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Abstract

Both organic photovoltaics (OPVs) and perovskite solar cells (PSCs) are gaining attention
due to their fast-growing power conversion efficiency (PCE) and potential for indoor or
aerospace applications. However, this success is based on semi-empirical choice of specific
molecules and interfacial optimization, where performance origin is still partially unknown.
Especially, systematic understanding of molecular-structure-dependent energetics and energy-
level alignment in organic/hybrid interfaces is highly needed. In this thesis, fine-tuned packing
in different organic molecules and interfacial energetic alignment in perovskite/hole transport
layer (HTL) interface is extensively studied, combining ambient photoemission spectroscopy,
surface photovoltage, and computational simulations.

Firstly, in OPV materials, various molecular structures and packing motifs are investigated,
analyzing the correlation with their energetics and trap distribution. For high-performance
non-fullerene acceptors (NFAs), molecular rigidity originated from side-chain design is
shown to determine energetic disorder and trap formation. Besides, due to strong electric
quadrupole moments, NFA energetics is tuned by packing-orientation control in thin films.
The impact of packing-dependent energetic shift is further shown to govern recombination
loss and device open-circuit voltage (Voc). This energetic analysis is also extended to
bulk heterojunctions, as demonstrated in polymer:fullerene blends, where blending-induced
energetic shifts are identified for different polymer structures. These findings provide important
structure-property-performance relationships and guidance for organic molecular designs for
high-efficiency OPVs.

Secondly, in PSC HTLs, interfacial energetic alignment is studied by sequential PEDOT:PSS
dedoping. Beneficial band-bending is found for dedoped PEDOT:PSS, reducing non-radiative
recombination and leading to higher V¢ and PCE.

Finally, the impact of two-dimensional (2D) perovskite interlayer is investigated by tuning
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cation concentrations. Here, an extraction barrier is observed in phenethylammonium-based 2D
layers, but surface-defect suppression reduces recombination loss and increases Voc. Moreover,
significant HTL energetic shift is found, correlated to HTL-to-perovskite dopant diffusion. The
study reveals the potential of 2D perovskites to improve PSC performance by reducing this

phenomenon.
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Chapter 1

Introduction

1.1 Motivations

In the past centuries, globalization and modern technologies emerge with better convenience and
higher efficiency. Aside from those benefits, it leads to a monotonic increase in energy demand
and an expectation of continuous growth in the future.’? The main approach to the demand is
almost solely depends on primary energy or non-renewable energy, such as petroleum, coal or
natural gas. These energies all emit CO, under operation and have already caused a significant
impact in the environment and climate.® Also, these energies rely on limited resources which
will eventually be depleted in the near future. Therefore, the search for renewable and green
energy sources is urgent and crucial issue for the current century.

Among the renewable energies, solar energy or photovoltaic energy is one of the most
promising renewable energy with multiple advantages. One of the advantages is its low levelized
cost making it one of the fastest growing source of renewable energy.*® Also, the globally
available solar energy is higher than the energy consumption even with the consideration of
the practicality such as geographical limitation and the power conversion efficiency (PCE).6
However, factors like production, maintenance, recycling and PCE are still challenging the
application of photovoltaic energy.” In order to acquire the potential of solar energy and
reduce the barrier of the energy transition, it is necessary to improve the current photovoltaic
technology further.

Currently, the silicon based photovoltaic technology dominates the market due to its mature

supply chain and the low difficulty in fabrication. However, its brittle, high cost and heavy
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nature make it difficult to be applied to wider applications. Therefore, novel photovoltaic
materials are vastly explored in order to overcome these issues. One of the novel materials is
organic semiconductors which is flexible, light-weight and chemically tunable. These properties
make the organic photovoltaics (OPVs) an ideal device in living environment such as indoor
or mobile condition. Despite its sharply increasing PCE (~18 %), OPVs still lag behind in the
competition for efficiency.® Therefore, a systematic guideline in the molecular design rule for
high PCE is necessary to push forward the current limit. An answer to this will enable OPVs
to fill up the gap of the silicon photovoltaic markets.

Another promising photovoltaic system is the organic-inorganic hybrid perovskite solar
cells (PSCs). Benefiting from low material and synthetic cost, printing compatible fabrication
and well-matching bandgap, PSCs have a good potential to provide record-high PCE with a
competitive cost. Moreover, its tunable bandgap makes it suitable to be combined with silicon
based solar cells for a further boost in PCE. Although PSCs have already achieved a comparable
PCE to the commercialized silicon based solar cells, their PCE and stability still require further
improvements to complete the final step of commercialization.®'® An investigation over the

existing materials and the loss mechanism with them is necessary here.

1.2 Aims

In this thesis, the aim is to investigate the energetics of perovskite and organic photovoltaic
semiconductors and their impact on interfacial properties in devices. The study aims to pinpoint
the key molecular design rules and interfacial energetic engineering conditions to enable high
performance or targeted PSCs or OPVs.

OPVs have embraced a sharp performance improvement in recent years, but the approach
was mainly based on trial and error. In this thesis, [ aim to investigate a selection of critical
OSCs and their OPV systems by advanced photoemission measurements. A novel density
of state (DOS) conversion relationship is applied to accurately identify the energetic changes
from photoemission spectroscopy measurements, and it is coupled to density functional theory
(DFT) simulations to highlight the critical functional groups behind the high performance.

Interfacial passivation is widely applied in PSCs to increase device performance. However,

some of the mechanisms are not yet fully understood or investigated. To unveil this, I
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aim to explore two passivation techniques, namely dedoping transport layer and controlling
dimensionality, with systematically changing the passivation levels. The mechanism is then
identified by surface photovoltage (SPV) measurements and transient photoluminescence to

unveil detailed charge distribution and their kinetics.

Chapter 2 shows the relevant fundamental theories of both perovskite and OSCs as well as
their devices. It begins with the basic energetic properties in semiconductors, and the interfacial
band bending between semiconductors. Then, OSC related opto-electronic properties, such as
packing and charge generation, are reviewed with the latest development of high performance
OPVs. For PSCs, an overview of the structural development and the challenge on the interfacial

defects are presented with various existing surface engineering techniques.

Chapter 3 lists the methodology and operational information of the common experimental
methods shared across chapters. Theoretical background and experimental proves of the
DOS conversion from ambient photoemission spectroscopy (APS) is detailed with equation

derivations.

Chapter 4 circles the key energetic properties of OSCs influenced by chemical structure,
packing condition and blending. In the first section, the charge extraction measurement and
APS show the low tail state density in Y6 which contributes to its high PCE and low Vi¢
loss. The unique low tail state character is then further correlated to the conformational
rigidity of Y6 by DFT simulations, suggesting the molecule design guideline. Turning to the
impact of packing structure, the energetics of sexithiophene show a significant dependence
with the packing structure which provides the necessary energy offset for charge separation
without the requirement of donor-acceptor blends. The understanding is then extended
to solution-processed Y6 where a significant energetic shift is also observed. Its impact
on device performance is shown by both planar heterojunction and bulk heterojunction
devices. The molecular origin to the orientation-dependent energetic shift is correlated to the
quadrupole moment by DFT simulations. Lastly, the recombination mechanisms in different
polymer:fullerene blends are investigated and traced back to the change in density of state
distribution upon blending. This chapter provides a deeper understanding in the correlation
of molecular structures to their energetics and guidelines to harness this towards higher OPV

performance.
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Chapter 5 focuses on suppressing doping-induced interfacial recombination loss in p-i-n
type PSCs by dedoping the highly doped PEDOT:PSS. The PEDOT:PSS is systematically
dedoped up to 500 meV with aqueous NaOH, and then its thickness is optimized to compensate
the reduced conductivity. A significant reduction of recombination losses at the dedoped
PEDOT:PSS/perovskite interface is evidenced by a longer photoluminescence (PL) lifetime
and higher magnitude of SPV, leading to an increased open-circuit voltage (Voc), fill factor
(FF), and PCE. The result provides a facile approach to improve cost-effective PEDOT:PSS
based PSCs while giving insights into the relationship between doping level of hole transport

layers (HTLs) and interfacial charge carrier recombination losses.

Chapter 6 explores the energetics of different n-number Ruddlesden-Popper phase (2D
perovskite) and its impact on the perovskite/Spiro interface by tuning the passivation
concentration. The low concentration passivation leads to pure n = 1 2D perovskite while the
high concentration solution also forms quasi-2D perovskite. In general, an extraction barrier
from the deeper valence band edge (VBE) of all the 2D perovskite is identified in addition
to the reduction in Pbly defect states. As a result, the SPV response gets smaller in the
low concentration sample due to the inhibited ionic movement and the extraction barrier.
However, the Spiro-OMeTAD on top has a higher doping level with the 2D perovskite blocking
the dopant leaking, and as a result leading to higher V¢ and PCE. For the high concentration
samples, the thick quasi-2D perovskite provides hole traps with its intermediate VBE between
pure 2D and 3D perovskite and uneven topography, leading to unfavorable device performance
with wider distribution. In short, the results unveil the SPV dynamics of passivated perovskite
and suggest that a thin and pure n = 1 2D perovskite layer between the 3D perovskite and
HTL is critical for improving the device performance. Besides, the details of dopant blocking
ability in 2D perovskite, such as what type of dopant is blocked and how the dopants are
distributed, would worth further investigations in order to understand its long term impact in

device performance.

Chapter 7 summarizes this thesis while showing a rigorous future work that could extend

the research further.

Other relevant materials such as publication list (Appendix A), table of chemical

abbreviation (Appendix B) and data analysis program (Appendix C) can be found in the
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appendix.
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Chapter 2

Background Theory

In this chapter, a selection of the fundamental theories and current progresses are shown to
assist the understanding of this work. It begins with the background of organic semiconductors
(OSCs) and organic-inorganic hybrid perovskites. The organic part will cover the material
development and few critical energetic points that are related to the organic photovoltaic (OPV)
applications and organic transport layers. For the perovskite parts, a brief review of the material
properties, including energetics, chemical components, crystal structures and dimensionality,
are given. Then, the working principle of perovskite solar cells (PSCs) is shown together with

current challenges and approaches.

2.1 Organic Semiconductors in Photovoltaic Applications

2.1.1 Background

Organic semiconductors (OSCs) are a class of semiconducting materials that exploit the
delocalized conjugated m bonds to facilitate their semiconducting properties. In general,
OSCs can be categorized into two groups, polymers and small molecules, based on their
molecular weight. Following from the concept of extending the conjugation backbone, polymer
type OSCs facilitates the long conjugation backbone by repeating their sub-units to achieve
semiconducting properties. According to the types of the sub-units, polymer OSCs can be
either homopolymer (one repeating unit) or copolymer (more than one repeating unit). The

sub-units of the copolymer OSCs are usually categorized into donor or acceptor units based
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on their electron deficiency. With the large degree of freedom from the backbone, polymer
OSCs can adopt into various morphology or crystal structure, and thus the morphology
is usually amorphous with weak inter-molecular interaction. As a result, they are ideal to
be solution-processed.’? In the other hand, small molecular OSCs are usually composed of
conjugated rings to facilitate the semiconducting properties. Different from polymer OSCs,
the small molecular OSCs have the advantage of precision in chemical structure and are more
reproducible with monodisperse nature.> Furthermore, their small molecular weight allows
them to be evaporated with fine-tuned packing structures.*®> The complementary nature of

polymer and small molecular OSCs makes them indispensable in photovoltaic applications.

