diffusion length in various OSCs and the results show a dra-
matic increase in the diffusion length of NFA OSCs compared to fullerene-based
acceptors, primarily driven by increases in exciton diffusion constant. These re-
sults support the assertation that increases in diffusion constant contribute to the
charge generation efficiency in low-offset NFA OPV-based solar cells, as discussed
in Section 4.4. Pulsed-PLQY is faster, easier, reduces equipment specialisation,
and is less sensitive to experimental conditions than established techniques. The
simplicity and ease of pulsed-PLQY measurements enables EEA to be utilised in
modalities that were previously difficult to access. In Chapter 6 it will be demon-
strated how pulsed-PLQY can be employed to determine the phase separated
domain size in BHJ thin films.
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Chapter 6

Relationship Between Charge Car-
rier Dynamics and Exciton Dynam-
ics

In Chapter 4 the role that diffusion plays in the charge generation process of a
phase separated bulk-heterojunction was described. It was found that the effec-
tive charge transfer rate constant was dependent on the exciton diffusion length
and the phase separated domain size. In Chapter 5 pulsed-PLQY was introduced
as a reliable method for measuring exciton diffusion length in OSCs, without the
need for time-consuming temporal measurements or absolute measurements of
photoluminescence quantum efficiency. In the work contributing to this chapter
the charge generation process in a FRET-activated BHJ and the relation be-
tween the exciton dynamics and separated charge carrier dynamics is explored.
Pulsed-PLQY is used to evaluate the size of the phase separated domains of
various technologically relevant BHJs. From this, the Langevin reduction fac-
tor for encounter of separated charge carriers is estimated. It is found that the
corresponding encounter Langevin reduction factor is not large enough to ac-
count for the large reduction in Langevin recombination rate constants seen in
high-efficiency low-offset systems.
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It has been shown that Rprgr from an appropriate donor to a NFA in cer-
tain NFA-based BHJs can be larger than the intermolecular spacing in the donor
phase [97]. This indicates that, in these systems, FRET from the donor to ac-
ceptor phase is an efficient process provided the exciton is within a few molecular
spacings of the donor acceptor interface. The charge generation process for an
exciton in the donor phase of a FRET-activated BHJ is shown in Figure 6.1a.
The exciton diffuses freely throughout the donor phase until it is within Rprgr
of the donor acceptor interface, at which point the exciton is transferred to the
acceptor phase, with a high probability of arriving near the interface. Hence,
from the exciton’s frame of reference, the donor domain size is smaller than that
of the phase separation of the BHJ by twice Rprgr, denoted in Figure 6.1a as
Leg. Since FRET is inefficient from NFAs to typically donor molecules, excitons
generated in the acceptor phase (or transferred there via FRET) diffuse within
the acceptor phase before reaching the interface and dissociating into a CT-state.

Since the separated charge carriers are free to diffuse everywhere in their
respective domains, the donor domain size in the separated charge carrier’s frame
of reference is equivalent to the phase separated domain size, and is, importantly,
larger than the donor domain in the frame of reference of an exciton confined
to the donor phase. Phase separated domains from the separated charge carrier
perspective are shown in Figure 6.1b. Confinement of the electron and hole to
their respective phase separated domains leads to encounter limiting reductions in
total bimolecular recombination rate (given in Equation 3.13), by decreasing the
ability for an electron and hole to diffuse within a Coulomb capture radius 7. (see
Section 3.2.3) of one another. This reduction in total bimolecular recombination
rate is most pronounced in cases of high mobility imbalances or domain sizes

b)//’ ________

Donor/,/
7z

Figure 6.1: Phase separated domain geometry from the perspective of an (a)
exciton in the donor phase and (b) separated charge carriers.
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much greater than those observed in fullerene BHJs [105,111,112].

Studies of the surface morphology of many NFA-based BHJs via atomic force
microscopy have revealed that the surface domains exhibit superior phase sepa-
ration and larger domain sizes than fullerene blends [35,136,193-197]. Further
studies using transmission electron microscopy have revealed that this trend ex-
tends into the bulk of NFA-based BHJs [193,195-199]. However, these commonly
used methods cannot accurately quantify the size or purity of NFA-based BHJ
domains due to the low contrast of compositionally similar materials [200]. Res-
onant soft X-ray scattering (R-SoXS) experiments on NFA BHJs have observed
scattering peaks at ¢ < 0.1 nm ™! indicating large donor or acceptor rich areas are
present in the films and suggesting the presence of acceptor domains as large as 90
nm [200-206]. Although R-SoXS is a widely used and powerful tool, many of the
polymer-X-ray interactions result in high energy electrons that cause damage to
the polymer structure [207]. The advent of a convenient, benign probe to quan-
tify the size of donor and acceptor domains in phase separated BHJs would be
a useful tool in understanding the relationship between charge generation yield,
suppressed recombination, and device relevant figures of merit such as PCE and
Jsc.

6.1 Pulsed-PLQY in Bulk-Heterojunction Films

As discussed in Chapter 4, the effective charge transfer rate constant for excitons
in a phase separated BHJ from the occupied phase to the opposing phase is
dependent on the diffusion efficiency to and the efficiency of charge transfer at the
interface. Expanding on this, in FRET-activated charge generation, the effective
energy transfer rate constant would depend on kprgr while ;¢ would depend on
Leg (on average). Amalgamating these two possible pathways into an efficiency
of charge or energy transfer (ncr/rrer), and an effective charge or energy transfer
rate (keg), the rate equation for p in either phase of a phase-separated BHJ is
given by

dp _ _p 2
— = —= — kegp — yp~. 6.1
di - fip — VP (6.1)
Combining the linear terms in Equation 6.1 results in
dp P 2
r__ 2 , 6.2
i P (6.2)

in which 7eg = 7/(1 4 keg7). Similar to Equation 5.3, the solution to Equation
6.2 1s

B po exp (—t/Tefr)
plt) = 14+ vpoTer [1 — exp (—t/Ter)] (6.3)
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As shown in Section 5.3, a neat film (7.4 = 7) has relative photoluminescence
quantum efficiency given by Equation 5.5. Utilising the same procedure, each
phase of a phase separated BHJ will have a npy, given by

In {1 + poy et
npr, = UPL,OQ, (6.4)
POV Teft
where 7pr, ¢ is the ratio of radiative to nonradiative events in the low density limit,
including charge and FRET transfer. In general, exciton dissociation efficiency
can be expressed as the competition between k.g and decay rate within each

phase, which can be related to nqig and ncr/rrer following Equation 4.11 as

ket { 1 1 }1
Pg = = + —1 . 6.5
T 1t + ke  |nag  nNor/erer (6:5)

Combining Equation 6.5, the definition of k.s, and multiplying by v the effec-
tive lifetime in the occupied phase can be related to ngg and ncr/rrer. In the
limit where the charge or energy transfer is efficient (ncr/prer — 1), the system
becomes diffusion limited and, utilising Equation 4.10, Equation 6.5 becomes

. Y Teft 2LD [ L :| =0.

1 — —— tanh

e (6.6)

In the case where FRET from the occupied to opposing phase is efficient, L can
be substituted for Leg. Therefore, by measuring y7 on a neat film and 7.4 from
one phase of a phase separated BHJ film one can solve Equation 6.6 for the phase
separated domain size (L), or the domain size from the excitons’ perspective
(Leg). Appendix C.3.1 includes additional details relating to the derivation of
Equation 6.6.

6.2 Validation of Domain Size Measurement

The efficacy of the technique laid out above was verified in two ways, through
the use of Monte-Carlo simulations and a bi-layer experiment. The Monte-Carlo
simulations were carried out in an infinite cylinder geometry to simulate a section
of a single domain in a phase-separated fully-percolated BHJ, with the domain
size defined as the diameter of the cylinder. Exciton dynamics were simulated
within the domain including decay and annihilation, while excitons at the domain
edge were additionally subject to charge-transfer and re-injection. The photolu-
minescence quantum efficiency of the simulation is defined as the ratio of excitons
decaying radiatively to the total number of excitons in the simulation. Appendix
C.4.2 provides addition details related to Monte-Carlo simulations utilised in this
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Figure 6.2: Validation of domain size measurements. (a,b) Monte-Carlo simula-
tions. (a) Relative photoluminescence quantum efficiency as a function of initial
exciton density for select domain diameters. (b) Simulated measured domain
diameter as a function of input domain diameter, black-dashed line indicates
y = x as a guide to the eye. (c¢,d) Y6/Ptb7-Th bi-layer verification of domain size
measurement technique. (c¢) Relative photoluminescence quantum efficiency as a
function of initial exciton density for (black circles) neat Y6 film and (coloured
circles) each bi-layer. (d) Optically measured film thickness as a function of ellip-
sometry measured film thickness for bi-layers, black-dashed line indicates y = x
as a guide to the eye.

chapter, while Appendix F describes the algorithm in detail. Figure 6.2a and b
show the results of these simulations, where Lp iy, = 7 nm. Figure 6.2a shows
the relative npp, as a function of the initial density of excitons in the simulated
domain, the black dashed line indicates Equation 6.4 for an infinite domain while
the coloured circles and lines indicate the simulated relative npr, and fits to Equa-
tion 6.4 for select domain sizes. When L is large, compared to Lp, such as the
green curve (L = 36 nm), there is little charge transfer occurring. Ps and keg are
small, while 7.¢ ~ 7, hence there is little change in npy, from the case of an infinite
film. On the other hand, when the domain size is small, such as the blue curve
(L = 6 nm), charge transfer increases, resulting in increase of both Ps and Fkg.
As a consequence, T.g decreases causing the onset of the reduction in npr, to shift
to higher densities. Each simulation was fit to Equation 6.4 for y7. and, along
with the simulation inputs, were used to evaluate the effectiveness of Equation
6.6 under ideal conditions. Figure 6.2b shows the domain diameter calculated
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through Equation 6.6 compared to the input diameter. The calculated domain
diameter reproduces the input domain diameter within error for all simulations
carried out. For a detailed description of error analysis see Appendix C.7.

To experimentally validate Equations 6.4 and 6.6 a series of bi-layers films were
fabricated with a glass/Y6/Ptb7-Th structure using the spontaneous spreading
method (see Appendix C.4.2 for details relating to the bi-layer structure and
Appendix C.1.1 for a list of chemical definitions used in this chapter) [208-210].
The resulting Y6 layers have a well defined and controllable thickness as well
as a sharp interface with the thin (< 15 nm) Ptb7-Th layer. These materi-
als were selected to ensure there is efficient charge-transfer at the interface and
that, under quasi-steady-state conditions, the majority of excitons are within
the Y6 phase. Pulsed-PLQY was carried out on a neat Y6 film and a series
of bi-layer films with Y6 thickness varying from 17 to 75 nm. The resulting
VT Were used to calculate the thickness of the Y6 layer by modifying Equa-
tion 6.6 to 1 — y7e/yT — Lp/L x tanh [L/Lp] = 0, where L is the film thick-
ness [172,211]. This modification is carried out as quenching occurs only at
the Y6/Ptb7-Th interface and not the glass/Y6 interface. Figure 6.2c and d
show the results of these experiments. Figure 6.2c shows the relative npp, as
a function of the initial exciton density in the film. In a similar manner to
the Monte-Carlo simulations, decreases in film thickness shifts the onset of the
reduction in npy, to larger py,

indicating an increase in Tg.

Figure 6.2b compares the op- 1 0 1

tically measured film thickness *é gmg 20ra)i—SA | | '

to the film thickness measured £ 82 ok —AC 4/
. . . 59«

via ellipsometry. The optically A g 20l

measured film thickness agrees
with the ellipsometry mea-

Voltage (V)

-—
o
I
Fl
]
i
X
A
i
Al
¥
¥
v

sured thickness within error. é 0.8l <, K‘-‘ ~
Further details relating to this \% A s,

= \ ~ \*
and spbsequent pulsed-PLQY X S pa— NN
experiments on BHJs are pro- i—SA-L=22nm |~
vided in Appendix C.3.1 and 0.4L—ACL=16.2 nm v 4
Figure C]_ 1015 1016 1017 1018 1019

po (cm~?)

To further substantiate the
validity of pulsed-PLQY the
size of the donor phase of
BQR:PC;1BM was analysed
before and after a solvent an-
nealing (SA) treatment and
compared to previous experi-

Figure 6.3: (a) Current-voltage characteris-
tics and (b) pulsed-PLQY measurements for
BQR:PC7;;BM as cast (AC) and solvent an-

nealed (SA) devices and films.
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mental reports by other researchers. The domain size of the BQR phase has been
shown to increase with SA, increasing the Jsc and PCE [212]. BQR:PC7;BM de-
vices, and BHJ films on glass, were made through as-cast (AC) and SA processes
resulting in device PCEs of 4.79% and 9.33% respectively [107,213]. The current-
voltage characteristics of the devices are shown in Figure 6.3a. Pulsed-PLQY was
carried out on neat BQR and BQR:PC;;BM-BHJ films, from which the Lp and
L was measured, respectively, in accordance with Equation 6.4 and 6.6.

Figure 6.3b shows the results of these experiments. The black curve shows
the normalised 7pr, obtained from the neat SA-BQR film. Both SA and AC neat
BQR films were found to have equivalent diffusion lengths of 13 nm, consistent
with previous experimental reports [212]. The shift in the onset of the reduction
in npy, to lower py moving from the AC and SA film indicates that the solvent
annealing process increases the phase separated domain size of the BQR phase.
The optically measured domain size was found to increase from 16.2 to 22 nm
after the solvent annealing was carried out, similar to the behaviour reported by
other researchers in previous experimental reports [212].

6.3 Donor and Acceptor Domains in High Effi-
ciency Systems

To investigate the domain size in state-of-the-art high efficiency NFA systems,
PM6:Y6 was investigated in detail. Devices, along with neat and BHJ thin films,
were fabricated with a maximum device PCE of 15.73%. The photoluminescence
spectra of neat PM6, Y6, and PM6:Y6 BHJ films is shown in Figure 6.4a. Un-
like the heavily quenched high-offset fullerene systems, the photoluminescence
in high efficiency low-offset systems is often composed of spectrally separated
photoluminescence from both the donor and acceptor phase, as seen for the case
of PM6:Y6. The presence of well separated donor and acceptor emission in the
photoluminescence spectra indicates that, in the quasi-steady-state, excitons are
available for exciton-exciton annihilation in both phases. Therefore, by using
appropriate low- and high-pass filters in the collection pathway it is possible to
collect emission from the donor and acceptor phase respectively and, in principle,
utilising pulsed-PLQY, measure the domain size of both independently.
However, the relative heights of the emission from the donor and acceptor
phase indicate that the absorbed light does not create an equal population of
excitons in each phase. Therefore, the initial exciton density in each phase of the
BHJ cannot be found simply from the experimental parameters, as was the case
in Chapter 5 or the bi-layer experiments shown in Figure 6.2c and d. The density
of interest here is the density of excitons available for EEA in each phase of the
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BHJ under quasi steady-state conditions. To evaluate this density in each phase
of the BHJ, the normalised absorption in each phase is evaluated as the ratio of
the relative height of the (normalised) PL spectra in the blend film (®p/4) to the
absolute npr, in the associated neat OSC. For example, in the PM6 phase of a
PM6:Y6 BHJ this take the form

(I)PMG/UPL,O-PM(S

frme =
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Figure 6.4: (a) Steady-state photoluminescence on (blue) neat Y6, (black) neat
PM6, and (red) PM6:Y6 BHJ films excited at 515 nm. (b) Pulsed-PLQY taken
on neat PM6 and PM6:Y6 BHJ films with short-pass 850 nm filter in collection
pathway. (c) Pulsed-PLQY taken on neat Y6 and PM6:Y6 BHJ film with long-
pass 850 nm filter in collection pathway. Circles indicate data while dashed lines
indicate fits to Equation 6.4. LP850-long-pass 850 nm filter. SP850-short-pass
850 nm filter.
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This indicates that 2.9% of all injected excitons are available for EEA in the PM6
phase while the remaining 97.1% were available for EEA in the Y6 phase.

6.3.1 Acceptor Phase

Figure 6.4c shows pulsed-PLQY carried out on a neat Y6 film and a PM6:Y6 BHJ
with a long-pass 850 nm filter in the collection pathway to isolate the photolumi-
nescence of the Y6 phase. The shift in the onset of the reduction in npy, from the
neat Y6 film to the Y6 phase of the BHJ is indicative of exciton quenching from
the Y6 phase of the BHJ. The neat Y6 and long-pass filtered photoluminescence
of the BHJ were fit to Equation 6.4 using y7 and ~y7.g, respectively, as fitting pa-
rameters. The phase separated domain size was calculated utilising Equation 6.6
(where Lp was obtained using Ry = 1.5 nm [189]). Lp was found to be 2546 nm
while Pg was found to be 0.960£0.005, resulting in an optically measured domain
size of 17.5 + 0.4 nm. Similar phase separated domain sizes have been estimated
on PM6:Y6 films by other researchers utilising R-SoXS experiments [205]. As
FRET is an inefficient process from Y6 to PM6, the phase separated domain size
from the perspective of the exciton is equivalent to that of the separated charge
carrier’s perspective (see Appendix C.5.5 for all FRET measurements).

6.3.2 Donor Phase

Due to the high absorption in the acceptor phase of the BHJ, pulsed-PLQY in
the PM6 phase resulted in photo-oxidation of the BHJ film at densities below the
onset of the reduction of npr, indicating that this analysis was not possible in the
heavily quenched donor phase. This is shown in Figure 6.4b where the low-pass
filtered photoluminescence is recorded only for densities below photo-oxidation
(po < 101 cm™3), and detailed in Appendix C.5.4. Therefore, the size of the donor
domain can only be estimated by considering the ratio of the height of the PM6
photoluminescence signal in the BHJ (®gp;) to the neat film (®peat) near the PM6
peak of ~ 680 nm and calculating the domain size through Equation 6.5 with Ps =
1— (I)BHJ/(I)neat [172,211], noting that NlcT/FRET = TIFRET and T'FRET > Taif aS the
exciton approaches the donor acceptor interface (with Ry = 2.1 nm [189]). This
analysis revealed a donor phase separated domain size of 2.2 nm. It is important
to note that this measurement is only an estimate as it is subject to experimental
errors related to excitation density and optical alignment. Further, FRET transfer
is efficient from the donor to acceptor phase in PM6:Y6 [97]; therefore, the phase
separated domain size estimated from the photoluminescence quenching is the
domain size as seen from the frame of reference of the exciton (L.g). To calculate
the domain size from the perspective of the separated charge carriers twice the
FRET Radii must be added to the value found from this analysis.
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Figure 6.5a shows the FRET analysis for transitions from a PM6 molecule to a
Y6 molecule. As described in Section 3.2.2, Rprer between a donor and acceptor
molecule in a BHJ can be calculated through Equation 3.5, 3.6, and 3.10 where
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Figure 6.5: (a) (blue) Emission
and (red) absorption spectra for
neat PM6 and Y6 respectively.
Hatched region indicates overlap
region expressed in Equation 3.6.
(b) Probability of FRET occur-
ring as a function of distance be-
tween a PM6 and Y6 molecule.
Labelled are the dyg spacing of
PM6 (RO,PM6) and the RFRET
calculated from the data in panel
a.