Electronic Structures and Charge Carriers

As one of the semiconductors, the energetic structure of the OSCs shares the fundamental
properties of semiconductors and can be described by band theory. In band theory, the
accumulated energy levels of the material form electronic bands which may be filled by the
electrons. For semiconductors, the bands are not continuous across the energy spectrum,
but leaving an empty energy range without bands, also known as electronic band gap Eg,
in the energy spectrum. By definition, the energy band that lies in the deep energy range is
typically filled by electrons and is named as valence band while the shallower energy band has
no electrons and is named as the conduction band. The two energy states that are the closest
to the band gap are deterministic for the electronic properties and are usually named as either
valence band edge (VBE) or conduction band edge (CBE). For organic materials, where the
fundamental energetic unit is approximately a molecule, ignoring intermolecular interactions
or regarding intermolecular interactions to be weak, and thus another widespread model based
on frontier orbitals are applied to describe the energetic landscape instead of band theory.%
Here, the most relevant energy levels become the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), which can be related to VBE and CBE
respectively when forming solid state films. In this thesis, both HOMO and LUMO are used
for OSCs as interchangeable synonyms of VBE and CBE respectively. In practice, there is
a chance to have defects in materials, such as crystal defects in inorganics, packing disorder,

chemical impurities in organics etc., that may form a small amount of electronic states inside
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the E,. Depending on their energy level, the defect states can further be categorized as shallow
traps (near electronic bands) or deep traps (middle of the E;). In summary, an energy band

diagram of semiconductor is shown in Fig. 2.1.
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Figure 2.1: Energy band diagram of semiconductor with a band gap (E,). The valence band
is denoted as VB while the conduction band is denoted as CB. The closest energy states near
the E, are the valence band edge/highest occupied molecular orbital (VBE/HOMO) and the
conduction band edge/lowest unoccupied molecular orbital (CBE/LUMO). Both shallow traps
and deep traps are illustrated by the black bars.

For OSCs, the electronic states around the F; are dominated by the delocalized © bonds.
These bonds are formed by the overlapping unhybridized p, atomic orbitals from the sp?
hybridized atoms, typically atoms from group 15, 16 and 17.7 The overlapping of p, atomic
orbitals lead to two molecular orbitals (MOs), a filled bonding n orbital and an unfilled
antibonding orbital, and thus the energy difference between the two MOs defines the E,. By
extending the conjugation length, for example extending ethylene into 1,3-butadiene (Fig. 2.2a),
more p, orbitals are involved, and thus the E, will reduce. Intuitively, for polymer OSCs,
this phenomenon would continue with more and more conjugated atoms involved until the
E, reduces to zero, and the material eventually becomes metallic with a continuous energy
spectrum. However, in real situation, the linear delocalized system would not have perfectly
uniformed conjugated bond length but rather forms an alternating single-double-bond system.®
This phenomenon is known as Peierls transition or Peierls distortion where the system reaches
a lower energy state by a distorted periodic system (Fig. 2.2b). In general, the £, is typically
around 1eV to 4eV for OSCs.?
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Figure 2.2: The effect of conjugation extension and Peierls transition in conjugated organic
semiconductors (OSCs). (a) A conjugation extension example of two ethylene combined into
1,3—butadiene with the highest occupied molecular orbital (HOMO), the lowest unoccupied
molecular orbital (LUMO) and the band gap (E;). The right most panel shows the conduction
band (CB) and valence band (VB) of polyacetylene. (b) The band structure of OSCs without
Peierls transition (left) and with Peierls transition (right).

Since electrons are Fermions, the electron distribution can be described by Fermi-Dirac

statistic. The average electron occupation n can be described by the Fermi function:

1

(E—Erp)/kpT 4 1’ (2'1)

n(E) = .

where F is the energy of the state, Fr is the Fermi energy, kg is the Boltzmann constant and
T is the absolute temperature. The distribution function monotonically decays from unity to
zero when F increases, following Pauli exclusion principle. Therefore, the average number of

electron per unit energy N can be expressed as

N =n(E) x DOS(E), (2.2)
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where DOS(FE) is the quasi-continuum electron density of state (DOS) or MOs for OSCs. Note
that Er is a characteristic point where the average occupation is exactly 0.5 independent from
T, making it a useful conceptual reference point. For an ideal OSC, the electrons have exactly
the number to fill up to the HOMO level, and therefore the Er should be located exactly in the
middle of the E,;. In this case, the material is considered intrinsic as it does not have excess holes
or electrons. Typically, intrinsic semiconductors have very low amount of free charge carriers
with the sharp decay from the Fermi function (Eq. (2.1)), resulting in low conductivity.'® When
E'r lies closer to either the HOMO level or the LUMO level, the material would be considered as
p-type or n-type semiconductors respectively based on the type of major charge carrier. With
more available charge carriers, the conductivity of both p-type and n-type semiconductors is

higher than the same material in intrinsic electronic condition.

To modulate the electronic or optoelectronic properties, doping in semiconductors is
typically used to shift the Er.1°'2 It is typically done by adding dopants to extract or give
electrons into the system. For OSCs, there are a range of n-type or p-type dopants, such as
FATCNQ and LiTFSi (see Appendix B for full chemical names).®* The doped OSCs are
either positively or negatively charged with excess holes or electrons on the conjugation bonds.
Due to the spin of unpaired electron, the relevant MOs, either HOMO or LUMO, will split into
singly occupied/unoccupied MOs (SOMOs/SUMOs) to minimize the overall energy and reduce
the E, (Fig. 2.3).'> Furthermore, the electric field of the charges will distort the molecules to
screen the electric field by forming polarons leading to an energy minimization.'®!” Due to the
low dielectric constants and weak inter-molecular interactions, the polarons in the OSCs are
not able to move freely but rather by hopping between molecules.'®2° Thus, the conductivity

of the OSCs are typically in orders of magnitude lower than inorganic semiconductors.

Optoelectronic Processes

When OSCs are illuminated by photons with sufficient energy, electrons reside in the VB will be
promoted into the CB. As seen in Fig. 2.1, the photon energy, Epnoton, for the photoexcitation
intuitively should be no less than the band gap in neutral state (Epporon > E,). However, due to
the low dielectric constant, the photoexcited electron and hole pairs in OSCs are tightly bound

by the Coulomb interaction and form excitons with a smaller band gap (Fig. 2.3).21%2 Thus, the
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Figure 2.3: Energy diagrams of neutral, positive/negative polaron and exciton. For positive
polaron state, the HOMO splits into singly occupied molecular orbital (SOMO) and singly
unoccupied molecular orbital (SUMO) colored in red and vice versa for the negative polaron
states colored in green. For both polaron and exciton states, the band gap (E,) becomes smaller
than in the neutral state.

optical band gap is about 0.2eV to 1.4eV smaller than the electronic band gap.?® The tightly
bound excitons in OSCs are much more localized and regarded as Frenkel excitons compared to
Wannier-Mott excitons in inorganic semiconductors.?*?® This type of excitons also has a much
shorter exciton diffusion length (5nm to 10nm) due to the strong binding energy, making
them harder to be utilized.?62” With sufficient driving force, such as energy offset between the
HOMO/LUMO levels of molecules or thermal energy, these excitons may undergo partial charge
separation into intermediate charge-transfer (CT) state, which is still locally bound by Coulomb
interactions.?® Further dissociation of CT states leads to full charge separation into polarons
where the charge is only coupled with lattice distortion without Coulomb interactions.?? The
process from photon absorption to charge separation is shown in Fig. 2.4.

After photoexcitation, the photoexcited species may be recombined depending on their
types (Fig. 2.4). The exciton decay may happen even before the charges are separated.?!3
This process is typically within the time scale of femtoseconds by the proximity and strong
binding energy. When excitons partially dissociated into CT states, geminate recombination

31,32 This is a common recombination loss

may happen within the time scale of picoseconds.
mechanism on the material interfaces where the holes and electrons are partially separated by
the energy offset. Even though free charge species are formed, they may still reach each other

and recombine during the process of charge extraction. This type of recombination is called

non-geminate recombination and is correlated to the dielectric constant of the material.3334
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Figure 2.4: Optoelectronic processes: charge generation and recombination. Top panels are
charge generation processes: exciton state (left), charge-transfer (CT) state (middle) and
polaron state (right). Bottom panels are recombination processes: exciton recombination (left),
geminate recombination (middle) and non-geminate recombination (right). The Coulombic
binding is shown by the dash circles, and the photons are shown by the wiggly lines.

For OSCs, their polaron diffusion length is much shorter than the Coulomb capture radius,
making the polarons nearly always recombine when they meat.?® In this situation, the non-
geminate recombination can be described by Langevin recombination model, and it is one of the
crucial loss mechanism in OPVs.3%37 There are few example systems exhibiting non-Langevin
recombination which makes them usually performing better with lower recombination rate.®
The origin of non-Langevin recombination in PDTSiTTz is shown in Section 4.5. Lastly, the
trap states within the F, can serve as recombination sites where the free charge carriers may
be trapped and recombined.?*4° Therefore, understanding and controlling the trap or defect

states are the keys to high performance devices.

2.1.2 Organic Transport Layer

Photovoltaic systems usually are composed of two major parts: the photoactive layer where the
photons are converted into free charges and the transport layer or blocking layer which assist
the free charges to be extracted (see an example device structure in Fig. 2.5). The advantages
of OSCs in versatile chemical design freedom, tunable energetics, flexable nature, and solution-

processes enable them to be applied into both functions. Here, the essential properties related
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to these specific functions are detailed below.

The various advantages of OSCs enable it to be charge transport layer in different types of
photovoltaic systems, such as PSCs and OPVs.4"# Ag a transport layer, the OSCs are tailored
to have a matching energy level for efficient and low energy loss extraction process.?! When
interfaces of semiconductors form, the electrons from the shallower Er semiconductor will flow
into the deeper one until their Er aligns and reaches equilibrium. This phenomenon is known
as Fermi level alignment or Fermi level pinning. This leaves a space charge region on the
interface where the charge carriers are depleted. Within the depletion region, the imbalanced
charges lead to an electric field which bends the band structure on the interface. According to
the bending direction, charges may experience the electric field which interfere the extraction
process. In some cases, it is shown that the band bending is shown to play an important
role in assisting charge extraction process.*>%6 Besides band bending, the low conductivity as
mentioned in Section 2.1.1 can lead to charge accumulation on the interface where the free
charges may be lost through interfacial recombination.*” This is a significant issue when the
organic hole transport layer (HTL) is applied into PSCs as perovskite has at least three to four

orders of magnitude larger hole mobility (1cm?V~1s™ to 5cm?V—1g71). 4849

In order to increase the conductivity, dopants are used to increasing the number of charge
carriers. For example, the organic hole transport layers (HTLs) in PSCs are commonly doped
by LiTFSi, 4TBP or FATCNQ to have a deeper HOMO level or EFr matching the photoactive

50-52 Nonetheless, dopants can lead to problems such as interfacial traps,

perovskite layer.
morphological change, material degradation and dopant segregation, leading to short or long
term issues.”> % An investigation on the interfacial recombination loss of PSCs with highly

doped PEDOT:PSS is discussed in Chapter 5.