Fg (\) is determined from the donor pho-
toluminescence and €4 (\) is determined
from the optical constants of the acceptor.
Figure 6.5a shows Fg and €4 for a PM6
and Y6 film, respectively. The overlap re-
gion described by Equation 3.6 is indicated
as the shaded and hatched region of the
plot. This relatively large spectral over-
lap indicates a large Rprpr as described
in Section 3.1.1. RpreT between PM6 and
Y6 molecules was found to be 2.9 nm, sim-
ilar to that found by other researchers in
previous reports [97].

Figure 6.5b shows the probability that
FRET will occur as a function of distance
between PM6 and Y6 molecules. Marked
is the intermolecular spacing between PM6
molecules (R pwmg), taken as the GIWAX
digo spacing of a neat PM6 film [189], as
well as the Rprer for a PM6-to-Y6 trans-
fer. Since Rprpr is greater than Ry ps,
there is a high chance that FRET will oc-
cur between a PM6 and Y6 molecule given
that the excited PM6 molecule is within
a few Ry of the ground-state Y6 molecule.
In a phase separated BHJ this is equivalent
to stating that FRET will occur between a
PM6 molecule within a few molecular spac-
ings of the donor acceptor interface and a
Y6 molecule near the donor acceptor in-
terface. Considering all these phenomena,

the phase separated domain size in the PM6 phase of a PM6:Y6 BHJ was calcu-
lated to be ~ 10nm, comparable to fullerene-based BHJ acceptor phase-separated
domain sizes [198].
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6.4 Discussion of Domain Size in BHJ Thin Films

Similar analysis to that in Section 6.3.1 and 6.3.2 was carried out in a variety of
fullerene and non-fullerene BHJs, the results are summarised in Table 6.1 while
the associated pulsed-PLQY data can be found in Figure C.8 and the relevant
FRET analysis can be found in Figure C.9. An interesting comparison can be
drawn between PM6:Y6 and another high efficiency low-offset system, PM6:BTP-
eC9. PM6:Y6 and PM6:BTP-eC9 have similar CS mobilities but PM6:BTP-eC9
has a PCE of 17.13%, attributable to larger fill-factor and short-circuit current.
Measurements of pulsed-PLQY on PM6:BTP-eC9 BHJ and neat films reveals
that, compared to PM6:Y6, neat BTP-eC9 has a larger diffusion length (36 =9
nm) while PM6:BTP-eC9 BHJ shows a similar Pg (0.9440.01), leading to a much
larger optically measured domain size of 32 & 1 nm in the acceptor domain. The
donor domain analysis revealed a domain size ~ 10 nm, equivalent to PM6:Y6.
The large acceptor domain size is not an impediment to charge generation in
this system due to the large diffusion length of BTP-eC9. While, in the case
of PM6:Y6, the relatively small domain size allows for high Pg with a slightly
reduced exciton diffusion length.

Interestingly, acceptor domain sizes similar to PM6:BTP-eC9 were measured
in other NFA-based systems, indicating that NFA-based BHJs naturally form
large (> 17 nm) domains. Table 6.1 lists the exciton diffusion length and the
optically measured domain size of each phase of each system studied. However,
in these additional systems, small exciton diffusion lengths (< 16 nm) did not
support large exciton dissociation efficiencies, contributing to lower short-circuit
currents and fill-factors (device performance for devices based on each BHJ stud-
ied are shown in Figure C.4). The optically measured acceptor domains in NFA-
based BHJs are substantially larger than the 9.04+0.6 nm measured in the fullerene
system PCDTBT:PCg;BM and, interestingly, larger than the coulomb capture
radius. The consistently large phase separated domain size in NFA BHJs pre-
cipitates questions about the relevance of geometry to the device performance in
state-of-the-art NFA-acceptor BHJ OPV devices.

6.5 Domain Size and Langevin Recombination

As outlined in Section 3.2.3, the origins of suppressed recombination are debated.
However, the role that the phase separated domain size plays is common to all
phase separated BHJ OPV devices regardless of energetic offset or chemical com-
position [105,112]. Due to the interwoven geometry in an interdigitated BHJ
analytic derivations of the functional form of 7., are indeterminate. Instead, a
semi-classical approach is taken in which Monte-Carlo simulations produce values
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for domain size dependent variables f and g such that total bimolecular recom-
bination rate is given by

8 = L {(L)2My(ny (tins 1) (6.8)

€€

where My is the generalised mean of the electron and hole mobilities given by

N 1/9(D)
+ )>

,wg(L)
Mgy (pte, pn) = 5 (6.9)

From which ~en. can be calculated from §/ky as
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Ne ot ilarities of p, and p, between
L>3rc PM6:Y6 and PM6:BTP-eC9 (see
D>~ Table 6.1), the two-fold increase in

Yenc>10 domain size between the two sys-
tems results in an increase in Yepe
far smaller than the order of mag-
nitude increase measured in the
Langevin reduction factor through
double injection experiments [149].
Figure 6.6 depicts the domain size
dependency of Yep for two mobil-
ity imbalances, that of PM6:Y6
and PM6:BTP-eC9 as shown in
the blue curve, and that 10 times
greater as shown in the yellow curve. Given the similarity between g, and p,

Figure 6.6: (Upper panel) e, as a func-
tion of L for pu,/p, similar to PM6:Y6
and PM6:BTP-eC9 (blue line) and 10
times larger (orange line). (Lower pan-
els) Cartoon depiction of phase sepa-
rated domain sizes in PM6:Y6 (left),
PM6:BTP-eC9 (center), and a system
with L > 3r. and 10 X p,/p, (right).
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of PM6:Y6 and PM6:BTP-eC9, 7., has a weak dependence on the domain size
when moving between these two systems. In fact, to increase 7e,. one order of
magnitude above PM6:Y6 the acceptor domain would need to increase in size 3
fold and /g, would need to increase by an order of magnitude. Additionally,
to maintain a similar Pg at domain sizes > 3r. would require an exciton diffusion
length of > 60 nm. Despite the recent surge in acceptor molecules with Lp > 20
nm, materials matching these requirements are yet to be realised [180]. There-
fore, even in domains as large as 27, Yene is too weak to explain the large decrease
in S between PM6:Y6 and PM6:BTP-eC9 based devices.

A depiction of the domain size and carrier separation for PM6:Y6, PM6:BTP-
eC9, and a system with e, ~ 10 is shown in the lower panels of Figure 6.6.
Table 6.1 lists jiy, ftp, and 7Yene for each system studied here. Even in cases of
large L the resulting e is too small to be the determining factor in the heavily
suppressed recombination seen in many of these systems. Therefore it is left to
increases in the CT-state Langevin reduction factor to account for the heavily
reduced recombination in these systems, enabled by the various factors discussed
in Section 3.2.3.

6.6 Conclusion

In conclusion, it was shown that pulsed-PLQY can be utilised to evaluate the
domain size in phase separated BHJs. The technique was validated through the
use of Monte-Carlo simulations and through a bi-layer experiment. The phase
separated domain size was then calculated for a variety of technologically rele-
vant BHJs. It was found that NFA-based BHJs show a large (~ 3 fold) increase
in acceptor domain compared to fullerene systems. The increase in acceptor
domain size in NFA-based BHJ is compensated by an increase in exciton diffu-
sion length, allowing for high exciton dissociation efficiency to contribute to high
charge generation yields and short-circuit currents despite the large domains. The
expected encounter Langevin reduction factor was calculated for each system and
was found to be much smaller that the measured Langevin reduction, indicating
that the limitations to electron and hole encounters brought about by the size of
the domains is not the primary factor suppressing recombination. In Chapter 7
excitons will be left behind and the extraction of separated charge carriers from
the BHJ will be discussed. Reciprocity between charge injection and collection
will be considered and a technique for quantifying the non-radiative photovoltage
loss and the bulk quasi-Fermi level splitting will be developed.
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Chapter 7

Direct Quantification of Quasi-Fermi
Level Splitting in Organic Semi-
conductor Devices

As discussed in Section 2.3.2, non-radiative losses to the open-circuit voltage are
a primary factor in limiting the PCE of OPV-based solar cells. The dominant
non-radiative loss is intrinsic to the active layer and can be determined from the
QFLS and the radiative limit to the open-circuit voltage. However, quantifica-
tion of the QFLS in low mobility OPV devices is challenging due to the excitonic
nature of photoexcitation, as discussed in Section 3.1, and non-radiative photo-
voltage loss associated with surface recombination, as discussed in Section 3.2.4.
In this chapter an experimental approach to directly measure the intrinsic non-
radiative loss to the open-circuit voltage will be outlined; thereby, quantifying
the QFLS. Drift-diffusion simulations are carried out to show that this method
accurately predicts the QFLS in the bulk of the device regardless of surface re-
combination related photovoltage loss. State-of-the-art OPV-based solar cells,
utilising PM6:Y6 as the active layer, are used as models to test the experimental
approach. The experimental results compare well with the simulated predictions
and the QFLS of PM6:Y6 is shown to be independent of device architecture. The
work presented in this chapter (in conjunction with Appendix D) is largely the
same as that published in Direct Quantification of Quasi-Fermi-Level Splitting
in Organic Semiconductor Devices [3]. Section 7.2 was added to the work con-
tributing to this chapter in order to clarify the context in which the established
technique is necessary.
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7.1 Radiative and Non-Radiative Losses to the
Open-Circuit Voltage

The introduction of NFA OPV-based solar cells has propelled short-circuit cur-
rents consistently above 20 mA /cm? in state-of-the-art NFA-based blends [17,91,
214,215]. While open-circuit voltage losses have also decreased in NFA OPV-
based solar cells, the mechanisms contributing to Vo losses are not as straight-
forward to interpret as those contributing to the Jg¢ losses. Non-radiative losses
to the Vo result in proportional decreases to the PCE, making their detection
and suppression a high research priority [216-223].

Non-radiative photovoltage loss can be intrinsic to the device’s active layer, as
described in Section 2.2.4 or dependent on the device structure, such as the surface
recombination described in Section 3.2.4. As the V¢ is ultimately determined
by both the QFLS of separated charge carriers in the device (at open-circuit
conditions) and the work functions of the electrodes, an accurate quantification of
the QFLS is key to understand the non-radiative recombination processes leading
to photovoltage loss in semiconductor-based solar cells.

As outlined in Section 2.2 the chemical potential of an emitted photon is equal
to the QFLS of recombining species of the semiconductor. Equipped with this
understanding researchers have successfully employed photoluminescence mea-
surements to evaluate the QFLS in systems where absorption and emission are
dominated by free carriers [55,224,225], and subsequently applied this technique
to OSC-based BHIJs [226-228].

Regrettably, the excitonic nature of OSCs means that the absorbing state
is generally not in equilibrium with the separated charge carriers, regardless of
whether there is an equilibrium between the CS and CT states. Therefore, tradi-
tional photoluminescence measurements (as applied to inorganic semiconductors)
are not a valid method to determine the QFLS in organic semiconductor blends.
These discrepancies can be circumvented by employing the reciprocity principle
between the charge collection of photogenerated carriers (under illumination) and
the electroluminescent emission in the dark, as described by Equation 2.33 [65].
This has been successfully employed in conjunction with 7 gp measurements to
quantify the QFLS and related losses in a wide variety of semiconductor-based
solar cells [66,229-231]. However, the corresponding Vo loss derived from this
approach generally includes contributions from both intrinsic bulk-related pro-
cesses and surface recombination.

In OPV devices, the presence of surface recombination is usually correlated
with electrode-induced photovoltage losses at the contacts [232-234], causing a
mismatch between Vo and the associated QFLS in the bulk of the active layer.
As such, measurements based on electroluminescence cannot differentiate be-
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tween intrinsic and electrode-induced photovoltage losses, leading to a consistent
underestimation the QFLS in OPV devices. A method for overcoming the dif-
ficulty in quantifying QFLS has been recently suggested using photo-induced
absorption [234]. However, this method requires detailed knowledge about the
absorption cross-section and charge transport parameters of the device, which
must necessarily be semi-transparent. A more direct quantification of the QFLS
in an optimised device would serve well to complement this method where photo-
induced absorption is not trivial.

7.2 Deviations from Reciprocity

As described in Section 2.2 the emission flux from a semiconductor with flat
featureless quasi-Fermi levels is described by Equation 2.18, while the electrolu-
minescence flux is given by Equation 2.35. Note that the substitution of EQEpy,
for a and ¢V for u, in Equation 2.35 produces Equation 2.18. However, this
substitution is only valid when the separated charge carriers in the semiconduc-
tor are in equilibrium with the emitted radiation across the device structure,
satisfied when the quasi-Fermi levels are flat across the junction (V' = Vi)
and between the electrical contacts [55]. Further, Equation 2.18 and/or 2.35
may become invalid in the presence of non-equilibrium states such as radiative
trap states or non-equilibrium excitons [67,94,107]. During a typical ngp ex-
periment the electroluminescence is measured as a function of injected current
(Jinj) and nrgp is calculated at Ji,; = Jsc. Under these conditions, Ji,; will be
balanced by the radiative and non-radiative recombination processes such that
Jinj = q(I)em + Jnr,bulk + Jnr,surfacea where Jnr,bulk (Jnr,surface) is the non-radiative
bulk (surface) recombination current. npgp will be given by the ratio ¢®em/Jinj.
In the dark, the total recombination current in the bulk of the active layer can
be described by ¢®Pem = ¢Pem 0 €Xp (EqrLs pulk/ksT"), where ¢®ep o is the voltage-
dependent recombination current. Such that

(bem Jin'
EqrLs puik = k5T In ( d ) = kpT'In <M> : (7.1)
q®em,0 qq)em,[)

is the quasi-Fermi level splitting in the bulk of the active layer while the cell is
in the dark. Recalling Equation 3.33 the QFLS, ;. can be expressed as

JinjnLED >
q J;" F; (Voc) PopdE )

EqrLs puk = kT In ( (7.2)

Under optoelectronic reciprocity, Jinj (Voc) = Jsc and the right-hand side of
Equation 7.2 replicates Equation 3.35. This equivalence indicates that under
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conditions where reciprocity is valid the quasi-Fermi level splitting in the bulk
of the active layer is equal to ¢Voc. Reconfirming the conditions under which
Equation 2.35 and 2.18 are substitutable.

To explore this idea drift-diffusion
simulations were implemented, Ap-
pendix G contains a detailed descrip-
tion of the drift-diffusion simulations

used in the remainder of this chap- %\ 0.642) qVOC,,,——--
ter. The QFLS,  is calculated as the - a s

bulk average QFLS at Ji,; = Jsc and %" 0.62 ///EQFLS,bulk
compared to the simulated Vpc. Here ;Sq )

Eqrrspux = kT In (7p/N.Ny ), where 0.60}/

np
active-layer thickness, and n(x) and

(1/d) fi'n(z)p(z)dz, d is the /

o

O —~~
p(z) are the simulated electron and %o E 20}
hole densities, respectively. Similar to S = . . .
Equation 3.37, the deviation from reci- 10°° 10 103

procity can be defined as

q0Voc = Eqrrspuk — ¢Voc.  (7.3)

Figure 7.1 shows the qVOc, EQFLS,bulka
and ¢0Voc as a function of (bal-
anced) separated charge carrier mobil-
ity. Consistent with Figure 3.8, the de-
viation from reciprocity increases with
decreasing mobility due to a reduc-
tion in the QFLS of the recombining
species.

As discussed in Section 3.4, reci-
procity is valid in situations where the
minority carrier concentration is much

Hn/p (sz/s)

Figure 7.1: (a) (black) open-circuit
voltage, (blue) quasi-Fermi level
splitting in the bulk of the active
layer in the dark at Ji,; = Jsc.,
and (b) deviation from reciprocity as
a function of separated charge car-
rier mobility for balance mobilities.
These simulations use a generation
rate equivalent to 1 sun, § = kj,
d = 100 nm, and an optical gap of
1eV.

smaller than the majority carrier concentration and linear as the system is moved
away from equilibrium [63]. This can be further violated in a variety of ways in
OPV devices since, as thin film systems with low mobility, the depletion re-
gion encompasses a large fraction of the active-layer thickness. In principle, this
means that the carrier concentrations are both voltage and generation dependent,
indicating that recombination can act as a non-linearity in the system [67]. Ex-
amining this idea further, Figure 7.2 shows the ¢Voc, Eqrrspuk, and ¢gdVoc as
a function of generation rate. As the generation increases the Vpc has the form
¢Voc = Eq — kT In (NoNy5/G) as shown by the comparison between the black
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and red curves [235]. In general, Jgc increases linearly with generation, increasing
the Jiy; required to evaluate npgp (in the dark). However, as Ji,; is exponential
with applied voltage the assumption that Ji,; (Voc) = Jsc eventually fails and
q5VQC < 0 meV.

Figure 7.1 and 7.2 both assume perfectly Ohmic contacts. When injection
barriers are increased surface recombination provides an additional non-radiative
loss pathway, as described in Section 3.2.4. Under these conditions, the V¢ is
determined by the difference between the anode and cathode work function while
the QFLS, i is governed by f, of the recombining species. Figure 7.3 shows the
¢Voc, Eqrrspuk, and qgdVoc as a function of increasing injection barrier at the
cathode. As the injection barrier is increased, the difference in work functions
becomes smaller and large amounts of band bending occur near the contact, as
depicted in Figure 3.4. This reduces the Vo while p,, in the bulk does not change
significantly [135,236]. As shown in Figure 7.3, this eventually leads to a situation
where ¢6Voc > 0 meV.

This analysis indicates that in sys-
tems where properties of the active
layer are mnon-linear, as shown in
Figure 7.1 and 7.2, electrolumines-
cence measurements can lead to under-
estimations of the V. Alternatively,
in situations where the device struc-
ture leads to additional non-radiative
pathways, as shown in Figure 7.3,

c-kgT In (Nc Ny 3/G) electroluminescence measurements can
b) lead to over-estimations of the Voc.
i Realistically, both these mechanisms
will occur simultaneously and could, in

Energy (eV)

qéVoc
(meV)
)
=)

100161162163164165 principle, lead to situations where it
Generation (suns) appears that reciprocity holds despite
these two contrary effects.

Figure 7.2: (a) open-circuit voltage, The highest achievable Vo is given
quasi-Fermi level splitting in the bulk | by the radiative limit to the open-
of the active layer, and (b) devia- | circuit voltage as described in Equa-
tion from reciprocity as a function | tion 2.29. However, the true Voo
of separated charge carrier genera- | will be the difference between radiative

tion. These simulations use ¢ = 107% | limit to the open-circuit voltage and
cm®/s, f = kg, d =100 nm, and an | the total non-radiative losses, as shown

optical gap of 1 eV. in Equation 2.31, herein defined as
the sum of the intrinsic (AVNCR’I“““&C)

and electrode-induced (AV 5 ectrode)
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losses. The QFLS in the bulk of the active layer, is then determined by the
difference between the radiative limit and the intrinsic non-radiative losses as

EQFLS — qv(gigd o QAVON(I}JHtrinSiC. (74)

In general, AVSE can be calculated from the ngp via Equation 2.32; however, in
order to isolate the effects of intrinsic and electrode-induced non-radiative losses
one must consider the experimental conditions under which npgp is measured as
well as the relation between &, and Equation 2.18 and 2.35. Directly probing the
emission described in Equation 2.18 would, in the ideal case, allow for the quantifi-
cation of the intrinsic non-radiative losses to the V¢ and subsequently the QFLS.

In the remaining sections of this
chapter an experimental approach
named electro-modulated photolumi-
nescence quantum efficiency
(EM-PLQY) will be established, pro-
viding a process for measuring the
intrinsic non-radiative losses occur-
ring within the active layer of an

o
N

a)

- EQFLS,bulk
N

Energy (eV)
=)
P

OPV device at open-circuit condi- 0.5

tions. Through the principle of reci- o~ 20LP)

procity this technique quantifies the §%

QFLS in the active layer and sub- gé

sequently the electrode-induced pho- 00_1 0.2 03 0.4
tovoltage loss under operational con- Pn,cat (€V)

ditions.  Drift-diffusion simulations

are employed to simulate the pro- | Figure 7.3: (a) open-circuit voltage,
posed experiment and compare to both | quasi-Fermi level splitting in the bulk
the results of traditional electrolumi- | of the active layer, and (b) devia-
nescence experiments, and the com- tion from reciprocity as a function
putable QFLS. Further, OPV-based | of cathode injection barrier (¢nct)-
solar cells utilising PM6:Y6 (see Ap- | These simulations use a generation

pendix D.4 for a list of chemical | rate equivalent to 1 sun, p = 1072
acronyms used in this chapter) as an cm?/s, f = ki, d = 100 nm, and an
active layer are fabricated with vari- | optical gap of 1 eV.

ous contacts designed to increase the
non-radiative loss without modifying
the QFLS in the bulk to confirm the simulated experiments. The ngypr, were
found to successfully predict the QFLS and related losses over the range of de-
vices used.
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7.3 Experimental Approaches to Measuring Open-
Circuit Voltage Losses

Figure 7.4 shows two experimental apparatuses used to measure nygp, the tra-
ditional electroluminescence at applied voltage in the dark corresponding to
Jmj = Jsc (Figure 7.4a) and the alternative electro-modulated photolumines-
cence (Figure 7.4c). During electroluminescence measurements the device under
test is held in the dark and a square-wave modulated voltage is applied to the
device in forward bias by the function generator (Keysight 33500B). The current
response can be measured as a square wave on the oscilloscope (Rohde & Schwarz

oc
35
a) b) . .
& 2 N —————. L5,
cumentin § S
LY R — EESs====cf E
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L By ==
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Figure 7.4: (a) Electroluminescence schematic. (b) (Solid lines) Simulated con-
duction (E¢) and valence levels (Ev), (dashed lines) electron (Er,) and hole (Er,)
quasi-Fermi levels, and QFLS under the conditions: (blue) one-sun open-circuit
and (red) dark injected current of one-sun short-circuit current. (c) Electro-
modulated photoluminescence schematic. (d) Simulated conduction, valence,
electron and hole quasi-Fermi levels, and QFLS under the conditions: (blue) one-
sun open-circuit and (red/green) one-sun Vog+AV. An-anode, Cat-cathode, FG-
function generator, Amp-current amplifier, OSC-oscilloscope, ND-neutral density
wheel.
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RTM3004) and the resulting electroluminescence is captured by a 50 mm lens,
filtered with three low pass filters (Thorlabs FEL 600,550,550) (necessary to re-
move scattered pump light in the subsequent experiment), amplified by a silicon
photoreceiver (FEMTO OE-300-Si-30), and measured with a lock-in amplifier
(Stanford Research Systems SR860). The resulting external quantum efficiency
(meL) can be calculated from the ratio of the electroluminescence intensity to the
injected current at the reference frequency. This apparatus suffers from reduced
geometric and spectral light collection efficiency which can be compensated for
by calibrating the apparatus to an absolute measurement of ngp (see Appendix
D.2.1 for details). In contrast, Figure 7.4c shows the electro-modulated photolu-
minescence apparatus. Prior to performing an electro-modulated photolumines-
cence measurement the sample is illuminated with a laser (custom-made 520 nm
diode laser) and the Jsc is measured. To perform the ngypr, measurements the
device is brought to open-circuit conditions where the applied time-dependent
voltage, supplied by the function generator at angular frequency wy, resulting
injected current, measured by the oscilloscope, and emitted photoluminescence
have the form

Vapp(t) = Vogr + AV sin (wy't) (7.5)
Jinj (t) = AJsin (th) s (76)
Do (t) = Do + AP sin (wyt) (7.7)

where AJ is kept smaller than 0.1Js¢ by adjusting AV in order to keep the
change in emission linear with the change in applied voltage (see Appendix D.2.2
for details related to the size of this perturbation), and Vg is set such that the
mean current is zero. The resulting luminescence current amplitude (A®) is col-
lected, amplified, and measured in the same manner as the electroluminescence
measurement described above. The electro-modulated photoluminescence quan-
tum efficiency is defined as the ratio between the luminescence intensity measured
on the photodetector and the injected current amplitudes as

AD
TEMPL, = qA—J (7.8)

To evaluate ngypr, at conditions close to open-circuit one-sun illumination the
laser power is adjusted such that the short-circuit current equals that of one-sun
illumination, leading Vg to be approximately Vpoc under AM1.5 spectra. As this
experiment has the same spectral and geometric light collection efficiency as the
electroluminescence measurement, the absolute ngypr, is found by multiplying by
the same calibration factor.
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7.4 Drift Diffusion Simulations of EL-QY and
EM-PLQY

Time-domain and steady-state drift-diffusion simulations were employed to demon-
strate the difference between electroluminescence and EM-PLQY measurements
in idealised systems before undertaking experiments. Figure 7.4b and d com-
pare the simulated conduction, valence, electron and hole quasi-Fermi levels,
and the QFLS across a device under one-sun open-circuit (blue), electrolumi-
nescence at applied voltage in the dark corresponding to Ji,; = Jsc (Figure 7.4b,
red), and electro-modulated photoluminescence (Figure 7.4d, red/green) condi-
tions. Under electroluminescence conditions the conduction and valence levels,
along with the quasi-Fermi levels, deviate from the one-sun open-circuit condi-
tions as the QFLS varies across the device. In contrast, under the maximum
and minimum voltages applied during electro-modulated photoluminescence the
conduction and valence levels, and quasi-Fermi levels, are indistinguishable from
those of one-sun open-circuit conditions. This indicates that electro-modulated
photoluminescence conditions are closer to operational conditions than electro-
luminescence conditions. Crucially, under electro-modulated photoluminescence
conditions the QFLS varies little across the device for each voltage and much less
over the applied voltage range compared with the 10 meV variance in QFLS under
Jinj = Jso conditions, seen in Figure 7.4 b. The small variation in QFLS indicates
that under electro-modulated photoluminescence conditions the device is very
nearly in equilibrium with the emitted radiation, suggesting that the emission
is described by Equation 2.18 and therefore can be used to quantify the QFLS.
While the emission under electroluminescence conditions is given by Equation
2.35, reflective of both intrinsic and device related non-radiative losses.

To explore the relationship between QFLS and V¢ steady-state simulations of
devices under open-circuit conditions were conducted. By increasing the electron
injection barrier at the cathode (¢, cat), the effect of an increased electrode-
induced photovoltage loss can be simulated for OPV devices [232,233]. Figure
7.5a-c show the energy levels for devices with no (a), small (b), and large (c)
injection barriers. The QFLS is defined as the difference between the electron
and hole quasi-Fermi levels in the bulk of the device (here taken to mean the exact
center) as indicated by the green arrow, while the V¢ can be determined by the
difference between the electrode work functions as indicated by the black arrows
232]. As ¢y, cat is increased the electron quasi-Fermi level near the cathode has
to bend down in order to maintain equilibrium with the cathode work function.
This leads to a considerable gradient in the electron quasi-Fermi level near the
cathode ultimately reducing the Voc while the QFLS inside the bulk remains
predominately unaffected. Figure 7.5d summarises these data for devices with
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electron injection barriers between 0 and 300 meV. In the absence of an injection
barrier the QFLS and ¢Vpc are identical; however, as the injection barrier is
increased the Vo reduces while the QFLS is weakly affected. This is consistent
with previous work where it was shown that ¢Voc o< Eg — ¢y, cat for large enough
electron injection barrier at the cathode [232,236]. The size of the intrinsic and
total non-radiative losses as well as those induced by the electrode (AV 5 *%)
and predicted by electroluminescence (AVE") are labelled for clarity.

To uncover the relationship between the QFLS and 7 gp, electroluminescence
and EM-PLQY experiments were simulated for each system. The non-radiative
losses, calculated from Equation 2.32, for both electroluminescence and electro-
modulated photoluminescence are subtracted from the radiative limit; the blue
curves in Figure 7.5d show the results of these calculations. The predicted losses
from electroluminescence, when subtracted from VZad, follow ¢Voc for devices

with low injection barrier, as expected from the reciprocity principle. A discrep-
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Figure 7.5: Simulated (a-c) conduction (E¢), valence (Ey), electron (FF,) and
hole (Er,) quasi-Fermi levels for devices with (a) no, (b) medium, and (c) high in-
jection barrier. (d) Simulated injection barrier dependence of (black circles) Vo,
(green squares) QFLS, and non-radiative losses measured by simulating (blue
circles) electroluminescence and (blue squares) electro-modulated photolumines-
cence experiments.
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ancy between the expected ¢Voe given by electroluminescence and the actual
qVoc is seen for devices with large injection barrier. A possible explanation
for this deviation from reciprocity is that an increased injection barrier at the
cathode (reducing the number of injected electrons) generally makes the over-
all charge in the device uneven. In contrast, the simulated losses obtained by
electro-modulated photoluminescence follow the QFLS across all devices. This
indicates that ngypr is probing the intrinsic losses occurring within the active
layer of the device. While electro-luminescence is sensitive to both the intrinsic
and electrode-induced non-radiative losses. Consequentially, based on this anal-
ysis, the open-circuit voltage expected from reciprocity (Vocgr), and the QFLS
in the bulk can be calculated from Equation 2.31, 2.32, and 7.4 as:

qVocrr = qVEEY + kT In gy (7.9)
EQFLS == quRgd + k‘BTln [nEMPL] s (710)

where ngr, is nugp measured through traditional electroluminescence measure-
ments and ngypr, is defined by Equation 7.8.

7.5 Device Structures with Increasing
Non-Radiative Losses

To validate this proposal and the simulations (shown in Figure 7.5) devices with
cathode materials of different work functions were prepared to emulate the effect
of varying the electron injection barrier at the cathode. Each device was made
with ITO/PEDOT:PSS as the anode and a 100 nm PM6:Y6 active layer, while
the cathode was varied to alter the electrode-induced non-radiative losses. Using
this architecture an optimised device with power conversion efficiency of 15.3%
was created using PDINO/Ag as the cathode. Figure 7.6 shows the current-
voltage characteristics for each solar cell device. Despite a relatively small shift
in Jsc and fill factor between the different devices the power conversion efficiency
is reduced due to the reduction in Vp¢, indicative of increasing electrode-induced
non-radiative losses due to surface recombination [232,233]. While the optimised
device has a Vo of 0.847 V, the device using silver-only cathode exhibits a V¢
of 0.787 V, the added interlayers (PDNIO or PFN-Br) modify the work function
to create a more ohmic cathode. Figure 7.7 a-g shows the device structures along
with a sketch of the quasi-Fermi levels at open-circuit conditions. A near ohmic
cathode (Figure 7.7a and b) will cause the QFLS in the bulk and the ¢Vo¢ to be
roughly equivalent. Moving down from panel a to panel f the injection barrier is
increased by increasing the cathode work function, causing a decrease in the Voo
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while the QFLS in the bulk of the active layer remains unchanged. The loss to
the Vo is due to the increasing electrode-induced non-radiative loss associated
with the increasing injection barrier. Figure 7.7h-m shows the n gp measured
by both electroluminescence and EM-PLQY

for each device as a function of dark in-
jected current density or short-circuit

. . PFN-Br/Ag —Ag
current density respectively. As the — PDINO/Ag —Cu
.« v . . . . . —Ca/Al —Al ITO/PM6:Y6/A
injection barrier is increased, moving Ii/ - g
ncreasing
down the column from panel h to m, .. 20k i Injection
neL decreases until it is undetectable | &~ | | Barrier
.. . % I
at low injected currents, while ngypr, | R 50 !
. . B I R I A A -
does not substantially change. This §<g i
suggests that neapr, is measuring losses | 27 | |
- L 1
intrinsic to the semiconductor, while 20 -
. . 1 1
neL is influenced by the structure of the 0 0.5 p
device, as predicted by the simulations Voltage (V)

in Figure 7.5. Figure 7.7g and n show
the structure and external quantum ef- | Figure 7.6: Current density-voltage
ficiencies for a device without anode | curves at one-sun illumination for

or cathode interlayers, severely limit- | devices with various cathode mate-
ing the driving force for Charge extrac- rials. All devices have an structure
tion by creating an additional injection | 1TO/PEDOT:PSS/PM6:Y6/cathode
barrier at the anode. While electro- | (cathode material shown in leg-
luminescence emission was not mea- end), except for the pink curve
surable in this case, the correspond- | where the device structure is

ing electro-modulated photolumines- | ITO/PM6:Y6/Ag.
cence emission was. In this low Voo
device ngvpr, Was similar to the other
devices. This corroborates that electro-modulated photoluminescence measure-
ments are insensitive to device structure and are measuring an intrinsic property
of the active layer.

7.6 Experimental Calculation of QFLS

The radiative limit to the V¢ is calculated by measuring the photovoltaic external
quantum efficiency on the optimised device and was found to be 1.077 V (see
Appendix D.3.1 for details). The expected Vo was calculated from 7y, at Jiy; =
Jsc in accordance with Equation 7.9, and the QFLS is calculated from ngypr, at
Jsc in accordance with Equation 7.10. Figure 7.8a shows the QFLS, the expected
qVoc, and the measured ¢Vpe at one-sun conditions for devices with increasing
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Figure 7.7: (a-g) Device structures with increasing injection barrier. (h-n) nrgp
as measured by (blue) electroluminescence (ngr,) as a function of dark injected
current and (red) electro-modulated photoluminescence (ngypr) as a function of
short-circuit current, where the grey dashed lines indicate Jg¢ for that system.
PCE-power conversion efficiency, FF-fill factor. Values of device parameters and
measurements are taken from the pixel with highest V. Error bars are cal-
culated from measurement errors in the oscilloscope and lock-in amplifier (see
Appendix D.5 for details).
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non-radiative losses. The black arrows indicate the magnitude of the various
non-radiative losses as a guide for the eye. Figure 7.8b through d show examples
of device structures with small (b), medium (c), and large (d) injection barriers
reproduced from Figure 7.7. The expected ¢Vpc based on the measured ngp,
follows the actual ¢Voe for devices with negligible injection barriers and occupy
the region between the QFLS and ¢Vp¢ for devices with impractical injection
barriers, as predicted by the simulations in Figure 7.5d. The calculated QFLS is
constant throughout all devices as expected, demonstrating the precision of the
method, and consistent with a previous study on the same material system using
photo-induced absorption, further exemplifying the accuracy [234].

The inset of Figure 7.8a enhances the devices with lowest non-radiative losses.
In the PDINO/Ag device (Voc = 0.847V) the QFLS is 853 + 5 meV, while the
electrode-induced losses are not obvious due to the experimental uncertainty.
However, in the PFN-Br device (Voc = 0.849 V) the QFLS is 859 + 4 meV while
the electrode-induced losses account for a reduction in the Voo of 10 £ 4 meV.
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Figure 7.8: (a) QFLS measured by (blue squares) electro-modulated photolu-
minescence and (blue circles) expected ¢Voc as measured by ng, for PM6:Y6
systems with increasing non-radiative V¢ losses. Indicated on the plot is the
size of the various non-radiative losses to the V. Upper axis lists cathode ma-
terials while lower axis lists measured V. (b-d) Device structure designed to
have (b) low, (¢) medium, and (d) high non-radiative losses at the cathode.
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Improvements to the resolution will allow for discrepancies in the QFLS and the
total non-radiative losses in an optimised cell to be distinguished, together quan-
tifying the electrode-induced losses. This can be achieved by closely monitoring
the temperature of the sample (accounting for about 3 meV of error) and decreas-
ing the measurement error in the lock-in amplifier or the oscilloscope (accounting
for about 1 meV of error each).

7.7 Conclusions

In conclusion, the conditions under which reciprocity can be invalidated in OPV
devices were explored with simulation and experimentation. Distinct non-radiative
recombination pathways in OPV devices were identified and disentangled using
electro-modulated photoluminescence quantum efficiency measurements. It was
shown that, when used in conjunction with traditional electroluminescence ex-
periments, EM-PLQY was able to fully differentiate between the intrinsic and
electrode-induced photovoltage losses and predict the QFLS in the bulk of the
active layer. It was found that in a high V¢ optimised OPV-based solar cell the
QFLS was 859+4 meV, leading to the conclusion that the electrode-induced losses
accounted for 10 &4 mV of the total photovoltage loss. Electro-modulated pho-
toluminescence quantum efficiency will contribute to the continual improvement
of OSC based devices by allowing researchers to distinguish between intrinsic and
electrode-induced losses to the open-circuit voltage.
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Chapter 8

Conclusion

While the discussion in this thesis has focused attention on solar harvesting ap-
plications of OSCs it is by no means the only use case. Research into OSC-based
light emitting diodes (LEDs), photodiodes, transistors, and lasers has been on-
going. These seemingly disparate fields all require a secure understanding of
the fundamental photophysics and greater device architecture that underpins
operation. Which, in turn, requires an array of accurate, accessible, and stan-
dardised measurement techniques. In this thesis various photophysical processes
have been discussed and measurement techniques have been developed to probe
specific aspects of these processes. In Chapter 1-3 the optoelectronic processes
underlying operation in OPV devices have been discussed and compared to the
well-established band-transport theory. Amongst the many notable differences,
the excitonic nature of excitation in OSCs and the low separated charge carrier
mobility were singled out. Chapter 4-6 focused on the former, while Chapter 7
focused on the latter.

In Chapter 4 a detailed balance model accounting for exciton diffusion and
dissociation in OPV devices was developed and amalgamated with a established
model of device operation. It was found that long exciton diffusion lengths sup-
ported by long exciton lifetimes were required for low-offset systems to achieve
high CGY. The long exciton diffusion length allows for efficiency exciton trans-
port to the interface while the long exciton lifetime reduces the CT state-to-
exciton back transfer, most prominent in low-offset systems.