2.1.3 Organic Photovoltaics: specificity and challenges

In OPVs, OSCs are used as the main photoactive layer, where the photons are converted
into free charges. As mentioned in Section 2.1.1, the absorbed photon will generate tightly
bound electron and hole pairs, known as excitons. Therefore, single component OPVs were
predicted to have very low power conversion efficiency (PCE).?" In order to separate excitons

into free charges, an energy offset would be necessary to proceed the separation process.?®9

30



This is typically achieved by blending an electron donor and an acceptor which have an energy
difference between their HOMO levels and LUMO levels. Typically, donors have shallower
LUMO levels while acceptors have deeper HOMO levels, so that the charge carriers may be
separated on the interface. Apart from the charge separation issue, OPVs also suffer from its
slow charge mobility which limits the charge extraction process while increases the probability
of charge recombination. In order to shorten the extraction route and increase the donor-
acceptor interface, the photoactive layer is usually made into a bulk heterojunction (BHJ)
where the donor and acceptor are finely mixed.®® In the last few years, the PCE of OPVs

61,62

have been dramatically improved to over 18 %. This is based on the non-fullerene accpetors

(NFAs) which has various advantages in improving the loss mechanisms, such as efficient charge

separation and complimentary absorption.%3:¢4

Electrical properties of Photovoltaics

To characterize the performance of a solar cell, current density-voltage (J-V) measurements
are typically carried out. In dark, the photovoltaic device exhibits diodic behavior with a
preferential injection direction governed by the transport layers.®® Under illumination, usually
the standard is 1 sun or AM 1.5, photovoltaic devices will generate free charges and result in a

J-V curve as shown in Fig. 2.5. The current density J can be expressed as
qV.
J=Jo (e*nkBT - 1) — T, (2.3)

where Jp,h is the photocurrent density under illumination, Jy is the reverse saturation current
density, ¢ is the unit charge, V' is the voltage, n is the ideality factor, kp is the Boltzmann
constant and T is the temperature. Usually, the ideality factor of photovoltaics is larger than
1 and is correlated to the recombination process inside.

There are few indicative parameters that are useful to convey the device performance.
When the device is operated under a short-circuit condition without applying voltage, the
photogenerated charges are all extracted and recombined in the circuit. The current density at
this point is named as the short-circuit current density (Jsc). When the photovoltaic device
has some defects, such as pin-holes or leakage from the transport layer, some of the charges

may recombine within the solar cell system instead of being extracted and recombined in the

31



12 <

14 4

Current density (mA/cm?)

16 4

18 4

'20 T T T Ll T T L] L) T
01 00 01 02 03 04 05 06 07 08 09

Voltage (V)

Figure 2.5: An example of photovoltaic architecture and current density-voltage (J-V) curve.
The notations are short-circuit current (Js¢), open-circuit voltage (Vo ), maximum power point
(MPP), fill factor (FF), electron transport layer (ETL) and hole transport layer (HTL). The
FF is the area ratio between the light purple area to the deep blue area.

circuit. As a result, the J-V curve around the Js¢ point will have a linear voltage dependency,
and the inverse of the slope is a good approximation to its shunt resistance (Rg,).®6%" As its
name, the Rg, is to describe the parasitic short circuit within the system, and therefore ideal
photovoltaics should have a nearly infinite Rg,. When the device is operated in an open-circuit
condition, the separated free charges will build up in the system until the charge generation rate
equals to the recombination rate. Therefore, the open-circuit voltage (Voc) is related to charge
recombination, and the V¢ loss, difference between theoretical limit to experimental value, can
be used to understand the recombination loss.®% The inverse slope near Ve point is used to
approximate the series resistance (Rs) which describes the resistance of current passing through
the system. In idea solar cells, Rq should be close to zero.”™® The output energy density of a solar
cell is the multiplication of the voltage and the current density. Therefore, the maximum power
point (MPP) is located between the V¢ and the Jsc with the largest rectangular area to both

x-axis and y -axis. To describe the overall non-ideal behavior, fill factor (FF) is introduced as

VocJ;
FF— ocJsc

_ _Vockc 2.4
VumppJumpp (2.4)

where the Viypp and Jypp are the voltage and current density at the MPP point. Lastly, the
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power conversion efficiency (PCE) can be expressed as

Praz  VocJscF'F
Pn P

PCE = , (2.5)

where P, is the maximum output energy density, P;, is the input photon energy density.

Loss Mechanisms in OPVs

There are many loss mechanisms in OPVs that are challenging the advancement of their PCE.
As indicated in Section 2.1.1, many types of recombination mechanisms can happen before the
extraction of free charges. Firstly, the short lifetime of Frankel excitons limits their probability
to diffuse to the donor/acceptor interface where charge transfer could happen. To tackle this,
finely mixed BHJ architecture is applied for OPVs to maximize the donor/acceptor interface
despite it may also introduce to non-percolated domains.”™* Once the charge transfer occurs,
radiative or non-radiative geminate recombination can still quench the CT state. This will
reduce the efficiency of charge generation and thus lower the Jsc. Usually, by increasing
the energy offset between donor and acceptor, the efficient transition from CT state into
polarons would reduce this recombination loss.”>™ Lastly, the free charges may still undergo
non-geminate recombination or Langevin recombination. The morphology highly determines
this type of recombination, and there are studies showing that BHJ architecture could reduce
the recombination rate.™

Apart from direct recombinations between charges residing in frontier molecular orbitals,
trap-assisted recombination loss may happen. The traps are typically classified as two types:
the deep traps, orginated from impurities, dopants, crystal defects or degradation species,
and the shallow traps or tail states, the protruding energy states close to the HOMO or
LUMO levels.3*™ For deep traps, free charges may be localized inside them with a preferential
energy reduction. These trapped charges would require more energy to be reactivated while
they may also recombine with other free charges through Shockley-Read-Hall recombination.™
OPVs are prone to shallow traps based on their soft and disordered nature from solution
processing.”” These states slow down the charge extraction and result in increased recombination
losses.™™ In particular, the DOS distribution at the band edge of NFAs and its origin have

been demonstrated as a crucial factor to control recombination mechanisms, as a broader DOS
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results in voltage loss by carrier relaxation at the energy minima.®’ A clear example of this is
illustrated in Section 4.2, where structural rigidity reducing energetic disorder in Y6 enhancing

its OPV performance.

Besides the recombination loss, the energy loss from the energy offset between donor and
acceptor is one of the critical point. Based on some theoretical models and measurements,

V5981 However,

the necessary energy offset for charge transfer is found to be at least >0.3e
the recent year NFA development has shown highly efficient charge dissociation with a much
smaller energy offset (~0.15eV).52 Although the origin is still under debate, there are few
proposed possibilities, such as long exciton lifetime, low non-radiative recombination or exciton-
CT hybridization.?*#38 These characters may be related to their acceptor-donor-acceptor (A-

D-A) structure with linear or flat two-dimensional backbone and high quadrupole moment,

such that the energetics depends on the relative molecular orientation (see Section 4.4).85 87

Molecular Packing and Morphology

The soft nature of OSCs allows them to be adapted into different packing structure or
orientations depend on the preparation procedures, and it leads to morphological or energetic
changes that has a strong impact in device performance. For n conjugated aromatic rings in
OSCs, the molecules commonly exhibit a preference in a face-to-face stacking structure, and
is usually referred as m-m stacking.®® Despite its controversial origin, this packing structure
allows the molecule to have not only strong inter-molecular MO overlapping, which delocalizes
the electronic states in highly crystalline domains, but also shifting the energetic environment
by the build up electrostatic field.3° One of the main ways to control the packing structure
is by evaporating small molecules under different evaporation speed, temperature or bottom
substrates.?’ By exploiting this technique, Duhm et al. showed that a significant energy level
shift by 0.4 eV between standing and lying oriented crystalline a-6T.92 Theoretical simulations
show that this is possibly due to the large quadrupole moment along the n-r stacking direction
which creates an electric field around the grain boundaries.”® Such a dramatic shift would
be important for the charge separation which highly depends on the interfacial energetics.
An investigation on utilizing the packing structure and free charge generation is shown in

Section 4.3.
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Besides finely controlled evaporation deposition, solution-processed small molecules can
also be influenced in their orientation and degree of m-n stacking. In particular, this has
been demonstrated by utilizing different solvents and additives as well as by post-deposition
annealing.”*% This morphology control is crucial to optimize exciton diffusion and charge
transport and minimize loss pathways,® while molecular arrangement at NFA /donor interface
plays an important role in CT-state separation. As will be illustrated in details in Section 4.4,
the orientation and packing morphology of NFAs has also a strong effect of energy levels of
materials. Here, the strong electrostatic field from the A-D-A or A-D-A’-D-A structures plays

an important role, determining different energetics for face-on versus edge-on orientations.

2.2 Hybrid Perovskites in Photovoltaic Applications

2.2.1 Background

Perovskite crystals are a group of minerals which share the same crystal structure of calcium
titanium oxide (CaTiO3z) or perovskite.”” Although the phrase perovskite was specifically
assigned to CaTiOs, now the term ”perovskite” is generalized and used for other perovskite
crystals as well. A general formula of perovskite is ABX3, where A, B are cations and X is
an anion. By substituting the composition, perovskites can incorporate organic cations (e.g.
methylammonium cation (MA"), formamidinium cation (FA')) at A-side, metal ions (e.g.
Pb*", Sn®*) at B-site and halide anion (e.g. I-,Br ) at X-cite to form organic-inorganic
hybrid perovskite. A methylammonium lead iodide (MAPI) example of hybrid perovskite is
shown in Fig. 2.6 with four octahedrons composed of Pblg* " circling the MA™.

Hybrid perovskites have many unique optoelectronic properties making them promising
materials for optoelectronic applications, such as light emitting diodes, photovoltaics or
photodetectors.?? 190 As hybrid perovskites have many choices of ions to substitute with,
their band gap is adaptable by compositional engineering. For example, by varying the
ratio of iodide and bromide anions at the X-site, the optical band gap can be tuned from
1.6eV to 2.3eV.192 This allows perovskites to be finely tailored for the optimal absorption to
match specific applications. Besides, perovskites have high absorption coefficients (10*em™! to

10° cm™!) with direct band gap transition that enable thin films to perform efficiently.!*® Unlike
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Figure 2.6: A schematic illustration of methylammonium lead iodide (MAPI) perovskite
(adapted from Eames et al. [98]). There are four green octahedrons, composed of one Pb**
core and six I, surrounding the methylammonium cation (MA™).

OSCs, perovskite has a low exciton binding energy. For iodide based perovskite, the binding
energy is only about ~10meV at room temperature.!»1% Therefore, photoexcited charge
pairs are intrinsically free and do not require an extra driving force for separation. Lastly,
perovskites have an ambipolar character with high mobility (1cm?V~'s™ to 50 cm?V~1s™1)

for both electrons and holes.!%® As a result, the charges are able to be efficiently extracted or

injected with low recombination losses.

Apart from the optoelectronic properties, perovskites also benefits from vastly improved
solution processing. One of the most successful preparation procedure is achieved by coating
the stoichiometric solution precursor with antisolvent treatment during the crystallization
process.'?” As the antisolvent does not dissolve the solutes, such as Pbls, it reduces the solubility
and forces a fast and uniform crystallization to take place. This procedure improves the quality
of solution-processed perovskite and was accounted as a major breakthrough for PSCs.1%®
The realization of solution processing also relies on the defect tolerance of perovskite under
vacancies.!® The tolerance allows the existence of some crystal vacancies without altering its
electronic properties. Also, the high formation energy in deep traps minimizes trap related

loss mechanisms.!!? These advantages make perovskites one of the most studied optoelectronic

materials.
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2.2.2 Ruddlesden-Popper Phase/2D Perovskite

Ruddlesden-Popper phase is a (quasi-)two-dimensional perovskite like crystal with a chemical
composition of A, 1A’9B,X3,.1 where A’ is a bulky cation located between each perovskite
layer and n is the number of octahedral layers (Fig. 2.7). When n = 1, the 2D perovskite
is effectively one layer perovskite thin separated by the A’ bulky cation. Therefore, it is
also known as the pure 2D perovskite. As the n number increases (n > 1), the crystal
turns into quasi-2D perovskite and approaches to 3D perovskite (unless specified the phrase
"perovskite” reserves for 3D perovskite described in Section 2.2.1) once n — co. As its structure
similar to perovskite, Ruddlesden-Popper phase is sometimes addressed as 2D perovskite for
convenience.!'! In optoelectronic applications, the A’ cation is typically larger organic cations,
such as phenethylammonium or n-butylammonium cations, while keeping the other ions the

same in 3D perovskite 12113

Figure 2.7: A schematic illustration of Ruddlesden-Popper phase 2D perovskite withn = 1, 2, oo
(adapted from Proppe et al. [114]).