In Chapter 5 pulsed-PLQY was introduced as a method for measuring the
exciton diffusion length through exciton-exciton annihilation. It was found that
pulsed-PLQY is faster, easier, requires less equipment specialisation, and is less
dependent on experimental conditions than other well established methods. Us-
ing pulsed-PLQY the exciton diffusion length and lifetime were measured in many
technologically relevant systems. It was found that high-efficiency low-offset sys-
tems did have long diffusion lengths, but that this increase was driven by increases
in diffusion constant, not lifetime. These results combined indicate that the high-
efficiency low-offset NFA-based systems that are dominating the field today are
not optimised. Further increases to CGY, Jsc, and PCE could be achievable
by focusing on low-offset systems with long diffusion lengths supported by long

96



exciton lifetimes.

In Chapter 6 processes occurring in systems where FRET-activated charge
generation is dominate were discussed, including charge or energy transfer, as
well as bimolecular recombination; all processes that are dependent on the size
of the phase separated domains. Pulsed-PLQY was demonstrated as a viable
all-optical technique for experimentally determining the domain size in various
BHJs. Utilising this, it was found that NFAs naturally form large phase-separated
domains. Further, given the large domains, the long exciton diffusion lengths
in the highest performing NFAs are requisite for them to achieve high CGYs.
It was noted that the size of these domains, though substantially larger than
fullerene BHJs, were insufficient to explain the large reduction in bimolecular
recombination occurring in high-efficiency NFA-based devices.

In Chapter 7 optoelectronic reciprocity was examined and situations under
which it can be invalid were explored. Through drift-diffusion simulations it was
found that low mobilities, high separated charge carrier generation, and inter-
face recombination can all create situations in which reciprocity is invalid. This
invalidation is due to increased non-linearities in the device that uncouples the
charge injection from the charge extraction processes. EM-PLQY was established
and shown to reconcile these ideas with traditional reciprocity theory. Utilising
EM-PLQY along with electroluminescence measurements fully characterises the
non-radiative pathways in an OPV device, allowing for optimisation of the device
electrodes and interlayers.

This thesis has aimed to aid researchers in understanding of the fundamental
photophysics occurring in OSCs and BHJs made from OSC blends. Through the
modelling, development, and validation of experimental techniques it has been
shown how various fundamental properties can be quantified. The addition of
these experimental modalities to the collection of widely used and highly success-
ful techniques will assist researchers in the development of a variety of OSC-based
photovoltaic devices.
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Chapter 9
Outlook

As society progresses into the mid 21% century many emerging technologies will
compete for viability across a wide range of electronic applications. Whether
application targets will be dominated by a single material system, as silicon has
in the past 50 years, or be filled by purposed-built, targeted materials is yet to
be determined. In the meantime there are many applications for which organic
semiconductors are particularly well suited.

The thermodynamic limits laid out in Section 3.3 assume that the light har-
vested by the OPV-based solar cell is the AM1.5 spectra. However, many emerg-
ing technologies related to the so-called ‘internet of things’, require low power-
consumption communication-protocols that may be achievable without the use
of batteries. It is estimated that there could already be as many as 29 billion
devices connected to the ‘internet of things’ with a total power consumption as
high as 1100 TWh/year [26,237]. Since the majority of these devices are indoor
applications they will not be exposed to the AM1.5 spectra alone, rather the
spectra produced by various LEDs. The versatility in optical gap engineering
available with OPV-based solar cells allows for the spectral matching of various
LEDs, ultimately allowing for higher efficiencies than systems optimised for the
AM1.5 spectra.

Further, this spectra matching and portable nature of OPV-based solar cells
are ideal for the use in agricultural areas where electrical grid access is difficult and
spectral transmission engineering could be ideally utilized [238,239]. Addition-
ally, The light weight nature OSC based electronics including OPV-based solar
cells enables their incorporation into novel, light-weight, and wearable electronics
useful in both consumer and medical products [240,241].

However, OPV devices suffer from degradation under light, especially in the
presence of water and oxygen. Before OPV-based optoelectronic products can be
brought to market the lifetime of the high-efficiency systems studied in laboratory
environments must be systematically studied and improved [242]. The application
of pulsed-PLQY to OSC-based BHJs could be used to study the morphological
changes occurring under differing conditions, while ngy\pr, could be used to study
the effect various contacts have on device performance.

Parallel to the developments in OPV-based solar cells, research into the de-
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velopment of OPV-based photodectors have made dramatic progress in recent
years. Interestingly, the strong absorption coefficients associated with OSCs have
enabled the development of device architectures with intrinsic spectral selectivity
not possible with inorganic semiconductors [243,244]. Exemplifying the unique
applications possible with OSC-based systems.

Specific device architectures for both OPV-based solar cell and photodiodes
rely on the long diffusion length of NFA OSCs, reinforcing the need for accurate
quantification of Lp in OSCs [208,209,245]. Pulsed-PLQY offers researchers a
low-cost, straightforward, and accurate measurement technique to quickly screen
viable OSCs for long diffusion lengths. Interestingly these architectures show
higher stability and are more compatible with established manufacturing tech-
niques, as they require much thicker active layers compared with traditional BHJs.

The future development of OPV devices does not depend on the laboratory
efficiencies and ideal device architectures alone. It will be influenced by broad
social and technological factors, including established manufacturing techniques
and supply chains. Development of consumer and industrial products on a large
scale will start with inclusion into existing platforms and require small incre-
mental victories to convince both the public and investors of the viability of the
research and products.
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Appendix A

Role of Exciton Diffusion and Life-
time in Low Energy Offset Sys-
tems

A.1 1D-Monte-Carlo Simulations

With the aim of modelling the exciton dynamics within an organic semiconductor,
a 1D Monte-Carlo hopping model was invoked. [157] First, a domain of size L
with lattice spacing (dz) is created, and the lattice is randomly populated with
an exciton and allowed to evolve in time with a temporal time step size (dt).
The diffusion constant in the film is determined as D = dz?/2dt. The lattice
spacing, temporal step size, and exciton lifetime (7) were 1 nm, 1 ps, and 300 ps
respectively, corresponding to a diffusion coefficient of 5x 1072 cm? /s and diffusion
length of 12 nm (Lp = v/D7). To explore the dependence on the characteristic
length ratio (2Lp/L), the domain size was varied from 2 to 100 nm. To investigate
the effect of the lifetime-product (7 X kcrp), the interfacial velocity of charge
transfer was varied. This was accomplished by considering the rate of dissociation
at the interface (kiy) to be related to the interfacial velocity as v = ki dx/2, and
therefore, ki = kcro(L/dx). The exciton dissociation efficiency was calculated
as the ratio of excitons exiting the domain at the interfaces to the total number
of excitons generated in the simulation, from which the effective dissociation rate
can be calculated through Equation 4.11.

A.2 Charge Generation Yield Calculations

In accordance with Equation 4.6, accounting for diffusion to and dissociation at
the interface, under steady-state illumination, the kinetics of excitons and CT
states is governed by the rate equations

G — ]{an — kCT’On* + /{thnCT =0 (A )

1
Geor + koron® — kwner — kiner — kaner + Bongg = 0 (A.2)
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where G (Ger) is the generation of excitons (CT states) from the ground state,
n is the spatially averaged density of excitons in the domain, n* is density of
excitons at the interface, ks is the decay rate of excitons (ks = 1/7), kcrp is
the dissociation rate constant of interfacial excitons, ki is the back-transfer rate
constant, ncor is the density of CT states, k¢ is the decay rate constant of CT
states, kq is the rate constant for the dissociation of CT states into CS states, ncg
is the density of charge separated states, and [ is the bimolecular recombination
rate constant of CS states to CT states. However, as established in Section
4.2, after accounting for exciton diffusion to the interface, the net exciton-to-
CT rate can be equivalently expressed as kcr on™ — kngnor = kot,ei? — Ebt eicT,
where kut off = kbtkoTeft/ kom0 and kot e is the effective dissociation rate constant
described by Equation 4.9. Hence, Equations A.1 and A.2 can be rewritten as

G — ksn — kcmegn —+ kbmeﬁnCT =0 (A3)

Gor + korein — kg oot — kiner — kancr + Bongg = 0 (A.4)

Then, based on eqs A3 and A4, and following the formalism of Sandberg et al., [37]
the CT state-to-CS state dissociation efficiency can be calculated from the decay
rate of CT states, the CT state-to-CS state dissociation, and back-transfer rate
from CT states to excitons as Por = ka/ (ki + ka + k), where kl, = (1 — Ps)kpy eft
is the ultimate (effective) back-transfer rate constant. Using a detailed balance
approach, the back-transfer rate constant can be calculated as

PsksNg { AECT/S:|

b, = Ner KgT

(A.5)

where Ng and Ngr are the density of states for singlet excitons and CT states,
respectively, and AFEcr/s is the energetic difference between the exciton and CT
state. The rate constant for CT state-to-CS state dissociation can be calculated
as

kq =

2 AFE
BoNEr exp {_ CT/CS] (A.6)

NCT KBT

where Ncg is the density of states for CS states and AFEcr/cg is the effective
CT state binding energy. The charge generation yield can then be expressed as
the product of the exciton dissociation efficiency and the CT state dissociation
efficiency.

P

1 + kaCT ex p|: AE‘CT/C'S:| |:1 + PSkSNS ex p|: A CT/S:|

Pegy = Ps x Per =
KT k‘ch KgT :|
(A7)
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The calculations in Figure 4.4 were performed by evaluating Ps from Equation
11 and using the result to calculate Pogy from Equation A.7. In this work, the
default values for the parameters were taken from Sandberg et al. as ky = 1010571,
Bo =5x10"Yem?3s™, Nor = 10®¥ ecm ™3, Ny = Neg = 3 x 1020 em ™3, T' = 300 K,
and AEcr/cs = 100 meV. Meanwhile, the values for kg and Ps are determined
by the choice of 7 and D, as shown for each calculation in Figure 4b.
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Appendix B

Quasi-Steady-State Measurement
of Exciton Diffusion Lengths

B.1 Materials

B.1.1 Chemical Definitions

e PM6: Poly [(2, 6-(4, 8bis(5- (2-ethylhexyl-3-fluoro) thiophen-2-yl)- benzo
[1, 2-b:4, 5-b] dithiophene)) -alt- (5, 5-(1’, 3/-di-2-thienyl-5, 7'-bis(2-ethylhexyl
Jbenzo [1', 2’-c:4’, 5'-¢/] dithiophene-4, 8-dione)]

e P3HT-Regiorandom: Poly(3-hexylthiophene-2, 5-diyl)

e PTB7-Th: Poly[4, 8-bis(5-(2-ethylhexyl)thiophen-2-yl) benzol[1, 2-b;4, 5-b]
dithiophene-2, 6-diyl-alt- (4- (2-ethylhexyl)-3- fluorothieno [3, 4-b|thiophene-
)-2-carboxylate-2-6-diyl)]

e PCDTBT: Poly[N-9-heptadecanyl-2, 7-carbazole-alt-5, 5- (4’, 7’-di-2-thienyl-
2. 1/, 3'-benzothiadiazole)]

e PCyBM: ([6, 6]-Phenyl-Cgp-butyric acid methyl ester)
e P3HT-Regioregular: Poly(3-hexylthiophene-2, 5-diyl)

e ITIC: (5Z)-3-ethyl-2-sulfanylidene-5-[[4-[9, 9, 18, 18-tetrakis(2- ethylhexyl)-
15- [7- [(Z)-(3-ethyl-4-oxo-2-sulfanylidene-1, 3-thiazolidin-5-ylidene)methyl|-
2, 1, 3-benzothiadiazol-4-yl]-5, 14-dithiapentacyclo [10.6.0.03, 10.04, 8.013,
17] octadeca-1(12), 2, 4(8), 6, 10, 13(17), 15-heptaen-6-yl|-2, 1, 3- benzothiadiazol-
7-yl] methylidene]-1, 3-thiazolidin-4-one

e IT4F: 3, 9-bis(2-methylene-((3-(1, 1-dicyanomethylene)-6, 7-difluoro)- indanone))-
5, 5, 11, 11-tetrakis(4-hexylphenyl)-dithieno [2, 3-d:2’, 3'-d']-s-indaceno |1,
2-b:5, 6-b’]dithiophene
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e Y6: 2, 2/-[[12, 13-Bis(2-butyloctyl)-12, 13-dihydro-3, 9- dinonylbisthieno[2”,
3":4', 5] thieno [2', 3":4, 5]pyrrolo[3, 2-e:2’, 3'-g|[2, 1, 3] benzothiadiazole-
2,10-diyl] bis [methylidyne(5, 6-chloro-3-oxo-1H-indene-2, 1(3H)-diylidene)
|] bis[propanedinitrile]

e BTP-eC9: 2, 2'- [[12, 13-Bis(2-butyloctyl)-12, 13-dihydro-3, 9-dinonylbisthieno[2”,
3":4', 5'|thieno[2’, 3":4, 5] pyrrolo [3, 2-e:2, 3'-g][2, 1, 3] benzothiadiazole-2,
10-diyl] bis [methylidyne(5, 6-chloro-3-oxo-1H-indene-2, 1(3H)-diylidene)]
bis [propanedinitrile]

B.1.2 Film Fabrication

Substrate Preparation

Before films were spin coated on glass substrates, the substrates were cleaned in
deionized water, acetone, and 2-propanol by sequential sonication for 10 minutes.
The cleaned substrates were dried with nitrogen gas, baked on a hot plate at
110°C for 10 minutes, and treated in a UV-Ozone cleaner (Ossila, L2002A2-UK)
for 20 minutes.

Film Deposition

Table B.1 lists each material, solvent, concentration, and spin speed used, as
well as the resulting thickness. Each material listed in Table 5.1 was made by
dissolving the relevant material in the listed solvent by stirring overnight and spin
coating onto glass substrates. The thickness was measured via ellipsometry (J.A.
Woollam M-2000 Spectroscopic Ellipsometer).
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Material Solvent Concentration | SpinSpeed | Thickness
(mg/mL) (rpm) (nm)

PM6 CF 14 8000 16
P3HT-Regiorandom CB 12 2000 47
PTB7-Th CF 14 8000 17
PCDTBT CB 7 2000 19
PCgBM CB 14 1000 50
P3HT-Regioregular CB 20 2000 67
ITIC CF 20 4000 54
IT4F CF 20 4000 57
Y6 CF 20 8000 61
BTP-eC9 CF 20 8000 36

Table B.1: Solvent, concentration, and spin speed used to fabricate films for each
material and resulting thickness.

B.2 Time Resolved Photoluminescence

The thin films were held in a cryostat (Linkam LTS420) under a constant flow of
nitrogen gas to prevent photo-oxidation [246], and an initial density of excitons
(po = Paps/Tw? frep Epnd, Paps-absorbed laser power, frop-reprate and w-spotsize of
the laser, Fpy-incident photon energy, d-film thickness) is injected by an ultrafast
laser source (Pharos PHMO02-2H-3H), 515 nm, 25 kHz, 300 fs. The resulting
photoluminescence is collimated, filtered to remove scattered pump light, and
focused into the streak camera (Hamamatsu C14831).

B.3 Spotsize Measurement

The spotsize for the TRPL and pulsed-PLQY measurements were obtain through
the knife edge method [247], in which the transmitted power is fit to the function

Pr=0.5 {1 — erf (\/é(x;—%))] (B.1)

where Pt is the normalised transmitted power, erf is the error function, and w is
the spotsize. These measurements are shown in Figure B.1 for both the TRPL
case (200 mm focal length pump lens) and the pulsed-PLQY case (no pump lens).
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Figure B.1: Knife-edge spot-size measurements for (a) 200 mm focal length lens
and (b) no pump lens.

B.4 Error Analysis

neL

The two main sources of error in the data presented in Figure 5.4 are the error
in the measurement of film thickness, leading to an error in the calculation of the
initial density, and measurement errors accounting for variations in film thickness.
To account for the error in the initial density (o,,) the error in the film thickness
(0q4) is propagated as

dpo 04

Tpo = g 74 = Po g (B.2)

therefore, the 10% error in thickness measurements corresponds to a 10% error
in excitation density. Any errors in measurement and variations in film thickness
(0pp,) are accounted for by repeating each measurement 5 times on different
spots on each sample and taking the statistical mean and standard deviation to
represent each data point and error bars.

YT

The error in y7 was found by fitting all 5 normalised trials of np;, to Equation
5.5. The covariance of the fitting parameter was used as a value for o.,.
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Table I

The errors in Table 5.1 are propagated in the usual way and added in quadrature.
The error in Lp (or,,) is given by the error in 47 and Ry (og,, assumed to be
half the value of Ry) as

oL 2 /oL 2]/

D D

9%p 9%p B.

(aw%> * (aROURO) ] (B:3)
1/2

1 /Lp \* (Lo \*
OLp = 5 [<?077—> + (R—OO'R(J) (B4)

The error in 7 is found from the error in y7 and 7 (o, = 10 ps) as

O'LD:

o= (Zen) + (20)] ®5
o= [ )] o

The error in the diffusion coefficient (op) is found from the error in 7, Ry, and
T as

o0\’ (o0 \* (op N\
Oop = (8_’)/7'0-77-) + (EO’T) + (a—&)URO) ] (B?)
- 1/2

2 2 2
Oryr D D
_ = _ B.
i (477307) i (TJT) i (ROURO) ] ()

B.5 Pulsed-PLQY Measurements

The low density TRPL and relative np;, data and corresponding fits are show in
Figures B.2-B.11. The top panel in each Figure shows the TRPL data (blue) on
a log-linear scale, the data used to fit for 7 (green) and the fitting (black line).
Indicated on the upper panel is the density of the initial excitation. The lower
panel shows the relative npy, data as a function of initial density (blue) and the
fit to Equation 5.5 (black line). Indicated on the lower panel are some of the
calculated values listed in Table 5.1.
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Figure B.2: (Top Panel) TRPL and (lower panel) np;, for PM6.

109



Time (ps)
-200 O 200 400 600 800 1000

10° —__¢
E P
o % e : o Y :.#?"”'.V
f 10—3 4 e ,:: et A ".:
o 00:5.0e+18 (cm~3)
1.0 A
€ al
5 081 1.175+ 10ps
o D: 6.1e-04+3e-04 (cm?/s)
< 0.6
) Lp: 4.6%x1.2 (nm)
0'4'-"I LELELELE | T T L L L |
1017 1018 1019
po (cm™3)

Figure B.3: (Top Panel) TRPL and (lower panel) np, for P3HT regiorandom.
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Figure B.4: (Top Panel) TRPL and (lower panel) npr, for PTB7-Th.
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Figure B.5:
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Figure B.6: (Top Panel) TRPL and (lower panel) npy, for PCgBM.
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Figure B.7: (Top Panel) TRPL and (lower panel) np;, for P3HT regioregular.
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Figure B.8: (Top Panel) TRPL and (lower panel) npy, for ITIC.
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Figure B.9: (Top Panel) TRPL and (lower panel) npy, for IT4F.
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Figure B.10: (Top Panel) TRPL and (lower panel) np, for Y6.

113



Time (ps)

0 500 1000
. 10°-
£
@]
5 10—2_
—
o
1.0
EO871 r:380+10ps "L“
% D: 1.4e-02+4e-03 (cm?/s
& 0.6 - _
Lp: 32.5+5.1 (nm)
0.4 -
Tlo1 1oV
Po (cm~3)

Figure B.11: (Top Panel) TRPL and (lower panel) npy, for BTP-eC9.

B.6 Monte-Carlo Simulation Parameters

Table B.2 lists the parameters used in the Monte-Carlo simulations shown in
Figure 5.1 and 5.2. Details about the implementation of the 3D Monte-Carlo

simulations are outlined in Appendix F.

Parameter Value
T 300 ps
dx 0.774597 nm
dt 1 ps
Noninimum 8000
z-thickness 50 nm

Table B.2: Parameters used in Monte-Carlo simulation shown in Figure 5.1.
Noinimum 18 the lower limit to the number of excitons at the start of each simula-

tion.
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Appendix C

Relationship Between Charge Car-
rier Dynamics and Exciton Dynam-
ics

C.1 Materials

C.1.

1 Chemical Definitions

CN; Chloronaphthalene (C10H7CI)

DIO; 1,8-Diiodooctane

PEDOT:PSS; Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate.

PDINO-3F; 2, 9-Bis[3-(dimethyloxidoamino) propyl] anthra [2, 1, 9-def:6,
5, 10-d’ ¢ f] diisoquinoline-1, 3, 8, 10(2H,9H)-tetrone

MoQO3; Molybdenum trioxide

PDBD-T; Poly[[4, 8-bis[5-(2-ethylhexyl)-2-thienyl|benzo [1, 2-b:4, 5-b]
dithiophene-2, 6-diyl] -2, 5-thiophenediyl[5, 7-bis(2-ethylhexyl)-4, 8-dioxo-
4H, 8H-benzo [1, 2-¢:4, 5-c'|dithiophene-1, 3-diyl]]

EH-IDTBR; (5Z)-3-ethyl-2-sulfanylidene-5- [[4- [9, 9, 18, 18- tetrakis (2 -
ethylhexyl)- 15-[7- [(Z)- (3- ethyl- 4- oxo- 2- sulfanylidene-1, 3- thiazolidin-

5- ylidene) methyl]- 2, 1, 3-benzothiadiazol-4-yl]- 5, 14-dithiapentacyclo[10.6.0.03,
10.04,8.013, 17]octadeca- 1(12), 2, 4(8), 6, 10, 13(17), 15-heptaen- 6- yl]-2,

1, 3-benzothiadiazol- 7- yl| methylidene]- 1, 3- thiazolidin-4-one

PM6; Poly[(2, 6-(4, 8-bis(5-(2-ethylhexyl-3-fluoro) thiophen-2-yl) - benzo
1, 2-b4, 5 - 1] dithiophene))- alt- (5, 5- (', 3-di-2-thienyl- 5/, 7'~ bis (2-
ethylhexyl) benzo [1', 2'-c:4’, 5’-¢/] dithiophene-4, 8- dione)]

PTBT7-Th; Poly[4, 8bis(5-(2-ethylhexyl)thiophen-2-yl) benzo[1, 2-b; 4, 5-b’]
dithiophene-2, 6-diyl-alt-(4- (2- ethylhexyl)- 3- fluorothieno[3,4- b]thiophene-
)- 2- carboxylate-2- 6- diyl)]
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e PCDTBT; Poly[N-9’-heptadecanyl-2, 7-carbazole-alt-5, 5-(4", 7'-di-2-thienyl-
2, 1, 3'-benzothiadiazole)]

e PCyBM: ([6, 6]-Phenyl-Cgp-butyric acid methyl ester)
e PC; BM: ([6, 6]-Phenyl-Cr;-butyric acid methyl ester)
e BQR; benzodithiophene-quaterthiophene-rhodanine [248|

e ITIC; (5Z)-3- ethyl-2- sulfanylidene-5-[[4-[9, 9, 18, 18-tetrakis(2-ethylhexyl)-
15-[7- [(Z)-(3- ethyl- 4- oxo- 2- sulfanylidene-1, 3-thiazolidin-5-ylidene) methyl]-
2, 1, 3-benzothiadiazol-4-yl] -5, 14- dithiapentacyclo [10.6.0.03, 10.04,8.013,17]
octadeca- 1(12), 2, 4(8), 6,10, 13(17), 15- heptaen-6-yl]- 2, 1, 3- benzothiadiazol-
7-yl] methylidene]- 1, 3-thiazolidin-4-one

e Y6; 2, 2'-[[12, 13-Bis(2-butyloctyl)-12, 13-dihydro-3, 9-dinonylbisthieno [b”,
3":4" 5"]thieno[2", 3":4,5] pyrrolo [3, 2-e:2’, 3'-g] [2, 1, 3] benzothiadiazole-2,
10-diyl] bis [methylidyne(5, 6-chloro-3-oxo-1H-indene-2, 1(3H)-diylidene)] |
bis[propanedinitrile]

e BTP-eC9; 2,2'- [[12, 13-Bis(2-butyloctyl)-12, 13-dihydro-3, 9- dinonylbisthieno
27, 3":4" 5] thieno [2, 3":4, 5] pyrrolo [3, 2-e:2', 3'-g] [2, 1, 3] benzothiadiazole-
2, 10-diyl] bis[methylidyne(5, 6-chloro-3-oxo-1H-indene-2, 1(3H)-diylidene)
]] bis [propanedinitrile]

PEDOT:PSS was purchased from Heraeus. PM6, Y6, BTP-eC9, EH-IDTBR,
ITIC, and PDINO were purchased from Solarmer. PBDB-T was purchased from
Nanjing Zhiyan. Ptb7-Th, PCDTBT, PC¢BM, and PC;1BM were purchased
from Ossilla. BQR was was prepared based on the synthetic procedure explained
by Geraghty et.al [248].

C.2 Materials Fabrication

C.2.1 Thin Film Fabrication

Before films were spin coated on glass substrates, the substrates were cleaned in
deionized water, acetone, and 2-propanol by sequential sonication for 10 minutes.
The cleaned substrates were dried with nitrogen gas, and treated in a UV-Ozone
cleaner (Ossila, L2002A2-UK) for 20 minutes. Table C.1 lists each material,
solvent, concentration, and spin speed used, as well as the resulting thickness of
each film fabricated. Each film listed in Table C.1 was made by dissolving the
relevant material in the listed solvent by stirring for at least 2 hours and spin
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coating onto glass substrates at the listed spin speed. Some materials such as
BQR and DCB-based films required additional post-spin coating preparation as
outlined in the relevant parts of Appendix C.2.3.

C.2.2 Bi-layer Film Fabrication

Bi-layer films were fabricated using the spontaneous spreading method [208-210].
In this method Y6 was dissolved in chlorobenzene at 45°C, spin coated onto clean
glass substrates, and annealed for 10 min at 70° C. The variation in thickness
was controlled by varying both the concentration, from 2.3 to 12.8 mg/mL, and
spin speed, from 2000-3000 rpm. The thickness was verified via ellipsometry
utilising samples deposited onto silicon substrates, under identical conditions.
Table C.2 lists the concentration, spin speeds, and resulting thickness of each Y6
film. Once the Y6 layer was deposited onto the glass substrates, Ptb7-Th solution
was prepared with concentration of 10 mg/mL in 0.9:0.1 chlorobenzene:DIO, and
stirred at 45° for > 2 hours. Before deposition, the solution was allowed to cool
for > 1 hour at room temperature. 10 uL. was dropped into a 10 cm petri dish
filled with deionized water and allowed to spread out and dry over the course of
2 minutes, creating a film 20 nm thick. Once the film was dry it was transferred
to each Y6 device creating the structure drawn in the inset of Figure C.3b.

C.2.3 Device Fabrication

Before devices were fabricated on commercial patterned ITO glass substrates, the
substrates were cleaned in deionized water, acetone, and 2-propanol by sequential
sonication for 10 minutes. The cleaned substrates were dried with nitrogen gas,
and treated in a UV-Ozone cleaner (Ossila, L2002A2-UK) for 20 minutes.

BQR:PC;;BM: BQR:PC7;;BM devices were fabricated in the conventional
device architecture (ITO/PEDOT:PSS/BQR:PC7;;BM/Ca/Al).
PEDOT:PSS/deionized water (1:3) solution was filtered through a 0.45 pm
PVDF filter before being spin-coated on ITO substrates at 5000 rpm for
20 seconds and annealed at 150° C for 10 minutes to form a 20 nm film.
BQR:PC7BM was dissolved in toluene with a donor: acceptor ratio of 1:1
by weight and a total concentration of 48 mg/mL. The solution was stirred
at 60° C for 3 hours before being spin-coated at 1000 rpm to form a film
of thickness 240 nm. At this stage the as-cast (AC) devices were moved
directly to the evaporator while the solvent annealed (SA) devices were
further exposed to a Tetrahydrofuran environment in a closed petri dish for
20 seconds and then thermally annealed at 90° C for 10 minutes. 20 nm of
calcium and 100 nm of aluminum were evaporated as the top electrode.
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Thickness (nm) | Concentration (mg/mL) | Spin Speed (rpm)
17.7 3.2 3000
25 5.4 3000
29.5 6.4 3000
33 9.6 3000
40 12.8 3000
48.7 16 2000
54.4 20 3000
66 22 3000
74.5 20 2000

Table C.2: Concentration and spin speeds used to fabricate Y6 layers in the
Y6/Ptb7-Th bi-layer films.

PBDB-T:EH-IDTBR PBDB-T:EH-IDTBR devices were fabricated in
the inverted device architecture (ITO/ZnO/BQR:PC7BM/MoO3/Ag). A
ZnO solution was prepared by dissolving 200 mg of zinc acetate dihydrate
in 2-methoxyethanol (2 mL) and ethanolamine (56 pL). The solution was
stirred overnight under ambient conditions and spin-coated onto I'TO sub-
strates (4000 rpm resulting in a thickness of approximately 30 nm) followed
by thermal annealing at 200° C for 60 minutes. PBDB-T:EH-IDTBR was
dissolved in a (99.5:0.5) CB:DIO solution with a donor:acceptor ratio of 1:1
by weight and a total concentration of 14 mg/mL. The solution was stirred
at 60° C for > 2 hours before being spin-coated at 1500 rpm and thermally
annealed at 100° C to form a film of thickness 120 nm. 7 nm of MoO3 and
100 nm of aluminum were evaporated as the top electrode.

PM6:ITIC PM6:ITIC devices were fabricated in the conventional device
architecture (ITO/PEDOT:PSS/PM6:1TIC/PDINO-3F/Ag).
PEDOT:PSS/deionized water (1:3) solution was filtered through a 0.45
pm PVDEF filter before being spin-coated on ITO substrates at 5000 rpm
for 20 seconds and annealed at 150° C for 10 minutes to form a 20 nm
film. PMG6:ITIC was dissolved in a (99.5:0.05) CF:DIO solution with a
donor:acceptor ratio of 1:1 by weight and a total concentration of 14 mg/mL.
The solution was stirred at 60° C for > 2 hours before being spin-coated at
3000 rpm and thermally annealed at 70° C to form a film of thickness 100
nm. Finally, a 0.5 mg/mL PDINO-3F in methanol solution was spin-coated
on at 5000 rpm to form 10 nm films, and 100 nm of Ag was evaporated as
the top electrode.

119



PM6:Y6 PM6:Y6 devices were fabricated in the conventional device archi-
tecture (ITO/PEDOT:PSS/PM6:Y6/PDINO-3F/Ag).
PEDOT:PSS/deionized water (1:3) solution was filtered through a 0.45 pm
PVDF filter before being spin-coated on ITO substrates at 5000 rpm for
20 seconds and annealed at 150° C for 10 minutes to form a 20 nm film.
PM6:Y6 was dissolved in a (99.5:0.05) CF:CN solution with a donor:acceptor
ratio of 1:1.2 by weight and a total concentration of 17 mg/mL. The solu-
tion was stirred at 60° C for > 2 hours before being spin-coated at 3000
rpm and thermally annealed at 70° C to form a film of thickness 100 nm.
Finally, a 0.5 mg/mL PDINO-3F in methanol solution was spin-coated on
at 5000 rpm to form 10 nm films, and 100 nm of Ag was evaporated as the
top electrode.

Ptb7-Th:Y6 Pth7-Th:Y6 devices were fabricated in the conventional de-
vice architecture (ITO/PEDOT:PSS/Ptb7-Th:Y6/PDINO-3F/Ag). PE-
DOT:PSS/deionized water (1:3) solution was filtered through a 0.45 pm
PVDF filter before being spin-coated on I'TO substrates at 5000 rpm for 20
seconds and annealed at 150° C for 10 minutes to form a 20 nm film. Ptb7-
Th:Y6 was dissolved in a (99.5:0.05) CF:CN solution with a donor:acceptor
ratio of 1:1 by weight and a total concentration of 16 mg/mL. The solution
was stirred at 60° C for > 2 hours before being spin-coated at 2000 rpm and
thermally annealed at 70° C to form a film of thickness 100 nm. Finally,
a 0.5 mg/mL PDINO-3F in methanol solution was spin-coated on at 5000
rpm to form 10 nm films, and 100 nm of Ag was evaporated as the top
electrode.

PM6:BTP-eC9 PM6:BTP-eC9 devices were fabricated in the conventional
device architecture (ITO/PEDOT:PSS/PM6:BTP-eC9/PDINO-3F/Ag).
PEDOT:PSS/deionized water (1:3) solution was filtered through a 0.45 pum
PVDF filter before being spin-coated on ITO substrates at 5000 rpm for
20 seconds and annealed at 150° C for 10 minutes to form a 20 nm film.
PM6:BTP-eC9 was dissolved in a (99.5:0.05) CF:DIO solution with a donor:
acceptor ratio of 1:1.2 by weight and a total concentration of 17 mg/mL.
The solution was stirred at 60° C for > 2 hours before being spin-coated at
3000 rpm and thermally annealed at 70° C to form a film of thickness 100
nm. Finally, a 0.5 mg/mL PDINO-3F in methanol solution was spin-coated
on at 5000 rpm to form 10 nm films, and 100 nm of Ag was evaporated as
the top electrode.
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C.3 Experimental Techniques

C.3.1 Domain Size Measurements

Derivation of Equation 6.4 and 6.6

Singlet-singlet exciton annihilation can occur in an OSC as described in Section
5.2. The rate equation for the p in a single phase of an organic semiconductor
consisting of a blend of two materials is the sum of the natural decay (determined
by the natural lifetime 7), the rate of extraction from the occupied phase to the
opposing phase (determined by keg), and the exciton-exciton annihilation rate
(determined by the annihilation coefficient v = 4w DRy, with D and R, being the
diffusion coefficient and capture radius if the occupied phase, respectively)

dp p 9
%= L kp— % 1
5 = = ket —p (C.1)

Combining the linear terms in Equation C.1 yields

dp P 2

L-_L£_ C.2

= il (C.2)
ul

Teff 1 + Tkeﬂ‘ (CS)

The solution to Equation C.2 is

B po exp (—t/Ter)
P = s porer [ — oxp (— /7] (4

where pg is the initial density in the occupied phase. The total number of excitons
that decay due to natural decay according to Equations C.11s p, = [~ p(t)/7dt.
Additionally, the photoluminescence efficiency is given by npr, = p-1pr0/p0 Where
npro is the low-density photoluminescence quantum efficiency. Therefore, in a
neat film (keg = 0, 7or = 7) the density dependence of the photoluminescence
quantum yield can be expressed as

In {1+ poy7]

NPLyneat = NPLO— > (C5)
PoYT

consistent with Equation 5.5. As described in Chapter 5, the product of 7
can be used to calculate the diffusion length directly from Lp = \/vy7/47Ry.
Whereas, in a blended film (kg # 0) the same procedure can be used to obtain
the photoluminescence quantum efficiency from one phase alone as

In [1 + po’}/Teff]

MPL,blend = NPLO—— (C.6)
PO Teft
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The exciton extraction rate from the occupied phase to the opposing phase is
dependent on the efficiency of exciton diffusion towards the interface (n4;r) and the
efficiency of electrons (hole) transfer during channel I (II) charge transfer or the
efficiency of FRET transfer from the occupied to opposing phase (ncr/rreT) [3]-
The efficiency of diffusion depends on the domain size (L) and the diffusion length
(Lp) of the occupied phase as ngg = 2Lp/L x tanh [L/2Lp], while the efficiency
of charge transfer depends on the competition between the charge transfer rate
at the interface or the FRET transfer rate near the interface, and the natural
decay. In general the efficiency of exciton dissociation (Ps) can be expressed as
the competition between the effective extraction rate and natural decay rate with
in the phase, which can be related to ngig and ncr/Frer as

ket { 1 1 }1
Po — — + -1 . C.7
T 1t + ke  |nar  nor/erer (©7)

Combining Equation C.3 and C.7 and multiplying by ~ the effective lifetime in
the occupied phase can be related to the efficiency of exciton extraction as

YToff 1 1 -
Ps=1-— = + —1 (C.8)
T Nait  7)CT/FRET

Under conditions where FRET is inefficient and charge transfer is efficient (ncr —
1), the system becomes diffusion limited and Equation C.8 becomes

VYTeft 2LD L
1-— — ——tanh |— | = 0. C.9
YT L an {QLD} ( )

In the case where FRET is an efficient process, nprer > naig as the exciton
approaches the donor acceptor interface. Leading to a diffusion limited system
in which Equation C.8 can be expressed

YTef  2Lp Leg
1-— - tanh = 0. C.10
v Leg M {ZLJ (C.10)

Therefore, measuring v7 on a neat film and 7.4 from one phase of a blended
film one can solve Equation C.9 for the size of the phase separated domain, L,
or Equation C.10 for the size of the domain from the frame of reference of the
exciton Lgg.

Apparatus

Figure C.1 shows a schematic diagram of the apparatus used to measure pulsed-
PLQY on neat semiconductors and bulk-heterojunctions. The light source (Pharos
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PHMO02-2H-3H) emits an ultrafast pulse at 515 nm, at a 25 kHz repetition rate,
and a pulse duration was approximately 300 fs. The light passes through an
acousto-optic modulator (AOM-commonly known as a chopper) which modu-
lates the light at 273 Hz. The laser light is then directed towards the sample
with various mirrors and telescopes (not shown here), which is held in a cryo-
stat (Linkam-LT'S420) under a constant flow of nitrogen gas. The spotsize of the
unfocused light was measured to be 1.03 mm. The resulting photoluminesence
(PL) is collimated, filtered by use of a long- or short-pass filter at the appropriate
wavelength for the system under test, and focused onto the active area of the
amplified photo-diode (Femto OE-300-Si-30). The output signal of the diode is
fed into the lock-in amplifier (Stanford Research Systems SR860). The lock-in
measures the response of the photo-diode at the frequency of the chopper. This
detected light, in principle, is the PL of the sample, however; care must be taken
to remove any scattered light from the pump beam, a long-pass 550 nm filter
is placed in front of the diode to remove any scattered pump light. The pump
scatter can be evaluated by blocking the collection pathway near the sample,
such that any scattered pump light will reach the detector in the absence of the
PL. Here the pump scatter (with the laser set at the power corresponding to the
largest initial density used) was reduced to 100X the smallest photoluminescence
signal before taking measurements.