Although 2D perovskites have similar advantages as perovskites do, such as facile solution
processing and tunable E,, the low-dimensional structure results in some unique optoelectronic
properties.''1% 2D perovskites have its E, depending on the n number. Due to quantum
confinement, the E, of 2D perovskites increases with decreasing n number.''" Also, the physical

constrain reduces the free space for charge species to be separated, and thus the exciton binding
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energy is much larger than perovskite (200 meV to 400 meV).!® In addition to these advantages,
its better stability makes it desirable for optoelectronic applications.'!? Unlike 3D perovskites,
2D perovskites are known to be much more inert to moisture, strong light and heat, making it a
good candidate to strengthen the device durability.!?® This is due to the fact that 2D perovskites
exhibit higher formation energy by the reduction of n number.!?! Therefore, 2D perovskite is
widely applied into PSCs as an additive to passivate grain boundaries or as a surface treatment
to introduce a buffer layer beteween the photoactive layer and the charge transport layer.'??
However, the morphology, energetic alignment and dimensionality of 2D perovskite in PSCs are
not yet fully investigated. The impact of interfacial phenethylammonium-based 2D perovskite

and dimensionality is investigated in Chapter 6.

2.2.3 Perovskite Solar Cells: specificity and challenges

In the past decades, PSCs have become one of the most-promising next-generation solar
cell technologies with sharply increasing PCE of up to 25.7% together with improved
operational lifetimes (~1000h).°%!%> These advancements are attributed to improvements
in compositional engineering, deposition technique, device architecture and development of
transport materials.*"'*?* The state-of-the-art PSCs are made of mixed ion perovskites in
planar structure similar to typical planar solar cell structure illustrated in Section 2.1.3.125:126
Thus, they share similar working principle; the photoactive layer generates free charges which
are transported out through both ETLs and HTLs accordingly. By convention, PSCs can be
categorized into two types: p-i-n (cathode/HTL/photoactive layer/ETL/anode also known as
inverted structure) or n-i-p (also known as conventional structure). For inverted structure, the
HTLs are typically polymeric OSCs, such as PEDOT:PSS or poly(triarylamine), and the ETLs

are fullerene based acceptors, such as PCBM or fullerne.'?” On the other hand, conventional
structure PSCs usually uses inorganic materials (eg. TiO,, SnO) as the ETLs while using
OSCs for the HTLs (eg. Spiro-OMeTAD, poly(triarylamine)).!?

PSCs are still having few challenges in either performance or commercialization. Although
perovskites have the unique deep trap tolerance character as mentioned in Section 2.2.1,
shallow traps and surface deep traps still exist and contributes to significant non-radiative

recombination losses and Vo loss.'?? Studies showed that the trap states are predominantly
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located on the interface between transport layers, particularly the HTLs.!3® Therefore, it is
indispensable to tackle the trap states on the interface in order to achieve high performance
PSCs. Two major approaches include tuning the energetics of the organic HTL for better
alignment as well as charge mobility, and interfacial passivation.'?13? The background of these
two approaches will be detailed in Section 2.2.3. This is also applied in the main research in
Chapter 5, showing the effect of tuning HTL energetics for better energetic alignment to the

photoactive perovskite layer.

In addition to interfacial traps, hybrid perovskites are highly sensitive to moisture,

t.1337135 These factors trigger the degradation process of perovskites and

oxygen, heat and ligh
dramatically reduce the stability and durability. Some of these factors such as moisture and
oxygens are typically coming from the adjacent transport layers which typically composed of
hygroscopic dopants (eg. LiTFSi).!?% Few approaches are demonstrated to effectively extend
the device stability, including using mixed ion perovskites, 2D perovskites or dopant free
charge transport materials.!3713 Mixed ion perovskites and 2D perovskites are more resistance
to degradation processes due to their larger formation energy. 2D perovskites are also used as

a thin interlayer to remove the direct contact with charge transport materials.!3® The role of

2D perovskite in Spiro-OMeTAD based PSCs will be illustrated in Chapter 6.

Organic Hole Transport Layers

As elucidated above, charge transport layers and their development play an important role in
PSCs, as they govern charge extraction and can contribute toward device degradation.4!:140-142
Particularly, organic HTLs have been shown to be critical in determining both the PCE and
the lifetime of PSCs.'%!3 Since organic HTLs have lower hole mobilities compared to the
photoactive perovskites, this mobility mismatch in most cases results in charge accumulation
at the interface between perovskite and HTL, eventually leading to undesired recombination

losses 45,144,145

One of the most common strategy is to add p-type dopants (eg. LiTFSi, FATCNQ or
FK209) to the HTL.1?>132 These dopants deepen the Er of the HTL and, therefore, can create
a favorable interfacial energetic alignment, which reduces the energy loss at the interface

between the perovskite and HTL.146714® Importantly, p-type dopants increase the conductivity
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of the HTL, which can improve the fill factor (FF) of the devices via more-efficient charge
extraction.'#® 152 Despite the success of utilizing dopants in the HTL, some undesirable
effects are also introduced with doping. Omne of the issues is the device instability caused
by dopant dissociation and the hygroscopic nature of some dopants such as LiTFSi.!53154
Another significant effect of doping the HTL is stronger recombination loss at the interface.
T. Du et al. has shown that the high density of holes in the highly p-doped PEDOT:PSS can
non-radiatively recombine with the photoexcited electrons in the perovskite layer.*> Therefore,
many studies are focusing on developing organic HTLs with better matching energetics and

138 However, these materials are

faster hole mobility without the requirement of dopants.
generally complicate and expensive, and thus not ideal for commercialization. On the other
hand, dedoping the existing HTLs still remain unclear, and it can provide a wider potential

to the existing HTLs. Here, a systematic non-radiative recombination study on dedoping the

originally highly doped PEDOT:PSS is shown in Chapter 5.

Surface Passivation

The presence of trap states is another key issue to achieve high performance PSCs since
they can significantly reduce device performance, namely Voc, by acting as recombination
sites. Although trap states can exist both in the bulk or on the interface, many studies have
shown that the major trap related recombination happens on the interface between perovskites
and charge transport layers.!®»1%6 In order to minimize the interfacial trap states, surface
passivation is one of the most studied approaches to this issue. In general, surface passivation
exploits either coordinate chemicals (eg. Lewis acid or Lewis base) or ionic bonding materials
(eg. phenethylammonium iodide (PEAI) or n-butylammonium iodide) to pair with the non-
stoichiometic perovskite precursors.'®! In addition, surface passivation also reduces the ionic
157,158

movement in perovskite which is accounted for the notorious hysteresis and degradation.
These benefits make surface passivation one of the indispensable technique in high performance
PSCs.

Among different passivation materials, a group of bulky organic cations, such as
phenethylammonium ions and n-butylammonium ions, are heavily studied due to their

excellent performance in improving the Voc loss from trap related recombination.!?? When
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these bulky cations are used in surface passivation, they do not only passivate the trap states
but also converts the existing 3D perovskites into 2D perovskites. As 2D perovskites have a
much more stable chemical nature, this approach also gives the advantage of excellent device
stability with the higher formation energy.'®®1® Moreover, the long hydrophobic organic
chain in passivating ions can act as a protecting layer repelling oxygen and moisture to have

direct contact with the underneath photoactive 3D perovskite.!6!

Passivating 2D perovskite
on the interface also exhibits a more prominent PL intensity and longer PL lifetime due to
a reduction in non-radiative recombination between grain boundaries.'®? As 2D perovskite
typically has a wider Ey, it forms a type-I band alignment which is beneficial in reducing
interfacial recombination.'®? However, type-I alignment will also create an extraction barrier
with a shallower CBE and deeper VBE. Although this issue can be tuned by the dimensionality
of 2D perovskites to minimize the extraction barrier on the interface, studies on tuning the
dimensionality on the interface is still not fully understood. Also, by introducing 2D perovskite
as an interlayer, 3D perovskite no longer has the direct contact with the charge transport layer
which was well established to be efficient for charge generation by energetic alignment. The
relationship between 2D perovskite and the charge transport layer is crucial to be understood

and optimized for maximum performance. Here, an investigation in the dimensionality of 2D

perovskite heterostructure PSCs is shown in Chapter 6.
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Chapter 3

Experimental Methods

In this chapter, only common experimental methods are covered. For specific details in each
experiment, such as material providers and fabrication specifications, refer to the experimental

methods in each chapter.

3.1 Device and Sample Fabrication

Substrates were chosen according to the type of measurements. For solar cell devices or electrical
characterizations, either indium tin oxide (ITO) substrates or fluorine doped tin oxide (FTO)
substrates were used. For optical measurements, quartz substrates were used in order to reduce
interference or substrate absorption. Then, substrates were cleaned in an ultrasonic bath in
2% (%v/v) Hellmanex III solution, deionized water, acetone, and isopropanol, consecutively.
Between each solvent, substrates were washed and rinsed with the next solvent to minimize the
residuals. Immediately before thin film deposition, 15 minutes of 100 W oxygen plasma or 20
minutes ultraviolet-ozone (UV-ozone) treatment was performed.

Most of the materials, except perovskite layers, MoOsz and top metal contacts, were
deposited by static spin-coating in ~30uL for ITO and quartz, or with ~60pL for FTO. For
perovskite thin films, a modified two-step deposition method was used with an anti-solvent
dripping step during spinning.! Details of spin rate, concentrations and solvents for each
material, refer to the experimental sections of each chapters.

The MoO3 transport layer for organic photovoltaics and top metal contacts were vacuum

evaporated in physics department under 10~%mbar to 10" mbar. For perovskite devices,
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80nm — 100 nm of top metal contacts were made by vacuum evaporation of either silver (inverted
devices, p-i-n) or gold (conventional devices, n-i-p) with a deposition rate lower than 1 As~',
For organic photovoltaic devices, a 10nm of MoOj3 hole transport layer was deposited first
followed by a 80 nm — 100 nm of Ag.

In order to minimize environmental contamination, samples were prepared either in
cleanroom or inside nitrogen glovebox. In Chapter 5, PEDOT:PSS layers were deposited in
the clearnroom in physics department, and then immediately transferred to the glovebox in
material department for the other layers. In Chapter 6, all the layers were prepared in the

cleanroom and the glovebox in physics department.

3.2 Density Functional Theory

Density functional theory (DFT) simulations were carried out to show quantum chemical
properties of organic molecules by software Gaussian 16 on Imperial High Performance
Computing service.?2 Molecules were all simulated as in gas phase in BSLYP theory model with
6-311G(d,p) basis set.>7 Alkyl side chains of the simulated molecules were mostly included
without omission. However, in some calculations (indicated together with the data), the alkyl
side chains were simplified as a methyl group to reduce the computational complexity. In
polymer cases, simulations were done to at least trimer level for a sufficient conjugation length.
For conventions, z-direction was chosen to be perpendicular to the conjugated backbone.

Ground states were simulated by converging to an energy minimum with multiple starting
points in order to minimize initial condition bias. Energy levels of molecular orbitals,
electrostatic potential (ESP) maps, dipole moments and quadrupole moments were extracted
from ground state optimizations. ESP maps were presented by mapping to isotropic electron
density surface to show electron distribution. The reported quadrupole moments were derived
from the traceless quadrupole moments in the output file.