The initial density of excitons in the film (pg) is calculated from the absorbed
power (P.us), the laser spot-size (w), repetition rate (RR), film thickness (d),
photon energy (Epy,), and f, given by Equation 6.7.

Pabs

Tw?RRAE,, J (C1

Po =

C.3.2 Current-Voltage Characteristics

The current density versus voltage (J-V) curves of the devices (pixel area: 0.036cm?)
were measured through a shadow mask using an Ossila Solar Cell I-V Test Sys-
tem. The simulator was calibrated by a standard silicon reference cell certified
by the National Renewable Energy Laboratory.

C.3.3 Absolute Photoluminescence Quantum Yield

The absolute Photoluminescence Quantum Yield was measured on a Hamamatsu
Quantaurus-QY Absolute PL quantum yield spectrometer (C11347-11).
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Figure C.1: Experimental setup for measuring pulsed-PLQY on neat semiconduc-
tors and bulk-heterojunctions. fyp-lens of focal length 20 mm, FEL-550-long-pass
550 nm filter, AOM-acoustical optical modulator (chopper).

C.3.4 Thickness Measurements

The film thickness was measured from ellipsometry data (J.A. Woollam M-2000
Spectroscopic Ellipsometer). Samples used to measure ellipsometry data were on
cleaned and sonicated silicon substrates prepared under identical conditions to

those in Table C.1 and C.2, and Appendix C.2.2.

C.3.5 Index of Refraction Measurements

The index of refraction, used to measure Rprgr, were measured using the NK-
Finder code developed elsewhere [60]. The required transmission measurements
were performed using a Perkin Elmer UV/VIS/NIR spectrometer (LAMBDA
950).

C.4 Verifying Domain Size Measurements

C.4.1 Monte-Carlo Simulations

To investigate the exciton dynamics within a blended organic film a Monte-Carlo
hopping model was implemented. Monte-Carlo simulations were chosen as they
have been shown to accurately account for exciton dynamics within organic semi-
conductors and BHJs [118,155-157,249]. Furthermore, the use of Monte-Carlo
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simulations allows for the verification of experimentally extracted values under
conditions where physical quantities, such as diffusion length, lifetime, and do-
main size, are known precisely. The simulations were simplified to capture only
the relevant physics, such that the experimental procedure can be verified under
ideal conditions. First a cylindrical domain, with diameter specified as the do-
main size, of sufficient volume (V') to accommodate the input density was created
with nearest-neighbour spacing of dx. The lattice is then randomly populated
with NV excitons (N = pyV'). Once the lattice has been initialized the simulation
is evolved in time with a temporal step-size dt, defining the diffusion coefficient
as D = dz?/dt. The cylinder is given periodic boundary conditions along the
axis of the cylinder while the radius of the cylinder defines the donor acceptor
interface.

The inset in Figure C.2b indicates the various pathways an exciton in the
simulation can evolve. The orange circles indicate an exciton hopping to an
adjacent site along the major axes. The choice of site to hop to is given by the
Gillespie algorithm with equal probability for movement in each direction but
limited to nearest neighbor pairs, and a maximum hopping rate given by the
inverse of the temporal step size [250]. The amount of time the exciton occupies
this new site (the dwell time, Tpyen) is given by the total hopping rate away from
the site (I';) as Tpwen = 1'/I';, where T is a pseudo-random number generated
from an exponential distribution with unit expectation value and unit variance.
The probability of natural decay is given by the input natural lifetime (7) as dt /.
Therefore, after each dwell time a pseudo-random number on a unit interval is
generated, and an exciton decays naturally when this is smaller than the decay
probability. The green circles in the inset of Figure C.2b indicate exciton-exciton
annihilation, where any exciton within one lattice spacing of another will decay
nonradiatively such that Ry = dx. The final pathway for an exciton to evolve
is extraction, as indicated by the black circle and arrow. Extraction, in the
simulations, occurs when an exciton is > L/2 away from the central point of the
lattice. Once an exciton is extracted it can be re-injected back to the lattice point
from which it was extracted with probability defined by the energetic difference
between the charge-transfer state and the singlet exciton state (AEcr/s) as P =
kini/1 4 Kinj, kinj = exp [—AECT/S / kBT]. In these simulations AEcr/s = 1 eV,
while 7" = 300K to limit the effects of re-injection.

Once the system has sufficiently evolved in time the photoluminescence quan-
tum yield can be calculated as the ratio of excitons decayed via natural decay to
the initial density within the film. Figure C.2a shows the simulated normalised
np, for selected domain sizes. The black line indicates the expected shape of
Equation C.6 given the input dz, dt, and 7, which will be reproduced in the
case of an infinite domain [3]. Note that the smaller domains have more noise
in the simulated results due to increasing extraction from the domain, reducing
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the overall npy,. Each npr, verus py curve is then fit to Equation C.6 and Equa-
tion C.9 is used to calculate L. The results of this analysis are shown in Figure
C.2b, where the measured domain diameter is plotted as a function of the in-
put domain diameter. This analysis reproduces the domain diameter within a
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Figure C.2: Monte-Carlo simulations of domain size experiment on cylindrical
domain. (a) Normalized photoluminescence quantum yield as a function of ini-
tial density for selected domain diameters. (b) Domain diameter extracted from
the simulated experiment as a function of input domain diameter. Inset to panel
b-Cartoon layout of occupied and opposing domain lattice as well as various path-
ways for excitons to evolve in the simulation. Blue circles and lines indicate lattice
points within the occupied domain, red circles and lines indicate lattice points
in the opposing domain. Orange circles indicate hopping transport along ma-
jor axes, green circles indicate exiton-exciton annihilaiton, black circle indicates
extraction from occupied phase to a charge-transfer state. Periodic boundary
conditions are used in the vertical direction.
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reasonable error (for more information on error analysis see Appendix C.7.3).

C.4.2 Bi-Layer Measurements

To verify the efficacy of Equation C.9 and the analysis laid out in Appendix C.4.1
bi-layer thin films were fabricated using the spontaneous spreading method with
Y6 thickness varying between 18 and 75 nm [208-210]. The inset in Figure C.3b
shows a cartoon depiction of the bilayer film and the experimental conditions.
Y6 was chosen as the active layer while Ptb7-Th was chosen as the quenching
layer. These materials were selected as they have large difference between both
their respective x and IP levels, creating an efficient charge-transfer mechanism
at the interface for both channel I and II transfer, while the efficiency of FRET
transfer from Y6 to Ptb7-Th is very low and from Ptb7-Th to Y6 is high (see Ap-
pendix C.5.5), as well, the absorption of Y6 is much greater than Ptb7-Th at the
excitation wavelength (515 nm). These conditions result in most excitons gen-
erated being active in the Y6 phase before quenching occurs. Therefore, in this
particular system, the pump laser excites an exciton in the Y6 phase which dif-
fuses throughout the film, either decaying naturally or quenching at the interface
between the Y6 and Ptb7-Th, as indicated in the inset in Figure C.3b.
Pulsed-PLQY is used to measure the relative npp, as a function of initial den-
sity for each film thickness, Figure C.3b shows these data. Each data set is then
fit to Equation C.6 and Equation C.9 is used to calculate L. In the case of bi-
layers Equation C.9 is modified such that ngg = Lp/L x tanh [L/Lp]| to account
for quenching at only one interface [172,211]. Figure C.3¢ shows the resulting
optically measured thickness as a function of the thickness measured via ellip-
sometry. For each thickness there is agreement between the optical measured
thickness and the ellipsometry thickness within error. This experiment validates
the use of Equation C.8 in general and Equation C.9 for this particular system.
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Figure C.3: Bilayer puled-PLQY data. (a) Relative photoluminescence quantum
yield as a function of initial density for each thickness. (b) Optically measured
thickness of Y6 layer as a function of ellipsometry measured thickness. Inset-
schematic of the bilayers and experiment, green pulse indicates incident photon,
red pulse indicates photoluminescence from the Y6 phase, black circle indicates
exciton created in Y6 phase, white circles indicate excitons decaying either nat-
urally within the Y6 phase, or through quenching at the Y6 Ptb7-Th interface.
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C.5 Experimental Data

C.5.1 J-V Charactersitics
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Figure C.4: Current Density versus Voltage for devices with best PCE for each

system studied.
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C.5.2 Quasi-Steady-State Photoluminescence
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Figure C.5: Normalised quasi-steady-state photoluminescence of thin films. Red
line indicates placement of long- and short-pass filters utilised in pulsed-PLQY
data in Figure C.8.
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C.5.3 Absolute-PLQY

The absolute PLQY value for various neat semiconductors was measured on
thin films using a tunable wavelength, absolute PL. quantum yield spectrometer
equipped with an integrating sphere (Hamamatsu Quantaurus-QY C11347-11).
Figure C.6 shows the relevant spectra used to calculate npr, o for each neat semi-
conductor. The blue curve indicates the reference (pump) spectra utilising the
internal monochromator while the other colors indicate the absorption and pho-
toluminescence response from each neat film. The peak of the reference spectra
was set to the same wavelength as the pump wavelength utilised in pulsed-PLQY
experiments (515 nm).
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. —— ITIC, np. = 9.85e-03
10% 5 - —— PTB-eC9, np, = 1.38e-02
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Figure C.6: Absolute PLQY measurements for neat semiconductors.
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C.5.4 Pulsed-PLQY Data

Evaluation of Heavily Quenched Donor Phase

In the case of PM6:Y6 it is found that the fraction of absorbed excitons available
for EEA in the donor phase is 0.029, indicating that the density of excitons in this
phase is two orders of magnitude lower than that of a neat PM6 thin film with
similar thickness. When pulsed-PLQY was performed on PM6:Y6 BHJ with a
short-pass 750 nm filter in the collection pathway irreversible damage was caused
to the film at initial densities above 10® cm™3, as shown in the left panel of
Figure C.7. The right panel of Figure C.7 shows the pulsed-PLQY for the PM6
phase of PM6:Y6 up until these densities and that of neat PM6, the red dotted
line represents the expected behaviour for the system if the domain size is 10 nm
(as estimated from PL quenching). Tt is clear from these data that damage to
the BHJ film occurs at densities far below what is required to measure Pg and
hence the donor domain size of this system.
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Figure C.7: Pulsed-PLQY data on the PM6 phase of PM6:Y6 BHJ indicating
(left panel) the damage threshold for the experiment and (right) the measurement
capabilities of the apparatus under these conditions.
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Additional Data
Figure C.8 shows the pulsed-PLQY data collected on films of each system studied.
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Figure C.8: Pulsed-PLQY data on neat (black circles) and single phase of the
BHJ (red circles) of BHJ films with indicated short- or long-pass filters in the
collection path.

C.5.5 Forester Resonant Energy Transfer Rate and Radii

As described in Section 3.1.1, the rate of Forster Resonance Energy Transfer
(kpreT) from one molecule to another depends on the separation between the
molecules (r) and the FRET radii (Rprgr), defined as the distance at which the
FRET transfer rate and natural decay rate are equivalent

1 (R ¢
krrer = — | ——o ) (C.12)
70 r

where 7y is the lifetime of the molecule from which the transfer is occurring.
Rprgr is defined by the overlap integral between the emission and absorption of
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the two molecules. A commonly used expression to calculate Rpgrgr in nm is [97]

91n [10] 17 I{277PL70J ()\) 1/6
RFRET = [(m x 10 T s (013)

where N, is Avogadro’s number in mol™', x is the dipole orientation factor,
assumed here to be 2/3 corresponding to a random orientation of molecules,
npL,o is the absolute photoluminescence quantum yield of the occupied molecule,
A is the wavelength, n is the index of refraction, and J () is the overlap integral
defined as

T = /0 T e O)ME (M) dA, (C.14)

where F'(\) is the emission spectra of the molecule from which the transfer is
occurring (normalised to an area of unity) and € () is the attenuation coefficient
(in units of mol~*em™") of the molecules to which the energy is being transferred,
given by

(C.15)

where « is the absorption coefficient, M, is the molecular weight of the corre-
sponding molecule, and d = 1.2kg/L [97]. The index of refraction is taken as the
spectral dependence of the index of refraction weighted to the overlap spectra
J(A)
o0 4
() = fo €(A) )\JF (AN)n(A)dAa
(A)

Figure C.9 shows F()), €(A), and n(A) of the various films measured in Chapter
6, indicated on each plot is the relevant overlap area (black cross-hatched area),

the calculated Rprpr and the relevant djgo molecular spacing [186-188,190, 192,
212,251].

(C.16)
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Figure C.9: Calculation of FRET radii for (Top Left) PM6 to Y6 energy transfer,
(top right) Y6 to PM6 energy transfer, (center left) PM6 to BTP-eC9 energy
transfer, and (center right) BTP-eC9 to PM6 energy transfer, (lower left) Ptb7-
Th to Y6 energy transfer, and (lower right) Y6 to Ptb7-Th energy transfer.

C.5.6 Resistance-Dependent Photovoltage Measurements

The mobility measurements were taken utilising Resistance-Dependent Photo-
voltage technique [104]. The same pump laser as in the photoluminescence and
pulsed-PLQY experiments with the repetition rate reduced 3 orders of magnitude
using a built-in pulse picker. Data was taken on a Oscilloscope (Rohde & Schwarz
RTM3004) triggered by a fast-photodiode (Femto HSA-X). Identical apparatus’
has been utilised in prior publications to quantify the mobility through the tran-
sit time (t,) of the carriers as p = d?/Wyt,,, where d is active layer thickness and
Vi = 1.1 V [149,252]. Figure C.10 shows the data and analysis for the mobility
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measurements on PBDB-T:EH-IDTBR, PM6:ITIC, and Ptb7-TH:Y6, while SA
and AC BQR:PC7;BM were taken from reference [213], PCDTBT:PCgBM from
reference [253], and PM6:Y6 and PM6:BTP-eC9 were taken from reference [149].
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Figure C.10: Resistance dependent photo-voltage measurements for (top left)
PBDB-T:EH-IDTBR, (top right) PM6:ITIC, and (lower) Ptb7-Th:Y6 bulk-
heterojunctions.

C.6 Calculating Encounter Rates

Following the method outlined by Heiber et. al [112] the bimolecular recombina-~
tion rate is calculated as

q
ksim = _f(L>2Mg(L) (Mea Nh) ) (017)

€€

where ¢ is the fundamental charge, € and ¢ are the relative and vacuum permitiv-
ity, pte and py, are the electron and hole mobilities, f(L) is a single valued function

136



found from fitting simulated Monte-Carlo results M) is the generalised mean
of the electron and hole mobilities given by

L L 1/9(L)
( )"‘Ni( )>

e
Myr) (pte, pn) = 5 (C.18)

where g(L) is an additional single valued function found from Monte-Carlo sim-
ulations and digitised for use in this work [112]. Once kg, is calculated the
geometric reduction factor can be calculated as Yene = ksim /KL

C.7 Error Analysis

The errors in each quantity are propagated in the usual way and added in quadra-
ture.

C.7.1 Diffusion Length

The error in Lp (0y,) is dependent on the error in 7 (0., given by the fitting
error) and Ry (o, given as half the value of Ry) as

oL 2 /oL 2] '/?

D D

— — Nl

(877 UW) * (830 URO) ] (C.19)
1/2

1 (Lp_\* (Lp_ \°
OLp, = 5 [(’y_TU’YT) + (R—OO'RO> (CQO)

C.7.2 Exciton Quenching Efficiency

O'LD—

The uncertainty in the exciton quenching efficiency (op,) is taken as half the
difference between fittings to Equation C.5 and Equation C.6 resulting in the
largest and smallest Pg possible. Figure C.11 shows this analysis for a the PM6
phase of a PM6:Y6 BHJ film. The dark blue fitting results in the maximum value
for Ps while the cyan fitting results in the minimum value for Pg. The difference
between these results is 0.01 leading to op, = 0.005.

C.7.3 Domain Size

The domain size is calculated by finding the zeros of the function f(L), expressed
in Equation C.9, such that

f(L) = PS(’VTeff, ’aneat) - ndiff(L7 LD) =0 (621)
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Figure C.11: Example of error analysis shown for the Y6 phase in a PM6:Y6
system heterojunction thin film. The dark blue fitting results in the maximum
value for Ps while the cyan fitting results in the minimum value for Ps.

where Ps is given by the Equation C.8 and ngg = Lp/L X tanh[L/Lp]. To
find the error in L (¢7) Equation C.21 is implicitly differentiated such that the
uncertainty in f (o) is given by

(Uf)2 = (fPSUPs)Q - (fndiﬁandiﬂ)Q (022)
(C.23)

and the uncertainty in 7gqg is given by (o,)* = ((nais) ., ULD)2 + ((naig) , o1)%,
where the subscript notation indicates partial derivatives (f, = %). Solving for
o7, we find

1

(01)" = W (0p)" + (ops)* + ((ndiff)LD ULD)Q] (C.24)

oy is defined as the value of f(L) for L which minimises Equation C.9, op, and
o1, are defined in Appendix C.7.1 and C.7.2 respectively. Consolidating all these
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together results in the uncertainty in L

o = {7+ o+ (2
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Appendix D

Direct Quantification of Quasi-Fermi
Level Splitting in Organic Semi-
conductor Devices

D.1 Simulations

Figure 7.4

The parameters used for the electroluminescence and EM-PLQY simulations in
Figure 1 are shown in Table D.1.

Parameter Value

T 300 K

€ 3.4

Ny, N¢ 10%° m—
Lo p 107® m?/Vs

Donor IP 4.7 eV
Acceptor x 3.6 eV
Anode WF 4.7 eV

Cathode WF 3.6 eV
Sn,cata Sp,An 106 IH/S
Sn,ana Sp,Cat 10_50 m/s

d 100 nm

B 0.01k7, m3/s
G 6 x 10" m~?
Way 21 x 377 Hz

Table D.1: Simulated parameters used for simulating the data in Figure 7.4 and
D.1.

Figure D.1a shows the current-voltage characteristics, while Figure D.1b shows
the photoluminescence and current response from the simulated EM-PLQY under
one sun conditions (b). From the J-V curve, the Vo is 0.728 V and the Jg. is 9.5
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Figure D.1: Simulated (a) steady-state IV characteristics under artificial AM1.5
conditions and (b) device current and photoluminescence current as a function
of time, resulting from a simulated EM-PLQY experiment. Table D.1 shows
simulation parameters used.

mA /cm?. The current response from the EM-PLQY experiments is sinusoidal
centered around 0 with a RMS response of 0.8 mA /cm?. This corresponded to
a Vog = 0.723 V and AV = 6.5 mV, which were subsequently used to create
the steady state simulations in Figure 1. The PL response has a positive offset,
due to the steady state PL, overlaid with a sinusoidal response in phase with the
current. The RMS value for the PL current was given as 0.78 mA/cm?. From
these data the ngypr, is defined as:

Jpp™ (wo)

TEMPL = W x 100% ~ 98%, (D.l)

v
Wy)

since here all the bulk recombination is assumed to be radiative.

Figure 7.5

Table D.2 shows the parameters used to simulate the data in Figure 7.5. Here the
parameters are held the same as in Table D.1, except the surface recombination
velocity is raised for holes at the cathode while the cathode work function is
increased stepwise. This causes surface recombination to occur at the cathode
while the anode stays perfectly selective [232]. Further the external quantum
efficiency of the ideal simulation (nyuk) is assumed to be 5 x 107 leading to
Veul = Eq — kgT In [Braa Nv N /G] where Brag = moun3. Figure D.2a shows the
current-voltage characteristics for these cells. As the injection barrier is increased,
the Ve decreases due to surface recombination, while Js¢ is unaffected. Figure
D.2b shows the simulated quasi-Fermi levels at V¢ and indicates how the QFLS
is calculated for each case.
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Parameter Value
T 300 K
€ 3.4
Ny, Nc 1026 m=3
n.p 1078 m?/V's
Donor IP 4.7 eV
Acceptor y 3.6 eV
Anode WF 4.7 eV
Cathode WF 3.6,3.65,3.7,3.75,3.8,3.85,3.9 eV
Sp,An; Sp,Cat; Sn,Cat 106 Hl/S
Sh,An 107 m/s
d 100 nm
g 0.01kz, m3/s
G 6 x 10" m~—3
Wy 21 x 377 Hz
Mbulk 5x 1076

Table D.2: Parameters used for simulating the data from Figure 7.5 and Figure

D.2.

(a) 20

N
o

(mA /cm?)

= Voc =0.72 V,$, cat: 0 meV

Voc = 0.72 V,$p. car: 50 meV
Voc = 0.71 V,¢p, car: 100 meV
Voc = 0.70 V, ¢y, car: 150 meV
Voc = 0.69 V, ¢y, car: 200 meV
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Figure D.2: Simulated (a) current-voltage characteristics and (b) quasi-Fermi
levels at open circuit conditions for each electron injection barrier at the cathode
simulated using parameters in Table D.2 and shown in Figure 7.5.
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D.2 Calibration of Apparatus

D.2.1

The electroluminescence appa-
ratus shown in Figure 7.4a suf-
fers from a reduction in mea-
sured emission due to limita-
tions in geometric and spec-
tral light-collection efficiency.
In order to compensate for
this the absolute ngr, was mea-
sured with a absolute exter-
nal quantum efficiency appa-
ratus (Hamamatsu C9920-12).
These data are used to cali-
brate the home-built electrolu-
minescence apparatus (npe™)
for each device. Figure D.3
shows the ng;, measured by
the Hamamatsu and home-
built apparatus for the de-
vice with a PDINO/Ag cath-
ode (device 1 Table D.3) as
a function of injected current.
In this case the scaling factor
between the home-built and
Hamamatsu systems is 9.7 x

In Situ Calibration

104 ._._-o-—o—-:o—*—oo-o-o-o-oo--o-—u—-o-o
1 & !
i - EQERY
i . Jéé/11.5
g 105 : -~ EQER®Y - 9.7 -10%
-9 o 1
53] i -o- EQE2ps
1
i
o801 -G - —O-—-0-—-0-——0-——@
10»6_ :. :

0 20 40 60 80
Current Density (mA/cm?)

Figure D.3:  Electroluminescence exter-
nal quantum efficiency as a function of
injected current for (red) Hamamatsu
system (black) unscaled and (blue) scaled
home-built apparatus as shown in Fig-
ure 7.4. Device used here has structure
ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag
(device 1 Table D.3).

102. This factor is then used to scale the ngypr, measurement for the same de-
vice. This was carried out for each device and the scaling factors are shown in
Table D.3. In the case of device 7, no electroluminescence emission was measur-
able, so a scaling factor of 1 x 10® was assumed for the ngypr..
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D.2.2 Perturbation Strength

To verify that the current in-
jected by the modulated volt-
age is not strong enough to
significantly disturb the sys-
! tem, and possibly alter the
i hgh SOV QFLS, mempr, was measured
! varying the magnitude of the
! injected current modulation.
} Figure D.4 shows the nor-
1
|
|
T

%
¢
$

Normalized ngypy,
o
3y
1

malised 7gypr as a function

of the RMS value for the in-

T T T T jected current sine wave as

20 30 40 50

JRMS(%55.) a percentage of the short-
circuit current. Here the

Figure D.4: Normalised 7gypr, as  a optimised device architecture
function of the strength of the modu- | wasemployed and an illumina-
lating current. The device used here | tion corresponding to a mea-
is ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag | sured short-circuit current of
(device 1 Table D.3), and the illumination | roughly J4&™? was  chosen.

o
-
o

was such that the measured Jsc was approx- | There is less than 2% variance
imately J5M15 between the 1% and 10% Jsc

measurements indicating that
an injected current RMS of
0.1Jsc (indicated by the dot-
ted black line) is within the small perturbation regime and Equation 7.10 is
valid.

D.2.3 Modulation Frequency

To verify that the modulation frequency was slow enough to allow carriers to
recombine as they would under steady-state situation the ngypr, was measured as
a function of modulation frequency. Figure D.5 shows the normalised ngypr, as
a function of modulation frequency. There is no change in ngypr, for modulation
frequencies up to and 377 Hz, shown vertical grey line, above the frequency used
in the measurements shown in Figure 7.7 and 7.8.

144



} 1.09 ¢------ 0o -o-® ort e
o I .
2 : ‘o\
g I *
g i
5 |
g 1
[ 1
Qo 1
Z I

0 i

100 1000

Modulation Frequency (Hz)

Figure D.5: Normalised ngypr, as a function of modulation frequency. The device
used here is ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag (device 1 Table D.3), and

the illumination was such that the measured Jsc was approximately Jgh-5

D.3 Devices

D.3.1 Measuring VZ%!

As outlined in Section 2.3.1, the radiative limit of the Vo can be calculated from
the photovoltaic external quantum efficiency (EQEpy,) as:

ksT . [ Jon
Vi = = In | 2P 41 D.2
0C P nljéad‘i‘], (D.2)
Jon = ¢q / EQEpy ®sundFE, (D.3)
Ey
Jiad = ¢ / EQEpy ®ppdE. (D.4)
Ey

Where Ej is typically the lower energy limit available from the measurement of
EQEpy. Figure D.6 shows the sensitive EQEpy, as a function of photon energy
and calculated VE! as a function of the lower integral limit for the device with a
PDINO/Ag cathode (device 1 Table D.3). In the case of sensitive EQEpy where
midgap trap states are present, the V3% measurement is taken from the onset of
mid-gap trap states (1.05 eV) and is found to be 1.077 V, as described in previous
works [107].

D.3.2 Device Architectures

Table D.3 lists the device cathodes and measured photovoltaic parameters, as
measured under artificial one sun (AM1.5). Each device has the structure
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Figure D.6:
photon energy (green),
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Photovoltaic external quantum efficiency as a function of

and calculated radiative Vpc limit as a func-
tion of integral lower limit

ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag (device 1 Table D.3).

(blue).

Device used here has structure

ITO/PEDOT:PSS/PM6:Y6/cathode, except for device 7 which has the structure

ITO/PM6:Y6/Ag.
Device Cathode ‘(8? (m AJ;SmQ) (1?7].3 P()(%])E Scaling Factor
1 PDINO/Ag | 0.847 23.8 75.8 | 15.3 9.7 x 10°
2 PFN—Br/Ag 0.849 23.7 74.9 15 1.8 x 103
3 Ca/Al 0.821 21.7 70.6 | 12.6 1.7 x 103
4 Ag 0.787 24.2 68 13.0 1.7 x 103
5) Cu 0.667 22.1 60 9.0 1 x 10°
6 Al 0.545 16.2 59.4 | 5.2 1.3 x 103
7 No Interlayers | 0.325 21.0 39.5 | 2.7 1 x 10

Table D.3: Device properties of devices used in Figure 7.1, 7.7, and 7.8. Devices
1 through 6 have structure ITO/PEDOT:PSS/PM6:Y6/Cathode, device 7 has
structure ITO/PM6:Y6/Ag. Scaling factor is worked out experimentally for each
device as described in Appendix D.3.1.
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D.4 Materials

Chemical Definitions

e PMG6: Poly(3, 4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS); poly[(2, 6-(4, 8-bis (5- (2-ethylhexyl-3-fluoro)thiophen-2-
yl)- benzo[1, 2-b:4, 5-b'| dithiophene))- alt-(5, 5-(1,3'-di - 2 - thienyl- 5,
7'-bis (2-ethylhexyl) benzo [1’, 2'-c:4’, 5'-¢/] dithiophene-4, 8- dione)]

e Y6: 2,2-((27,2'7)-((12, 13-bis (2-ethylhexyl)-3, 9-diundecyl-12, 13- dihydro-
[1, 2, 5] thiadiazolo [3, 4-e|thieno[2”,3":4’,5'] thieno [2/,3":4, 5] pyrrolo [3, 2-
g] thieno [2', 3":4, 5] thieno [3, 2-b] indole-2, 10-diyl) bis(methanylylidene))
bis(5, 6-difluoro-3-oxo-2, 3-dihydro-1H-indene-2, 1-diylidene)) dimalononi-
trile

e PDINO: 2, 9-Bis [3-(dimethyloxidoamino)propyl] anthra [2, 1, 9-def:6, 5,
10-d’e'f’] diisoquinoline-1, 3, 8, 10(2H, 9H)- tetrone

PEDOT:PSS was purchased from Heraeus. PM6, Y6, and PDINO were pur-
chased from Solarmer. ITO was purchased from Kintec Company.

Device Fabrication

Commercial patterned I'TO coated glass substrates were cleaned in deionize water,
acetone, and 2-propanol by sequential sonication for 10 minutes. The cleaned
substrates were first dried by nitrogen and then baked on hotplate at 110° C
for 10 minutes. Afterwards, the substrates were treated in a UV-Ozone cleaner
(Ossila, L2002A2-UK) for 20 minutes before the deposition of hole transport layer.
PEDOT: PSS solution was diluted with the same volume of water and then cast
at 4000 rpm on ITO substrate to form a 10 nm film. Then, all the substrates
were transferred into a glovebox to deposit the active layer and cathode. PM6:Y6
was dissolved in a 16 mg ml-1 CF:CN (99.5:0.5) solution with a donor: acceptor
ratio of 1:1.2, and spin-coated at 3000 rpm to form 100 nm active layer. PM6:Y6
films were then thermal annealed at 110° C for 10 mins. Afterwards, PM6:Y6
solar cells with different cathodes were fabricated as shown below:
ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag: 1 mg ml-1 PDINO solution was
spin-coated on PM6:Y6 film at 2000 rpm to form a 10 nm film, and 100 nm of
Ag was evaporated as the top electrode.
ITO/PEDOT:PSS/PM6:Y6/PFN-Br/Ag: 0.5 mg ml-1 PFN-Br solution
was spin-coated on PM6:Y6 film at 3000 rpm to form a 2 nm film, and 100 nm
of Ag was evaporated as the top electrode.
ITO/PEDOT:PSS/PM6:Y6/Ca/Al: 5 nm of Ca and 100 nm of Al were
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evaporated as the top electrode.
ITO/PEDOT:PSS/PM6:Y6/Ag: 100 nm of Ag was evaporated as the top

electrode.
ITO/PEDOT:PSS/PM6:Y6/Cu: 100 nm of Cu was evaporated as the top
electrode.
ITO/PEDOT:PSS/PM6:Y6/Al: 100 nm of Al was evaporated as the top
electrode.

ITO/PM6:Y6/Ag: Specifically, for ITO/PM6:Y6/Ag device, the pre-cleaned
ITO substrates were treated in a UV-Ozone cleaner (Ossila, L2002A2-UK) for 20
minutes and transferred into glovebox to deposit PM6:Y6 active layer. Then 100
nm PM6:Y6 active layer was spin-coated on I'TO substrate and thermal annealed
with the same recipe as above. Afterwards, 100 nm of Ag was evaporated on
PM6:Y6 active layer as the top electrode.

D.5 Error Analysis

The three primary sources of error in the calculation of AVSE are the sample
temperature, the lock-in current (Jpoecin), and the oscilloscope current (Josc)-
The errors are worked out in the standard way and added in quadrature.

O (AVYR)\? & (AVYR)\? O (AVYR)\?
A (AVARY — | [ A7Z2220C) A A roc) AJoy m—20C ) )
( VOC) \/ ( T ) + ( JLock-in DT ) + ( Josc Do )

(D.5)

Where the error in the lock-in is quantified as the background signal measured by
the lock-in when the laser is on but no voltage is applied to the device for a given
lock-in time constant, the error in the oscilloscope was estimated to be 5 pyA for
EM-PLQY measurements and 100 pA for electroluminescence measurements, the
error in the temperature is assumed to be 5° K.
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Appendix E
Transfer Matrix Modelling

To model the generation inside an active layer of a solar cell one must model the
electric fields propagating both left and right inside a stack of dielectric layers
making up the cell. The incident electric field must first pass through an inco-
herent glass layer (meaning that the glass is thick enough that there is no phase
relationship between the left and right propagating electric fields) proceeded by a
stack of coherent dielectric layers each with a thickness d; and complex refractive
induces 7; = n; + ik;. Figure E.1 shows a schematic depiction of such a stack
of layers. For any wavelength (\) the intensity of light on the active layer (/(z))
can be written as:

[(l’, )\) = [O(A)T(airﬁglass) ()\)T(glassﬁstack) ()\)Inorm<x7 )\) (El)

In which I is the
intensity of light

on the glass layer, :

. Incoherent 5 Iny o Active Layer
T(air—>glass) is the E+ Glass Layer 3 3 |3 Layer " gt
trz?nsmission f:oef- \/0 RN - |° i (Layery) \}
ficient of the inco- (glass—stack |

< e {ax) |-
herent glass layer, Rt gtace)
T ic the | | « « « v v v . >
(glass—)istac.k) is the o -

transmission coef- E; R (glass—sstack P
ficient of the co-
herent stack, and g S
Imo™(z) is the nor-
malised intensity | Figure E.1: Dielectric Stack representing solar cell. Light
at each point in | is incident from left side on incoherent glass layer. Stack
the active layer. | is made up of m layers with active layer at layer k.
Each layer will have

an associated trans-

fer matrix (P;)

and interface matrix (I;_;11), corresponding to the electric field propagation
through layer 7 and between layer j and 7 + 1 respectively. The transfer matrix
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for the entire stack can be written as:

cack m Sstack Sstack

stack __ _ 0,0 0,1

S - E :PjIj—>j+1 - Sstack Sstack . (E2)
i—0 1,0 1,1

Which can be used to calculate the total reflection coefficient from the stack:

stack 2

1,1
stack
SO,l

Rstack = (EB)

E.1 Incoherent Glass Layer

To model the intensity of light entering the dielectric stack consider the two walls
of the incoherent glass layer. The incoming intensity [y will pass though the left
interface with transmission of T{ai—sglass), Propagate through the glass, reflect off
the right interface with reflection of R(glass—stack), Propagate to the left interface
and reflect again with reflection R(ajr—sglass)y and so on. The intensity of light
transmitted by the glass can be calculated from the infinite series:

2

T(glass—)stack) = T(air—>g1ass) [1 + R(glass—)stack) R(air—)glass) + (R(glass—>stack)R(air—)glass)) o

(E.4)

T(air—>glass)

(E.5)

T =
glass—stack) .
1- R(air%glass) R(glassﬁglass)

While the transmission and reflection coefficients from air to glass can be written:

T l _ 2najrnglass COS(¢i) COS(¢g]aSS) : (E 6)
(air—glass) ﬁair COS(nglass) + ﬁglass COS(¢@') 7 |
o i cOS(Be) — s c05(6) [ (E7)

(air—glass) Tair COS(¢glass) + Ngtack COS(¢¢) ’ ‘

where ¢; is the angle the incident light makes with the glass layer and ¢gass 1S
the angle of transmission of the incident light into the glass layer.

E.2 Coherent Stack

As each layer in the stack is on the order of the wavelength of light, as such right
and left propagating electric fields within each layer will preserve their phase
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relationship and interfere accordingly. Under these conditions the phase and
interface matrices in each layer is given by:

e_igjd]' O
P, = [ 0 Jiids | (E.8)
1 1 Tjosj
L1 = A E.9
T [Tj—>j+1 1 (E9)

where the phase change is given by &;d; = 2rg;d;/\ (§; = /72 — 72 sin (¢)). ¢
are r are the complex Fresnel reflection coefficients which, in the case for purely
p-polarized waves, are given by:

niq54+1 — 151145

rony = 2% T n (E.10)
J—3+ n?Qj—&—l‘l’n?JAQj
NN +1G5+1
by = i E.11
N i+ .
G = 7 cos (¢;) = [2 — A sin (60)] ", (E.12)

where ¢; is the incident angle of light arriving at the left side of surface j and ¢
is the angle of incident light on the left glass surface. The stack can be divided
into two sub-stacks, the first starting from layer 0 and running until the interface
on the left side of the active layer, the second starting at the right interface of the
active layer and running until the right hand side interface of layer m (as shown
in Figure E.1). The normalised electric field (Ej(z)) and the energy dissipation
(Q(z)) within the active layer are given by the transfer matrix in the first (S’)
and second (S”) sub-stack.

Ek(x) _ 5670/>< e/>/<p [—Z£k<dk .— SC)] + Sé,’o >j/ exp [—ka(dk — 33')]7 (E13)
0.0900 X exp [—i&edy] + 55157 X exp [—i&pdy]
1 . 2
Q(r) = 5 CEOkT Ik Ek(x)‘ ) (E.14)

where the absorption coefficient is given by a = 4wk /.
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Get wavelegnth range, spectrum, dj, and n(X) from file

E.3 Simulation

| 5 [«

Figure E.2 shows the flowchart Calc S, Tair glasss Rairsglasss Rstack [€——]
for this program, the user in-
put is the thickness and spec- Cale S/, §" Increment
tral dependent complex refrac- AA
tive index of each layer in the ¢
stack. The program then loops Calc Q inside active layer
through each wavelength cal-
culating the generation at each ¢
pOSitiOIl for that Wavelength. Save G vs position within active layer
The total generation at each
position is then given by: Figure E.2: Flowchart for Transfer Matrix
Modelling program
Aend s
Grotal () = Q(x, \;)—d\;.
Astart he
(E.15)

The output file saves the Goai(x) and the position within the active layer for
each input wavelength.
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Appendix F
Monte-Carlo Modelling

To model the exciton dynamics within an organic semiconductor a Monte-Carlo
hopping model using a gaussian density of states, Miller-Abrahams hopping rate,
and a Gillipse algorithm was created incorporating exciton-exciton annihilation.
The inputs to the program include the initial density of excitons (po), the diffusion
constant of the lattice (D), the natural (low density) lifetime of the excitons (7),
the temporal step size of the simulation (dt), the gaussian disorder in the lattice
sites (04), and the minimum number of excitons required in the simulation (Np).
The flowchart for this program can be seen in Figure F.1, and can be divided into
three sub-sections initialising the lattice, populating the lattice, and evolving the
system in time.