Frequency calculations were used to find Raman modes in both neutral ground states and
polaronic ground states. A scaling factor of 0.97 was used for the frequency of vibration.®
Software Gaussview 6.1 was used to simulate spectra as well as assign peaks.

In conformational scans, a specific dihedral angle was scanned while optimizing the other

geometric parameters. Scan steps of 18° for a full 360° rotation were carried out to show a

95



potential curve under dihedral rotations.

3.3 Optical Characterizations

3.3.1 UV-Visible Spectroscopy

Absorbance spectra were measured with a Shimadzu UV-2600 UV-visible (UV-vis)

spectrophotometer. The absorbance (As(\)) of the sample was converted by the definition of

A,(\) =1In (IIZ(AA;) —In <TT"2(S)) (3.1)

where () is the light intensity passing through and T'()\) is the transmittance with the footnote

absorbance:

s for sample and sub for substrate.

3.3.2 Photoluminescence Spectroscopy

Photoluminescence (PL) were carried out with an FLS1000 PL spectrometer from Edinburgh
Instruments. Samples were excited with appropriate incident light frequency from a 450 W
xenon lamp. The excitation light was filtered by a short-pass filter before the sample to
reduce the background noise. The emitted light was filtered by a long-pass filter to eliminate
interference from the incident light. The PL emission was scanned with dwell time of 0.2s and
spectral resolution of 1 nm. For specific excitation wavelength, refer to the experimental section
at the end of each chapter.

Transient PL was done under the same filter setup with a laser incident light probing at
the peak PL position. The PL intensity was set to the same counts per second to provide
a similar initial condition between samples. The instrument response function was measured
and provided with the transient curve. Results were fitted with FAST software to indicate the

decay rate constant.

3.3.3 Raman Spectroscopy

Raman spectra were measured by a Renishaw inVia Raman microscope in a backscattering

configuration with a 50 X objective and holographic notch filters to remove Rayleigh scattered
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light. A diffraction grating with 2400 line/mm or 1200 line/mm was used for 514 nm or 633 nm
laser. Averaging was implemented over different spots on the sample to improve the signal-to-
noise ratio, and a polynomial background subtraction was carried out. To reduce degradation,
samples were placed in a Linkam stage under a constant nitrogen flow. Laser power, exposure
time, and measurement accumulation number were optimized and kept consistent for the same

experiments.

3.4 Energetic Characterizations

For all the energetic characterizations, an APS04 system from KP Technology Ltd was used.
Density of states (DOS) was converted from the spectra of ambient photoemission spectroscopy
(APS) by a Python program included in Appendix C. Further discussion on the conversion

principles are discussed in Section 3.4.3.

3.4.1 Fermi Level

To determine the Fermi level (Er) of a material, a non-contact Kelvin probe measurement is
applied. Testing samples are grounded while being linked to the Kelvin probe, forming a close
electric circuit. Due to the Er difference, free charges flow between the testing sample and
the tip, creating a capacitor system. The redistributed charges produces a contact potential
difference (CPD), which balances out the Ep difference (Fig. 3.1). By applying a backing
voltage (V3) to nullify the build-up potential difference, the CPD can be measured and then be
converted to the absolute Ef of the testing material as shown in Fig. 3.1c. This method was
firstly used by Lord Kelvin, after whom the probe is named, in 1861.°

Despite the simplicity, this measurement is highly sensitive and is easily influenced by
the environmental background noise. In order to improve the signal-to-noise ratio, a common
approach in modern Kelvin probe measurements utilizes the probe-to-sample distance to enable
an off-null measurement as shown in Fig. 3.2¢.!%!! In this approach, the reference tip is

oscillating sinusoidally above the sample and the distance d(t) can be described as

d(t) = Adsin(wt) + do (3.2)
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Energy

Figure 3.1: Schematic energy diagram of a semiconductor sample measured by a Kelvin probe
tip in (a) before contact (in isolation), (b) after electrical contact and (c¢) applied with backing
voltage V, = CPD. The Fermi levels and work functions are labeled as EFr and WF with
superscript tip or S for sample. The local vacuum energy level, valence band edge/highest

occupied molecular orbital and conduction band edge/lowest unoccupied molecular orbital are
labeled as F,q., VBE/HOMO and CBE/LUMO.

with t as time, Ad as half of the oscillating magnitude, w as frequency and d, as average
distance. With the approximation of the capacitance C(t) across the tip and the sample as
a simple parallel-plate capacitor, the time dependent surface charge (Q(t) on the tip can be

described as
Q) =C)V
€A
= @V (3.3)
B €A
~ Adsin(wt) + do

(Vo + Verp)

with C' as capacitance, V' as voltage, € as electric permittivity, A as area of capacitance, V, as
backing potential and Vepp as CPD. The output voltage Viyiput from the system can then be

further expressed as

‘/output =1IR
de)
= %R (3.4)
—eARAd cos(wt)
= X Vi + Vi
w (Adsin(wt) + dO)Q( b+ Vern)

with R as the effective system resistance. A demonstrative plot of Q(t) and V. is shown in

Fig. 3.2. Despite the complex time dependency of V,utput, Eq. (3.4) shows that the peak-to-peak
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output voltage V,, is linearly proportional to V; + Vepp. Therefore, Vopp can be obtained by
measuring Vj, with various non-zero Vj (off-null measurement). Since off-null method applies
a significant V}, compared to the background noise, this method improves the accuracy of CPD

measurements.

()

\ \ | sample |

Figure 3.2: Schematic diagram and plots for off-null Kelvin probe measurement. (a) Surface
charge Q(t) on tip and (b) output voltage V,upu: With w set as 1/2m, Ad set as 0.5; €, A, dp and
(Vo + Vepp) set as 1. (¢) A diagram of off-null Kelvin probe setup with the average distance
dy and oscillation magnitude 2Ad.

In order to obtain absolute Er of samples, the tip was calibrated in a daily basis to guarantee
the high accuracy across measurements. Firstly, the CPD of the tip with respect to a silver
reference was measured. The work function of the silver reference was, then, determined by
APS to calibrate the absolute work function/Er of the tip with respect to the vacuum level.

In this report, the tip was oscillating in ~81 Hz with V}, swapping between —7V and 7V. The
samples were grounded through ITO or FTO substrates for an unbiased electrical background.
Kelvin probe measurements were kept in dark for at least 200 s or longer in order to reach dark

equilibrium. The measured CPD was then further converted to Er by the calibrated Er of the

tip.

3.4.2 Ambient Photoemission Spectroscopy

Ambient photoemission spectroscopy (APS) is used to determine the energy levels of valence
band edge (VBE) for inorganic semiconductors, highest occupied molecular orbital (HOMO)
for organic semiconductors or Fermi level (Er) for conductors. In APS measurement,
ultraviolet (UV) light is generated by a deuterium lamp, and then the UV light is selected by
a monochromator with photon energy range from 3.5eV to 6.8eV. The monochromatic UV

light pumps out the electrons from sample surface within ~10nm. The photogenerated free

29



electrons react with air and generate ions and radicals such as Ny~ and Oy . These charge
species are then collected by a positively biased tip (10 V) and recorded. A schematic diagram
of APS is shown in Fig. 3.3.

sample

Figure 3.3: A schematic diagram of ambient photoemission system. The tip is positively biased
in 10 V while the monochromatic ultraviolet (UV) light source exiting the sample. The negative
spheres are representing the negatively charged atmospheric radicals/ions.

Unlike ultraviolet photoelectron spectroscopy, APS signal was found to be either square-
root or cube-root related to excitation energy according to Fowler’s theory.!* ® To understand
the power relationship between photoemission and UV excitation energy, an estimation on the
number of UV accessible electrons, which have high enough energy to be extracted from the
sample, is crucial. To begin with, the electron distribution in metallic samples should follow

the Fermi-Dirac statistics:

3
V=[5 (35)
h e[im(vz +vy2+u, )—e]/kT +1

where N is total number of electrons, m is electron mass, h is Planck constant, € is total

chemical potential, k£ is Boltzmann constant, 7' is temperature and v, is electron’s velocity
on n-direction. To an acceptable first approximation, € is an isotropic constant equal to the

highest energy level where the electrons reside at 0 K.

According to Fowler’s theory, only electrons with sufficient energy normal to the surface

(z-direction) are to be considered accessible by APS measurement. Therefore, by integrating
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over the horizontal directions, the number of APS accessible electrons Nypg is

2m dv, dp df
Naps =2 ; e
am (v22+p2) ]/kT +1

— <_> /ln [1 + e(efémvﬁ)/kﬂ dv,.

m h

With ¢y as extraction energy barrier and ¢ = ¢y — € be work function, the N4pg is now

ATkT 3 [ L
Naps = i (%) / In [1 + e(efamvzz)/kT} dv.
m %mvz2:d}o—hu
_ 2V2m(mkT)*? /oo In [1 4 e &Hw—0)/AT]
0

d
h? [€ + (tbo — hw) [KT]'? ¢

(3.6)

where hv is the photon energy and & = [ mu,? — (g — hl/)] JET.
Since APS is only focusing on the photon energy close to the onset of photoemission (hv &

1), the denominator of Eq. (3.6) can be approximated as [(¢y — hv)/kT]"?, so

20 2rm3/? k272
h3 (1o — hv

Naps = 172 / In [1 + e ¢Hw=v)/FT] g, (3.7)
0

The logarithmic numerator in Eq. (3.7) can further be expanded with respect to u = (hv —

) /kT and be separated into two cases:

g _er gy ] <0
h3 —hv)l/2 22 32 R /’1/ —
NAPS — (wO ) (38)
7rm3/2 22 7'1'2 2 _ 672 673
g er 2 (enosier )] wzo)
When T" — 0, the two cases become
(hv —v)* (hv > )
NAPS X (39)

0 (hv < ).

Eq. (3.9) shows that the square-root of Napg will be linear proportional to the photon energy
of UV light while the linear cutoff with respect to the baseline determines the energy of the
highest electron state.

Based on the success in metallic materials, Baikie et al. extended the theory to

semiconducting materials by experiments and found that the power of N,pg should be
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cube root for semiconductors in 2014.1%13 An example APS spectrum is shown in Fig. 3.4a.
Typically, there are some weak APS signals shallower than the linear fitting line (red shaded
area in Fig. 3.4a). These signals was shown to be related to tail states (shallow traps), and the

integration of the area between APS signal and the fitting line could qualitatively show the

: 14,15
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Figure 3.4: Demonstration plots of ambient photoemission spectroscopy spectrum (APS) with
perovskite and the baseline influence function. (a) An example APS spectrum of perovskite
with black dash line for the baseline at [ and the solid black line for the linear fit. The intersect
of the baseline and the linear fit determines the energy level of valence band edge (VBE) of this
perovskite sample. The red shaded area shows the area of tail states. (b) The baseline influence
function converted from the APS spetrum with its maximum located at [ for the baseline.

To improve the consistency and the speed of processing APS spectra, a systematic algorithm
(Appendix C) is introduced. For searching the baseline, normalized Gaussian function is used

as a weighting function for each data point to calculate the baseline influence function z:

z(z) = Z—BTJ (3.10)

with y; as the cube-root (square-root) photoemission of i-th data point and weighting window
¢ = 0.3 (0.3 is tested to be the best weighting window for APS04) as shown in Fig. 3.4b.
Therefore, the value [ for the baseline, where z is maximized, can be easily determined by
2'(I) = 0. For the energy level of VBE/HOMO, a linear regression is applied to find the most
linear region of the curve together with the fitting error. The intrinsic system error of APS04
is about 50 meV, so the errors indicated in this thesis is the larger one out of the fitting error
and the intrinsic system error. For some special cases in which a specific band of electron states

are studied, the fitting will be limited to the energy range of interest. The final output data in
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this thesis will be subtracted from the baseline for a better visual presentation.

3.4.3 Density of States

Ambient photoemission spectroscopy (APS) has multiple advantages in its convenience of use,
resembling real operation conditions and less degradation on the sample. However, unlike
ultraviolet photoelectron spectroscopy (UPS) which has an established conversion correlation to
electron density of states (DOS), the correlation between APS signal to DOS was still remained
unclear. In order to link APS signal to DOS, a comparison of the methodology behind APS
and UPS is provided here. The theoretical as well as experimental studies reveal the high
accuracy of APS technique for DOS measurement and this has never been applied or reported
in the literature. The theoretical derivation here shows the conversion relationship for metals
and the empirical correlation (cube root relation) for the semiconducting materials. Further

comparison to UPS may enrich the findings and allow it to be complete for publication.

In Eq. (3.6), Fowler’s theory indicate that only electrons with sufficient velocity normal
to the sample surface (v,) are able to be extracted, and it has been further supported by
experiments. This could be related to that, in ambient environment, electrons with misaligned
kinetic movement may not be able to leave the surface easily and also the charge species formed
by these electrons will be more likely reabsorbed by the material. However, this constrain is not
applicable to UPS where the measurement is done in high vacuum environment. By releasing

this constrain, the number of accessible electrons Ny pg for UPS can be described as:

N _2<m>3/°° /’T/27r r?sin @ dr df d¢
A Lot Jo Jo o eFPEmOMT 4
mA 3 00 T‘2
—sr () / d 3.11
"5 Sy T o

_ 167kT <m>3 &+ (Yo — hv) kT

h e+ (W—hv)[kT 4 | ds

m 0

with m as mass of electron, h as plank constant, 1y as extraction energy barrier, € as total
chemical potential, k as Boltazmann constant, 1" as temperature, v as UV light frequency,

1 = 1y — € as work function and & = (%mr2 — o + hv) /KT

Following the same approximation that hv = 1, the numerator of Eq. (3.11) can be
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approximated as (g — hv)/kT. This leads to an analytical solution:

Nypg = W <%>3 In [e(hu—w)/k’T i 1} ' (3.12)
When T" — 0,
(o — W) (v — ) m hv =¥ (hv > ¢)
NUPS X (313)

0 (hv < ).

The results show that Nypg will be linearly proportional to the excitation photon energy
which is consistent to the usual interpretation for UPS.'® By comparing Eq. (3.9) and Eq. (3.13),

a conversion between APS signal to UPS signal should be

Naps'?  (for conductors)
NUPS 0.8 (hV - 1/1) 0.8 (314)

Napg3.  (for semiconductors)

Since the DOS of interest should be the intrinsic state distribution without orientation bias,
DOS should be the first derivative of Nypg to energy FE as DOS = %NUPS. Therefore, the

conversion relationship of Napg to DOS should be

d d%]\prsl/2 (for conductors)

DOS = —Nyps = (315)
4k 4 N, ps' 3. (i icond
= Naps/®.  (for semiconductors)

Despite the simplicity of DOS conversion, the sharp noises in regions of APS baseline are
confusing the real DOS signal of the material as shown in Fig. 3.5a. A clear transition from
large standard deviation to merely no deviation is shown around 4.9eV. Since the APS signal
around baseline is merely just the noise of the equipment, it is not surprising to have nearly
random or scattered distribution for this region. However, the surprisingly low errors for the
signal region, where APS signal is above baseline, demonstrates the high reproducibility of this

method.

In order to find the intrinsic error behavior of DOS from APS, a large collection (20 types
of neat or blend materials) of DOS and its error is studied (Fig. 3.5b). Since each material has

its own unique HOMO/VBE level, a systematic adjustment on the energy is crucial to remove

64



—~
53
~

Density of states (arb. unit)
—
Standard deviations of density of states E

4042 444648505254565860626466638 05 0.0 0.5 1.0 15 2.0
energy (eV) Energy-cutoff (eV)

—~
o
~
—~
[}
~—

— QW

T
e Experiment
smoothed

— it

uioows, o

Averaged standard deviation of DOS
S
Density of states (arb. unit)

=

1 T T T T
-0.5 0.0 0.5 1.0 1.5 20

Energy - cutoff (eV) Energy (eV)

Figure 3.5: Statistics and fitting of the intrinsic density of states (DOS) from ambient
photoemission spectroscopy (APS) and an example DOS plot before and after smoothing.
(a) An example of DOS with its standard deviation (error bars). (b) Overlaying 20 different
materials’ DOS standard deviation against the energy offset from their own cutoff energy. The
cutoff energy is defined as the highest energy point at which APS signal intersects with its
baseline for each material. (c) The averaged standard deviation of DOS from experiment (red)
is fitted with a flipped error function (see Eq. (3.16)). (d) An example of the raw DOS (red)
and the smoothed DOS (blue) by applying Savitzky-Golay filter as well as an er fqnootn filter
(Eq. (3.17)).

the influence. Here, the energy axis is adjusted by the cutoff energy of each material, the
highest energy point at which APS signal intersects with its baseline, to create a standardized
measure. The plot demonstrates that the standard deviation tails off after the cutoff energy
and is independent from materials. The average of intrinsic standard deviation trend is then

further analyzed by fitting it to a flipped error function er fpos(F):

(3.16)

where 0, is the average standard deviation before cutoff energy, d¢ is the average standard

deviation after cutoff energy, c is the scaling factor for transition between cutoff energy and
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AFE is the center position of transition. The fitting result is shown in Fig. 3.5¢ where the fit value
is c = 4.123, AE = 0.0535, 9; = 5.67 and dy = 0.284. The drastic difference between ¢; and dy
clearly indicates that DOS after cutoff energy is highly accurate and not subject to materials.
It is worth noticing that AFE is roughly about 0.0535eV which is about the same value to the
resolution of APS. This demonstrates that the area shallower than the linear fit, despite being
close to cutoff energy, is still with a high level of confidence for revealing the amount of tail
states. Also, it shows the high resolution as well as reproducibility of the converted DOS from

APS signals.

To improve the clarity without the loss of meaningful data, a specially tailored filter is
used for the DOS presentation (Fig. 3.5d). Succeeding from the fitting result, a modified error
function with the same scaling factor ¢ = 4.123 and shift AE = 0.0535 is applied on the raw
DOS data:

1— fo /C(Em e ot
$M00 E) = dt Nl
er fsmooth (F) 7 e + 5 (3.17)

with fo as the multiplication factor for background noise. A Savitzky-Golay filter is then
applied to remove the high frequency noises. Though the smooth filter er fq,o0n Will have a
small impact on the tail states region, it improves the details below HOMO/VBE levels and

consistency across different measurements.

Despite having a robust theory behind the DOS conversion, demonstrations of the
applicability in experiment would be essential to strengthen the conversion methodology.
Therefore, three series of molecules (see Fig. 3.6d were checked to further prove the validity
in real practice. In each series, the organic molecules are having the same dominating donor
units with either different alkyl side chains, different acceptor units or different halogenations.
Firstly, in Fig. 3.6a, ITICs with different alkyl side chains show the same DOS distribution.
This agrees with the report and the common understanding that alkyl side chain does not
influence the conjugated backbone.!” On the other hand, by changing the accepting units in the
small molecules (Fig. 3.6b), different levels of molecular orbital interaction would be expected.
This will result in a shift to the density distribution, yet maintaining the distribution shape
across energy.'®20 Lastly, through comparing different halogenations on PBDB-T molecule, a
significant down shift on DOS distribution is seen. It is coherent with the understanding of

electron withdrawing effect deepening the HOMO levels.?! These results prove the applicability

66



of photoemission-to-DOS conversion experimentally which widens the range of information

which can be extracted by APS analysis on energetics.
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Figure 3.6: Series of experimental examples of density of states (DOS) converted from APS
spectra with similar chemical structures. Small organic molecules with (a) different types of
side chain, (b) different accepting units and (c) different halogenations. The structure of the
molecules are drawn in (d) for reference.

To facilitate efficient DOS conversion as well as smoothing, DOS analysis is also done with

a program as attached in Appendix C.

3.5 Morphological and Structural Characterizations

3.5.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is measured by a Park NX10 with a PPP-NCHR type tip
under non-contact mode. The images of 5 pym x 5 pm are taken in a resolution of 96 dpi x 96 dpi

with scan rate of 0.5s7! to 1s~!. Three different locations are measured for each film in
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order to minimize the bias of choice. The images are leveled, scar corrected and polynomial
background corrected with Gwyddion. The root mean square (RMS) of the surface height is

used to represent the surface roughness.

3.5.2 Thickness Measurements

Film thicknesses are measured by a Briiker Dektak profilometer. Most of the samples are
scratched by a metal needle in different locations and orientations to find the average thickness
across the film. For hard inorganic layers such as titanium oxide, samples are spin-coated with

a protection cover to create the height differences for thickness measurements.

3.5.3 X-Ray Diffraction

X-ray diffraction (XRD) with Cu Ka (1.54 A) is applied to analyze perovskite crystal structure.
The diffraction pattern is scanned over the angle 20 from 5° to 45° with a step of 0.029 83°.
The method is used to identify Pbl,y defect states which has a characteristic peak at 12.67° and

low dimensional perovskite (Ruddlesden-Popper phase).

3.5.4 Grazing-Incidence Wide-Angle X-Ray Scattering

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS) is a great tool to study the packing
structure of soft material, e.g. organic molecules.?>?* The measurement is operated at the XRD1
beamline with the beam energy at 12.4keV. A small incident angle (0.13°) is used to generate
the diffraction pattern close to total reflection. Finally, the pattern is recorded with PILATUS

2M area detector, 35cm behind the samples.

3.6 Electronic and Photoelectronic Characterizations

3.6.1 Electrical Conductivity

Conductivity is measured using the transmission line method on organic field effect transistors
with Fraunhofer prefabricated substrates.?* The conductance is extracted from output curves
measured in four different channel lengths 2.5 pm, 5 pm, 10 pm and 20 pm, and the conductivity

is derived from the slope of linear fitting.
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3.6.2 Solar Cell Characterizations

Solar cell characterizations are mainly current density-voltage (J-V) scans, device stability test
and external quantum efficiency (EQE) measurements. In these measurements, samples were
kept in a sample chamber of either one slot or six slots which was sealed inside glovebox for
inert nitrogen environment. Photomasks with a circular area of 0.045 cm? were used to improve
the precision on illumination area as well as reduce potential crosstalk between pixels.

J-V scans were obtained using a solar simulator with AM1.5G filters (Oriel Instruments)
and a Keithley 2400 Source Measure Unit. The solar simulator was warmed up for at least
30min and the intensity was calibrated to 100mW cm~2 with a silicon photodiode (Osram
BPW?21) prior to devices. Both reversed and forward scans were carried out with reverse scans
first. The voltage was ranged from 1.2V to —0.4V for PEDOT:PSS work in Chapter 5 and
1.6V to —0.4V for low dimensional work in Chapter 6 at a rate of 0.1 Vs~!. For dark scans,

! was used for a higher accuracy in low currents. The scan

lower scan rate of about 0.05V s~
rates are tuned by adjusting the number of power line cycles (NPLC) factors in Keithley 2400.
A QEX10 system from PV Measurements inc. was used for EQE measurements. The system

was also warmed up for at least 30 min and was calibrated with a silicon reference.