F.1 Initialising the Lattice

The spacial distance between sites is calculated from diffusion coefficient and
the natural lifetime as dr = v/6 D7, and dimensions are generated for the given
geometry of the simulation.

1. Infinite Thin Film In the case of an infinite thin film (such as those
simulations used in Chapter 5) the z dimension is considered the thin di-
mension, defined by an input parameter z,,, and has reflecting boundary
conditions, while the  and y dimensions are considered infinite and have
periodic boundary conditions. The size of the lattice in the z direction is
calculated as z = 2y, /dx. The x and y dimensions are then calculated from
po, N, and z as x =y = \/No/poz(dz)3

2. Limited Cylindrical Domain In the case of a single cylindrical domain
(such as the simulations laid out in Chapter 6) the z-dimension is considered
infinite with periodic boundary conditions while the x and y dimensions
form a cylindrical plane of a radius defined by an input parameter r, which
defines the size of the x and y dimension of the lattice (x =y = r/dz). The
size of the z-dimension is then calculated as z = Ny/pory(dx)3

Once the dimensions have been defined, a lattice is generated with the total
number of sites equalling N = xyz, where the energy of each lattice site is defined
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from the gaussian density of states expressed by the disorder. The hopping rate
between site ¢ and site j can be defined from Miller-Abrahams rate:

AFE;;
exp [— ”} JAE; >0
Fij = Vyexp [—’77’1'3'] ksT J s (F].)
1,AE; <0

where AE;; is the energetic difference between site 7 and j, v is the maximum
hopping rate given as the inverse of the temporal step size, 7;; is the distance
between sites, 7 is the inverse localisation radius, stating how well the carriers
can tunnel between sites. The total rate for a carrier to leave a site is given by
the sum of all the possible pathways away from this site.

k
Ii=> Tu. (F.2)
1

F.2 Populating the Lattice

Once the lattice is created Ny excitons are placed at random on the lattice by
generating Ny pseudo random numbers. This can be done simply with equal prob-
ability of generating a number between 0 and N for an even distribution. Addi-
tionally this can be done for any desired distribution; for example the distribution
injected from a Gaussian laser spot would form a Gaussian distribution, which
can be simulated by generating Ny random numbers on a normal distribution
with standard deviation equal to the laser spot-size. In the algorithm established
here this is accomplished via the use of the Marsaglia Polar Method [254].

F.3 Evolving in Time

The amount of time an exciton spends on each lattice site (the ‘dwell time’) is
given by the total hopping rate away from the site:

Towell = 1/Ts. (F.3)

Where T is a pseudo-random value generated from an exponential distribution
with unit expectation value and unit variance. As shown in Figure F.1 evolving
each exciton in time consists of 4 possible routes, during each time step for each
exciton the program checks:

i If the exciton is already decayed; ignore and move onto the next one.
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ii If any of the nearest neighbours are occupied decay this exciton via exciton-
exciton annihilation. This is considered a non-radiative decay event.

iii In the case where excitons can be extracted and reinjected at an interface.

(a) Check if exciton is on border and extract.

(b) Check if exciton is extracted and calculate probability of reinjection. If
pseudo-random number generated is less than the probability of reinjec-
tion, then reinject the exciton.

iv Generate a pseudo-random number between 0 and 1. If this is less than dt/7
decay this exciton radiatively.

v If the dwell time has passed move the exciton via the Gillipse algorithm (see
Appendix F.3.1).

This algorithm runs until the all excitons have decayed.

F.3.1 Gillipse Algorithm

In the Gillipse algorithm the probability that an exciton will move from one site
to another (P,;) is given by the ratio of that sites hopping rate to the total rate
away from the site as

T

P, ==2. F.4

T (F.4)

While the selected site to hop to (j) from site ¢ is decided by generating a pseudo-
random number (z) between 0 and 1 and finding j such that

J
Zpil <z (F.5)
1=0

In this case the excitons can move along any of the major axis meaning that the
total number of pathways away from each (non boundary) site is 6.

F.3.2 Extraction and Reinjection

In the simulations used to calculate the domain size, described in Chapter 6,
excitons on the edge of the domain can be extracted from and reinjected into the
primary phase being simulated. If the position of the exciton away from the center
of the lattice is larger than the simulated domain size, then the exciton is au-
tomatically extracted from the lattice and is considered decayed (non-radiative).
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The probability for reinjection into the lattice is given by kinj/(kin; + 1) where
AEin'
Kol

AL, is the energetic barrier to reinject an exciton into the lattice, ultimately
determined by the energetic difference between the singlet exciton and the charge
transfer state.

Finj is the rate of re-injection into the lattice, give by ki, = exp [— ] where

F.4 Scaling of Algorithm

There are two parts to the scaling of this simulation, the one is the creation of
the lattice and the other is the temporal evolution. The lattice requires creat-
ing Tpim¥Ypim2Dim points each with a site energy, hopping rates, and occupation
number (each represented by a vector class in C++4), therefore this part of the
algorithm scales polynomially with N. Apart from this the size of each vector
grows with NV, leading to memory issues at low densities (large lattices). To cir-
cumvent this issue the Sunbird supercomputer was used to run these simulations,
allowing for a drastic increase in memory as well as each density to be run on
parallel processors. This creates the need for each density to be run on a separate
‘stream’ on the lattice, such that excitons from other simulations do not interact.
This increased the size of memory taken up by the lattice but decreased the time
the simulations take. To attempt to decrease the time taken to implement the
lattice, ‘on-the-fly’ Monte-Carlo was implemented. In this algorithm no quantity
is calculated unless it is necessary; for example, the hopping rates of various lat-
tice points may never be calculated if it is never occupied by an exciton. The
temporal evolution of the system requires multiple checks for each exciton on the
lattice and therefore also scales polynomially with N.

F.5 Physical Parameters

Once a particular simulation has been completed various quantities can be saved
as outputs such as the route and exciton takes through the lattice, the start
and end coordinates of each exciton, the time and type (radiative, annihilation,
extraction) of decay each exciton undergoes, or the overall npy, of the simulation.
From these quantities the various outputs of the simulated experiments described
in Chapter 5 and 6 can be computed and saved. The effective diffusion length
Lp s can be calculated for an ensemble of electrons from the Euclidean distance
travelled by each exciton (L;) as

LD,eff =
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which will converge to the input diffusion length (Lp input = V2mDT, where m
is the dimensionality) in the low-density limit.
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No-Minimum number of excitons on lattice, V-Volume of lattice, EEA-exciton-exciton annihilation, RAND-pseudo-

T-natural exciton density, D-diffusion coefficient, o4-disorder parameter, dt-temporal step size, zn,-film thickness,
random number between 0 and 1, ¢-simulation time.

Figure F.1: Flow chart for multiple exciton time resolved photoluminescence simulations. p-initial exciton density,



Appendix G
Drift-Diffusion Modelling

The purpose of the drift diffusion model is to solve for the electron and hole
concentrations and electric potential across the active area of a device contingent
on the applied voltage at the contacts and the charge generation occurring within
the active layer of the device. Once the carrier concentrations and potential
are determined, observable values, such as device current or photoluminescence,
can be calculated and compared to experimental results. This is achieved by
discretizing the active area and simultaneously solving the Poisson and continuity
equations in and between each voxel [255]. The poisson equation in a material of
relative permittivity €, can be found from the internal electric field(F)

d d

%EEOF =p = —%% (G.1)
d? q
_dxﬂ} R [p—n]. (G.2)

Where p is the total charge density, v is the electric-potential, n (p) is the electron
(hole) densities within the device, ¢ is the elementary charge, and ¢ is the vacuum
permittivity. The continuity equation can be found from Maxwell’s addition to
Ampere’s circuit law

d

d
T+ g (p—n)=0. (G.3)

The net generation-recombination rate of free electrons and holes occurring within
a device is given by the difference between the sum of the intrinsic (3n*?, where n*
is the intrinsic carrier density) and external (G) generation, and the bi-molecular
recombination of electron-hole pairs (Snp). The recombination constant (3) is
defined as a multiple of the Langevin recombination

B = Bokr = ot (1 + ) o < 1 (G.4)
From this the continuity equations for electrons and holes are found separately
1d d *2
gaJn—En:— (G — B (np—n™)], (G.5)
1d d 9
-—— L+ —=p=G— —n*7). G.6
s P B (np —n*?) (G-6)
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Where J,, (J,) is the electron (hole) current density within the device. Which
can be related to the carrier diffusion coefficient (D,,/,) through the drift-diffusion
equations

J, = qnu, F + qD,, (G.7)

d
dxn’

d
Jp = qpppF — qDp— P

Where the diffusion coefficient is given by the generalised Einstein equation

(G.8)

Dyjp = un—/pkBT (G.9)
q
Simultaneously discretizing and solving the Poisson (Equation G.2), and the con-
tinuity equations (Equation G.5 and G.6) in one dimension will lead to solutions
to the electron and hole densities across a device for a given set of boundary
conditions [255-257].

G.1 Discretizing and Solving the Poisson equa-
tion

To discretize the poisson equation consider the electric potential on site z; (1;).

The electric potential between sites x; and x;,1 will be dependent on the potential

at site x; and the derivative away from this site. Taylor expanding the potential
at the site z;41/2, using step sizes of Az

Ax d Ax? d? Az d®

4
, e e T T e T . 1
Yivije = i+ dwwﬁ— n de”L S d$31/12+0(h) (G.10)
Taking the derivative at z =i+ 1/2
d Az d* 3Az? &3
2o T 11

Likewise, at © =i — 1/2

A, Bed A&
dx ™" 2 dx2"' 4  dx3

Truncating and using these results the Poisson equation (Equation G.2) can be
written as

d
%%71/2 = ;. (G.12)

da ¢i+1/2 - %%71/2
Azx

L= rom)=2mi-pl.  (G13)

de
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Taking the difference between ;.1 and ; to obtain d%wiﬂ /2, Equation G.13 can

be written » g W+
it1 — 2V + Vi q
;= =Z[n; —pl. G.14
dx2 ( : ZE)2 € [n p] ( )

These expressions can be normalised using ¢; = U/ Vin, Vin = kgT/q, T = z/d,
Az = Ax/d, n=n/Ny, p=p/Ny, Ng = €6oVin,/qd? to

Viv1 — 20 + i1 = (AT [ — pi] (G.15)

Equation G.15 is known as the Normalised Discretized Poisson Equation.

Starting with an initial guess of 1, n, and p across the active area, an iterative
approach (over the variable k) can be used to minimise the energy across the active
area for a given set of boundary conditions ¥_; and 4. Under these conditions
@Zf“ = @f + 61b;. The ¢ dependence of the electron and hole concentrations can
be approximated as

n; (&f“) = ﬁieiﬁwka

AETl = ket ~ Rk (14 o),
pi (0FF) = pie?t 0,

Pt = e’ ~ g (1= 69).

Applying these conditions to Equation G.15

R = 200 I = (AR)? [AF (14 69) — 5 (1= 69)] (G.20)
— (A7) [nk (1 P &f) —pF (1 — gt 4+ &fﬂ :
(G.21)

Which can be rearranged to read

VIR = 24 (A2) (A +5F)] + o 0 = (M) (Rf + B7) — (A2)" (7] + ) OF.
(G.22)

Equation G.22 expresses the terms of @/?f“ in terms of 7} and pF. Expressing
Equation G.22 for each point (0 < i < N) as a matrix results in

_ e E+17] 7
alg 1 ... 0 ~%+1 blg —
1 a¢ 1 - 0 T bi
1 a’; :
_ ' : (G.23)

0 - 1 a1 |gin b

k N "
_0 R | af | i ]12[4-1_ _bﬁ_¢N+1_
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where
ok == (24 7) () e
bf = (AZ)Af — (AZ) pF — (AZ) (f + pF) . (G.25)

Diagonalizing this matrix and iterating over k allows for the minimisation of the
overall energy to a given tolerance. Concurrently, the energetics of the electron
and hole densities must be minimised as well via the continuity equation.

G.2 Discretizing and Solving the Continuity Equa-
tions

To discretize the continuity equations consider the current moving between two
sites 7 and 7 + 1 as Jy|;+1/2. In general, the electron current density is given by

d d
In(z) = —qnun%w(x) + an%n(x). (G.26)

Expanding this expression to second order around a point ;1o

T (& = (4 A2/2)) (1) + O (2a?)

; . (G.27)
= —qnpn (@) + Do —n(2),
d d d
it 0(2) — D (@) ~ () + (o (21 A /2) (1) o
(G.28)
over the interval x C [l‘i, x;41] this has solutions [257]
In |z+1/2 = A [ <1/Jz+1 %) Ni41 — B (wz - 1/1i+1) nzi| ) (G-29)
where y
B(y) = . (G.30)

ey —1

The normalised discretized version of equation G.5 can be written as

L 5B (Din = i) ity | B (i = i) + B (= i) | it

(AE)? L
B(i& 11— %) n;_ 1}:é—5<ﬁfﬁi—ﬁ*2>+n Atf”l"
(G.31)
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where 77! is the electron density from the previous time step. Rearranging this
for known and unknown terms

S N\2
b o —ah )Rt — Jy. — 2 Jy. — 2 Bt 4 At
B <¢z—1 ¢Z) n;_4 B <¢z ¢z+1> + B <¢z ¢z—1> + ﬂn {sz + Ag} n;
. . A’ [~ 4 !
B iy — Ui ) gy, = _{ G + B + — ~] ,
+ <1/)+1 ¢>nz+1 7 [ + R+ i
(G.32)
creates a systems of equations that can be formulated into a matrix of the form
ok ko o 1A [d—BCq]
Boah & 0 aytt di
0 o5 adb : :
. ' = ' . (G.33)
0 bhoy @y O ﬁﬁﬂ dr_,
i 0 e 2 a]:L ] _ﬁf;rl_ dﬁ _ BCd
In which
SN2
. — ~4_ ~. ~4_ ~. ~~.t _
a; =B (1/11 ¢z+1> + B (1/11 %_1) + ﬂn {5 i+ Af}’ (G.34)
bi=-B <1/~1i+1 - @@) ; (G.35)
¢ =-—-B (@Zi—l - @Z)z> ) (G.36)
(Ax)g [ B %2 ﬁt‘_l}
di — = G + * + . ~ ) G37
= BT+ — (G.37)
- N Ax)? -
Ay = B (djd - 1/Jd—1) + ( = ) Sn,catha (GSS)
fin
Ar)? -
BC, = ¢ ;) Srvanfio, (G.39)
Ax)? .
BCd = ( ~x) Sn,cathﬁn- (G40)

In which ag, ay, by, co, 1o, and n,, have forms that depend on the boundary condi-
tions laid out in Appendix G.3. S, 4,/ are the surface recombination velocities
discussed in Section 3.2.4. By diagonalizing Matrix G.33 one can find #**! in

terms of the known terms ¢**1. By iterating between the Poisson and continuity
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equations one can minimise the energetics of both expressions to an arbitrary
tolerance. Thus obtaining the electron and hole concentrations and electric po-
tential across the device for a given boundary condition. Figure G.1 shows the
flow chart for the of the program.

Likewise, the hole continuity equation can be discretized to obtain

(42)

B (1@ — &i—l) Pi1— | B (7;1'—1 — 1@) + B (&i—i—l — &z) + i {Bﬁz + Aif} P;
+B (i = i1 ) s = —% [C?‘ + B + %1
(G.41)

from which a Matrix similar to G.33 can be formed.

G.3 Boundary Conditions

In OPV-based solar cells the
conduction level is defined by
the acceptor y while the va-

lence level is defined by the Get input and device parameters from file
donor IP. The effective energy + W i
K2 k2
gap is described by the dif- Set guess for ;,n;,p; nt — ni™t
1 t—1
ference between these values ¢<— P; = P
EG - IPDonor — XAcceptor (See A
Figure G.2). While the anode Calculate ;" ,n;+",6¢;,8n
by diagonalizing matrices

is held at zero potential the
potential boundary condition
at the cathode will be given
by the difference between the
applied (V') and built in (Vi)

voltage

dp<tolerance
dn/p <tolerance

| Calculate Jn,J,,,E t+ +

d

/0 F(a,t)de =V — Vi Figure G.1: Flow Chart for Drift-Diffusion
(G.42) Algorithm

Surface recombination oc-

curs when there are non-

radiative pathways for carrier

recombination near the contacts. The charge carrier current can be described by
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a kinetic model with a surface recombination velocity (Snm An /Cat) at the cath-
ode and anode, given by the product of the carrier thermal velocity through the
lattice, the capture cross section, and the density of pathways at the contact-
semiconductor interface [43]. The density of carriers generated at the various
contacts defines the electron and hole density boundary conditions, given by
thermonic emission theory as [258,259]

Nan = Noexp (—¢nan/ksT), (G.43)
ncar = Ne exp (—én,ca/ksT) (G.44)
Pan = Ny exp (—¢pan/ksT), (G.45)
Pcat = Ny exp (—¢p,Cat/7€BT) . (G.46)

The electron or hole current flowing between the semiconductor and the anode
or the cathode are given by the difference between the carrier concentrations at
the device interface (n(0,d)/p(0,d)) and at the contact (nan/cat/Pan/cat)

In,An = @Sn.an (N(0) — nan) , (G.47)
Jp.an = —qSp.an (P(0) — pan) » (G.48)
In,cat = —@Sn,car (N(d) — ncat) (G.49)
Jp,Cat = QSp,Cat (p(d) - pCat) ) (G-50)

which defines the boundary conditions for J,, and J,, and therefore those given
in Equations G.39 and G.40.

G.4 Calculating Physical Quantities

Once the electron and hole densities have been calculated, measurable quantities
can be calculated. The time dependent total current can be calculated as

1 e ov
Jlt) = = / (ot ) da+ <22 (G51)
0

Photoluminescence (PL) can be calculated as

d
PL = fr/o pn(x)p(x)dz, (G.52)
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where f,. is the proportion of recombination that is radiative. The conduction
and valence levels (E¢v) and quasi-Fermi (Fg, /) levels can be calculated as

The spacial dependence of the quasi-Fermi level splitting can be calculated as
EQFLs(LU) = EFn(l’> — Epp(l’) (G57)

In general, the Vo is given by the difference between the anode and cathode
quasi-Fermi levels, which, in turn, takes the form [232,236]

Voo = B (d) — By (0). (G.58)

Where the electron and hole quasi-Fermi levels are given by equations G.55 and
G.56.

Figure G.2: Energy levels used to calculate the conduction and valence levels as
well as injection barriers at the anode and cathode. d-junction thickness, WF-
work function, ¢-injection barrier, Vj;-built in voltage, y-electron affinity.
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