3.6.3 Surface Photovoltage

Surface photovoltage (SPV) dynamic is defined as the change of surface electric potential
between cycles of dark and illumination.?>?0 An operational schematic diagram and an example
SPV curve can be seen in Fig. 3.7. During the measurement, the tip is vibrating in a similar way
to the Kelvin probe measurement. The SPV signal is defined as the change of surface potential
with a positive sign for electron accumulation and vice versa. Before the measurement, the
sample is left in dark to reach equilibrium. When illumination kicks in, charge species such
as free charges or ions are either generated or redistributed across the layers of sample by
the internal electric field originated from different Fermi levels (EF) across materials. As SPV
signal comes from the potential difference between the tip vibration cycle, it can also record the
decay dynamics after the illumination is finished. Since SPV is measured under an open-circuit
condition similar to devices operating at open-circuit voltage (Voc), SPV dynamic reveals the

kinetic balance between charge generation and recombination. Despite the similarity between
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SPV signal and Ve, SPV does not require a complete device setup, so it is able to focus on the
recombination or charge separation on specific interfaces by adding in or removing the layers
of interests. Here, SPV signals are facilitated by a Kelvin probe as described in Section 3.4.1

by operating with the same vibration frequency and backing voltage.

(a) (b)
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Figure 3.7: Example (a) surface photovoltage (SPV) and (b) alternating surface photovoltage
(ASPV) curves of a perovskite sample with (c) their schematic diagrams. The gray background
area indicates the light off period. The negative sign of SPV signal indicates hole accumulation
and vice versa while the ASPV signal is by definition always positive.

SPV measurements in this work was operated with APS04 from KP Technology. Before
measuring SPV, the Er of test samples were monitored in dark condition for long hours
to guarantee a good equilibrium condition was reached. Then, the sample was illuminated
with white light generated from a quartz tungsten halogen light source (Dolan-Jenner) at
~20mW cm ™2 intensity. The illumination cycle was 100s followed by the dark decay of 150s.
To compare the signal across different samples, the average of the first 20s dark equilibrium
signal was subtracted as the reference point. Analysis were carried by a Python software for

efficiency as copied in Appendix C.
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Alternating Surface Photovoltage

As indicated in Section 3.6.3, SPV signal is derived from the change of surface electric
potential which does not distinguish what charge species are contributing to the signal. Some
materials such as perovskites have significant ionic movements which also contribute to a large
build-up potential shift under illumination.?™?® In order to distinguish signals from different
charge species, a high-frequency alternating illumination (or chopped illumination) is applied
in alternating surface photovoltage (ASPV).2%3% As shown in Fig. 3.7c, ASPV measurements
does not depend on the tip vibration cycle but on the oscillating illumination cycle governed
by an optical chopper. By tuning the alternating illumination frequency, slow moving charge
species, such as ions, will not be able to redistribute and generate a potential change, leaving
the potential shift from fast moving species only, typically free charges. This makes ASPV
suitable for detecting the free charge generation and recombination in perovskite. In ASPV,
the signal is defined as the peak-to-peak electric potential difference within the chopped
illumination which is different from SPV signal, the change of potential between dark and
constant illumination. Beware that, by definition, ASPV does not have signals in the dark
period of illumination cycles since there is no peak-to-peak potential changes under constant
dark environment.

To screen out the ionic contribution, high frequency (300Hz) chopped white light at
20mW cm~2 intensity was used on perovskite samples. The illumination cycle was composed
of repeating 100s illumination and 20s dark, similar to SPV measurements. The dark period
in ASPV measurement was shorter than in SPV measurement since ASPV does not have

signal without illumination by definition.
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Chapter 4

Organic Photovoltaic Materials —
Impact of Molecular Structure and
Packing on Electrostatic Potential and

Trap States

Benefiting from the high chemical design freedom, organic semiconductors (OSCs) have been
tailored for organic photovoltaic (OPV) applications to reduce loss mechanisms and improve
device performance with few successful breakthroughs. Despite the fast improving power
conversion efficiency (PCE) in recent years (>18 %), a clear understanding in the density of state
(DOS) distribution, particularly its correlation to the molecular design, packing structures and
orientations, are still unclear. Herein, a systematic study is carried out from neat materials to
blends showing how chemical structure and packing determine their energetics and furthermore
device characters. Firstly, the structural origin of energy disorder is investigated to provide
understandings and design rules. Secondly, the orientation dependent energetics and its impact
on device performance are studied through vacuum deposition or solution process. The origin is
then correlated well to the quadrupole moment. This sheds light on understanding interfacial
energetics which governs free charge generation. Lastly, blending induced energetic shift is
studied by pinpointing DOS distribution to chemical moieties unveiling the packing origin
behinds non-Langevin recombination process.

This chapter is based on four publications, Wu et al. [1], Dong et al. [2] and Marin-Beloqui
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et al. [3]. One of the publication is recently accepted in Nature Communications as entitled
"Molecular orientation-dependent energetic shifts in solution-processed non-fullerene acceptors
and their impact on organic photovoltaic performance”. In Section 4.2, devices and thin films
were fabricated by Jinho Lee.! Accelerated photodegradation for Y6, ITIC and O-IDTBR
and dihedral scans for ITIC and O-IDTBR were measured or simulated by Joel Luke. In
Section 4.3, Vasileios C. Nikolis fabricated films and tested photovoltaic devices (J-V and
EQE measurements).? Felix Talnack and Stefan C. B. Mannsfeld performed and analyzed the
GIWAXS measurements. Work in Section 4.4 was published in Nature Communications. The
orientation controlled Y6 and PM6/Y6 planar heterojunctions were fabricated by Yuang Fu
and Tack Ho Lee. Y6 orientation-dependent energetic was simulated by Dr. Daiki Minami.
PM6:Y6 BHJ devices were fabricated by Chiara Labanti and Song Yi Park. In Section 4.5, thin

films of neat polymers or polymer:fullerene blends were fabricated by Jose Marin-Beloqui.?

4.1 Introduction

In recent years, organics semiconductors (OSCs) have drawn a significant amount of attention,
particularly in organic photovoltaics (OPVs), due to the sharply rising device performance and
promising applications, such as low-light or semi-transparent applications.*® This is owing to
few successful chemical designs which have unique energetics boosting charge dissociation and
reducing recombination loss, such as ITIC and Y6.”® Although these OSCs have led to huge
success with their unique optoelectronic properties, the chemical origin of these properties
is still under strong debates. In this chapter, molecular structure, packing and orientation
dependent energetics and its impact on OPVs are investigated step by step from neat OSCs
to blends, including energy disorder, packing dependent energetics by either evaporation or
solution-process.

Firstly, the impact of chemical structure on energetic disorders and tail states distribution
in high performance non-fullerene acceptors (NFAs) are investigated in Section 4.2. The
amount of tail states are extracted from photoemission spectra, and are correlated to the
structural rigidity by density functional theory (DFT) simulations pinpointing out the critical
locking moiety providing design guides to reduce chemical disorders and recombination losses.

In Section 4.3, the impact of molecular packing structure on energetics is investigated by
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fine tuning the packing structure of vacuum evaporated sexithiophene (a-6T), a simple small
molecule composed of six thiophenes. The electrostatic effect is shown to determine the
energetics of lying and standing packing structure, resulting in a sufficient energetic separation
to efficiently generate free charges as in a homojunction device. This shows the importance of
controlling packing structure can further manipulate the energetics beyond chemical structures.
Extending the control of packing structure from evaporation to solution-processed OSCs,
Section 4.4 shows a significant orientation dependent energy shift in Y6 depending on the
processing solvent. This is correlated to the strong electrical quadrupole moment perpendicular
to the conjugated backbone (Q,) of Y6, which determines the interfacial band bending and
device Vpe. Lastly, applying the understanding of packing-to-energetic correlation, two
polymer:fullerene blend systems are studied. PDTSiTTz:fullerene blends show a systematic
shift in density of states (DOSs) originated from the twisting of the conjugated backbone
inside the polymer. These studies demonstrate some of the key factors, such as chemical
designs and packing structures, which highly correlate to the energetics and furthermore OPV

device performance.

4.2 Molecular Structure Induced Traps in Small
Molecule Non-Fullerene Acceptors

To begin with, the degree of energetic disorder and charge trapping of different polymer:NFA
blends are studied, namely Y6, ITIC and O-IDTBR, in order to unveil the exceptional OPV
performance of PM6:Y6 BHJ. The light-intensity-dependent tail state density is characterized
by charge extraction measurements at open circuit. The extracted charge carrier density n,
which is normally associated with trapped charge in tail states if the device is operated far

below the band edge, can be described as:
n x exp(AE;/2E,) (4.1)

where AE; is the quasi-Fermi level splitting and E,;, is characteristic slope of the energy tail
states. By approximating Vo to AEy, E., can be determined by the slope of linear regression

between In(n) and Voc.2 '3 In an ideal band edge condition, F, is dominated by the thermal

77



fluctuation kgT', which is ~25meV around room temperature. E. >25meV indicates a non-
ideal shallow tail state distribution extending into the band gap (E,). Here, multiple high
performance polymer:NFA OPV blends have their E., >60meV as shown in Fig. 4.1a, which
is similar to other fullerene based OPV blends reported before.!* These large E., (about 2
to 2.5 times of ideal band edge condition) demonstrate that almost all OPVs reported before
have significant tail state density which contributes to charge recombination and serve as trap
states.'® Nonetheless, the E,, values of PM6:Y6 and PM6:BTP-4Cl blends are nearly ideal at
27meV and 28 meV respectively. These near-ideal E., were the lowest value reported so far,
and it may be one of the key factors which supports the superior performance in both blends

despite the small energetic offset between PM6 and Y6 (or BTP-4Cl).'
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Figure 4.1: Tail states and energetic shifts of high performance OPV blends and neat NFAs.
(a) Measurements of the accumulated charge density versus quasi-Fermi level splitting qVoc
determined from charge extraction measurements at open circuit as a function of irradiation
intensity for a range of polymer:NFA blends. The accumulated charge density is normalized
to the charge carrier density at 2 Sun open-circuit condition, and the measured Vo relative to
that, (b) The photoemission spectra for selected NFA films, illustrating the extrapolated HOMO
level (dashed lines) and the additional sub-gap tail states (the shaded areas)with an insert plot
of the integrated tail state areas. (¢) PM6:Y6 and PM6:BTP-4Cl blend films compared to PM6,
Y6 and BTP-4Cl neat films. ~100meV band edge shift on PM6 upon blending with either Y6
or BTP-4Cl.

To unveil the exceptional low tail state density in Y6, the NFAs are investigated for their
energetics by APS as shown in Fig. 4.1b. The linear extrapolation (dash lines) indicates the
highest occupied molecular orbital (HOMO) energy levels of each NFA.'6 Here, the APS gives
the HOMO level of Y6 as 5.70eV, which is consistent with cyclic voltammetry in literature,
5.65eV, showing the accuracy of APS measurement.!” Besides the value of HOMO level, the
APS signal below the extrapolation clearly indicates the existence of tail states shallower than

the HOMO level. By integrating the tail state area (shaded area in Fig. 4.1b), a relative
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comparison of the tail state density between different NFAs could be made. The integrated
area of Y6 (and BTP-4Cl) is the smallest among these high performance NFAs, suggesting the
low tail state density nature in the BTP based molecules. Moreover, the integrated area of
Y6 is nearly 2.5 times of the integrated value of O-IDTBR. This is coherent with the charge
extraction results where IDTBRs and ITIC have about 2.5 times and 2 times E,;, than the
E., of Y6. Furthermore, these trap states extend into the £, for about 100meV, similar to
the fitted E., in Fig. 4.1a. Apart from the low tail states width found in Y6, a noticeable
HOMO level deepening by ~100meV in PM6 is seen upon blending with Y6 (Fig. 4.1c). This
significant deepening may be related to the packing between PM6 and Y6 which may be covered
in Section 4.4. The deepening of donor HOMO level may provide an energetic offset between
the bulk of donor and the interface between donor and acceptor. Thus, it stabilizes generated
free charges by extracting the charges away from the interface. This factor may be a critical
key in explaining the high efficiency of PM6:Y6 devices, and further studies such as the origin

of such energetic shift will be discussed in Section 4.4.®

The previous tail state density measured by APS indicates that Y6 OPV blend has
exceptional high performance due to its low tail state density which reduces charge trapping
and recombination loss. Furthermore, ideal energetic band edge was accounted for the
efficient charge generation in these blends despite the small energy level offset for charge
separation.'® Recently, there were also other reports showing near ideal optical absorption in
PM6:Y11 blends (Y11 shares a similar chemical structure with Y6), which has remarkable
performance similar to PM6:Y6.2° These findings indicate the importance of low tail states
is a general rule for high performance OPVs, and correlating the origin of this character to
the fundamental molecular structure would lead to a deeper knowledge to design relevant
molecules for OPV applications. Since tail states are originated from disordered energetic,
conformational uniformity and rigidity of the Y6 molecule may explain its exceptional low
tail state density. Dihedral energy scans in Fig. 4.2 show the energy barrier of rotating the
end group of IDTBR, ITIC and Y6. Here, unlike the other NFAs, Y6 shows a single global
energy minimum implying that only the structure at 0° is thermodynamically favored. For
the other two linear NFAs (ITIC and IDTBRs), more than one potential energy minima is

found within the thermal fluctuation range, kgT', suggesting the possible existence of different
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conformations. Therefore, the co-existing conformations of ITIC and IDTBR result to higher

conformational disorder and thus larger energetic disorders.
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Figure 4.2: Potential energy scans as a function of dihedral angle (red arrows) of (a) Y6, (b)
ITIC and (c¢) IDTBRs NFAs with their structures in (d), calculated using DFT calculation.
One global potential energy minimum is observed for Y6 molecule (0°) compared to ITIC
and IDTBRs (0° and 180°), suggesting its conformational uniformity and rigidity, potentially
leading to the low energetic disorder. R groups are simplified to methyl groups for simulations.
The red line in (a) refers to the dihedral scan when the red highlighted R group is replaced
with a hydrogen.

For NFA end group twisting, it is well known that the carbonyl oxygen in the end groups
and the thiophene sulfur in the donor backbone have non-covalent interaction which is present
in both Y6 and ITIC.21:22 Therefore, this interaction could not be the main cause to multiple
conformational energy minima in ITIC and IDTBRs. A critical structural difference between
Y6 and ITIC is the long alkyl chain on the outer core thiophene unit in Y6 which may contribute
to a steric hindrance to the end group twisting. To highlight the steric effect, a modified Y6
without alkyl side chain on the outer core thiophene units was performed. The profile of
potential energy without alkyl side chain leads to a similar shape to ITIC where there are
two local energy minima within thermal fluctuation (see the red line in Fig. 4.2a at 0° and
180°). This confirms that the alkyl side chain on the outer donor core of Y6 serves as a
conformational locker and is the deterministic design which makes Y6 conformationally rigid
and therefore has low energetic disorder. Since the simulation here replaced the long alkyl

side chain with only a simple methyl group, the results even further indicates the long side
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chain may not be necessary to reproduce the same property of low energetic disorder. In a
former publication by J. Luke et al., the photostability of NFAs is directly linked to their
own conformational rigidity and their energetic landscape under end-group twisting.?? To test
whether the photostability of Y6 is relatively higher than the other two NFAs, an accelerated
in situ photostability test was measured in Ny (Fig. 4.3). For both O-IDTBR and ITIC, their
conformations and vibrational spectra significantly change after laser irradiation, showing the
strong photo-instability. Nonetheless, for Y6, its vibrational spectra are strikingly stable with
no changes in relative peak intensities nor positions, indicating its exceptional conformational
stability. The exceptional characters of Y6, both conformational rigidity and its leading low

tail state density, may also explain the low optical Urbach energy observed for Y11.%
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Figure 4.3: Baseline background corrected and normalized in situ resonant Raman spectra (a)
at 633 nm excitation of a neat Y6 film, (b) at 514nm excitation of a neat ITIC film, (c) at
457 nm excitation of a neat O-IDTBR film shown as a function of laser irradiation time starting
with green spectra and progressing to red. Different laser wavelengths were used to achieve
resonant accelerated excitation of each NFAs. The films are kept under a high nitrogen flow to
minimize photo-oxidation.

In this work, the underlying mechanisms by which PM6:Y6 blend can achieve high quantum
efficiency in generating high photocurrent and low energy loss comparing to other polymer:NFA
blends is investigated. Here, an extremely low tail states is found in Y6 (and BTP-4Cl). This
exceptional low energetic disorder is originated from the outer alkyl side chain locking the
dihedral rotation of the accepting end-groups creating strong conformational rigid structure.
DFT simulations show that only a single energy minimum for Y6 while there are two energy
minima for ITIC and IDTBRs within the thermal energy range kgT'. To emphasize the influence
of conformational rigidity and low tail states, a further accelerated photostability test on these

NFAs indicates a superior neat film stability in Y6 only.
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Experimental Methods for Section 4.2
Sample Fabrication

PM6:Y6 OSCs were fabricated with an inverted structure of ITO/ZnO/PM6:Y6/MoO3/Ag.
The sol-gel based ZnO precursor solution was prepared by dissolving 220 mg of zinc acetate
dehydrate in 60 uL of ethanolamine and 2ml of 2-methoxyethanol. The PM6 and Y6 were
synthesized according to the methods in the previous work.® The ZnO solution was spin-coated
at 4000rpm on the pre-cleaned ITO substrate. Subsequently, the samples were annealed
at 150°C for 20min in air and then transferred into an N, glovebox for spin-coating of
the photoactive layers. The PM6:Y6 (1:1.2%W /W) layers were deposited from 7mg/mL
chlorobenzene/chloronaphthalene (99.5 %V /V) solution by spin-coating at 2000 rpm and then

annealed at 100°C for 10 min.

4.3 Orientation-Dependent Energetic Shifts in Vacuum-
processed Organic Small-Molecules

In Section 4.2, the energetic disorder in different neat NFAs is investigated, and it is correlated
well to the conformational rigidity originated from the alkyl side chain which eventually
influences their blend OPV performance. These findings lead to an idea of whether by
controlling microscopic structures may enable the ability to tune energetics and furthermore
assist charge generation in OPV devices. a-sexithiophene (a-6T), one of the archetypal OSCs,
was commonly applied in OPVs as a donor material and blended with various fullerene or
NFAs.232* Tts simple chemical structure allows it to be vacuum evaporated into polymorphic
or mixed crystal structures by tuning the evaporation conditions.?> Here, mixed o-6T
homojunction OPV (HOPV) is fabricated by fast deposition (1 As~') on unheated substrate
with its device structure shown in Fig. 4.4a.¢

To prevent silver penetration, a thin cathode buffer layer (BL) of BPhen is inserted together
with some other common BL materials in OPVs or organic light emitting diodes (Rubrene,
C545T, DBzA, TCTA, TPBA, TBPe, TPBI - full names are provided in Appendix B).2"?® The
BLs here are chosen based on their lowest unoccupied molecular orbital (LUMO) energy which

should be compatible to that of o-6T in order to assist charge extraction process. Overall, the
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Figure 4.4: Homojunction organic photovoltaics based on o-6T and various buffer layers. (a)
The Device architecture of the devices. BPhen and an additional buffer layer (BL) are used
between o-6T and the top silver (Ag) contact. The thickness of each layer is denoted in the
parentheses. (b) External quantum efficiency (EQE) spectra and (c) current density—voltage
curves of the devices with various BL materials.

BLs are only used to improve charge selectivity and device performance.?”?° The EQE spectra
and the current density-voltage curves of the devices with different BLs are shown in Figs. 4.4b—
4.4c. These devices demonstrate efficient charge separation with an EQE from 35 % to 50 %
(Fig. 4.4b). Since HOPV has no donor-acceptor interface assisting charge generation as in the
BHJ devices, the o-6T/BL interface becomes the possible interface where charge generation
might occur. Nonetheless, the similar EQE distribution across different BLs suggests that
charge generation happens instead of on the interface but within the bulk of the o-6T film.
There are more transient absorption evidence showing charge generation in the bulk o-6T
rather than the interface in the publication.? More evidence from surface photovoltage (SPV)
measurements in later paragraphs will show the domination of charge generation inside o-6T
instead of the BL interface. Such an efficient charge generation demonstrates that the mixed ao-
6T may have complex energetic landscape which provides the necessary energy offset to separate

excitons and generate free charges even within a single component layer.

To understand how charges are generated inside mixed o-6T, three differently oriented a-6T
films, namely standing, lying and mixed, are fabricated by utilizing the evaporation conditions
in previous reports (detail fabrication methods see Section 4.3).263031 Grazing-incidence wide-
angle X-ray scattering (GIWAXS) is carried out to detail the packing structures, as shown in
Figs. 4.5a-4.5¢c. Firstly, for a-6T deposited in low evaporation rate (~0.1 As~!) at 100°C, the

resonance peaks in Fig. 4.5a have a clear out-of-plane pattern indicating a standing orientation

83



on the substrate as illustrated in Fig. 4.5d. To highlight the pattern, the resonance peaks
derived from the unit cell are shown in red circles here.?? On the contrary, for a-6T deposited
on top of a thin copper iodide layer (2nm), the GIWAXS data shows a clear packing direction
changing from out-of-plane to in-plane direction (see the blue circles). Here, the thin copper
iodide layer serves as a template by the strong n-n interaction leading to the lying oriented
o-6T. Finally, the mixed o-6T film has the resonance peaks from both orientations (red and
blue circles) indicating that both standing and lying domains are presented (Fig. 4.5b). For all

three cases, schematic diagram for each is shown in Figs. 4.5d-4.5f.
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Figure 4.5: Morphological characterization for the orientation of o-6T thin films. (a) — (c)
Grazing-incidence wide-angle X-ray scattering (GIWAXS) diffraction images showing three
different molecular orientations of o-6T by tuning the evaporation conditions. The resonance
peaks of standing (red circles) and lying (blue circles) derived from crystallites are overlaid as
a guide to the eye. (d) — (e) Schematic morphology for o-6T thin films with different molecular
orientations (standing, mixed, and lying).

In literature, it is known that the energetic of OSCs is strongly correlated to the molecular
packing structure.®® Since mixed a-6T is composed of both standing and lying structure, the
driving force for free charge generation may rely in the energetic difference of the two packing
structures. Therefore, APS measurement is applied to the three packing structure with two

different thickness each to reveal the vertical energetic landscape (Fig. 4.6). The HOMO levels of
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both thin and thick standing o-6T are measured to be 4.8 eV while the lying oriented samples
have their HOMO level at ~5.2eV. This is coherent with a previous report from Duhm et
al. that a 0.4eV difference was recorded between standing and lying packing structures by

ultraviolet photoelectron spectroscopy.?*°

Further molecular dynamic simulations can be found
in the publication showing the energetic shift between the two orientations.? The electrostatic
field building up within different packing structure results to a packing-dependent energy level
shift. In contrast to both standing and lying orientation, the mixed samples show a significant
HOMO level shift from 4.8 eV for 20nm to 5.0eV for 60 nm. It indicates the standing structure
is preferential and dominating the crystal structure close to I'TO substrate which is coherent
with the fact that standing structure does not require any template layer for fabrication. A
shallower HOMO level at the bottom ITO contact is beneficial for holes to be extracted with

a vertical cascade energetic landscape and thus reduce charge recombination by transporting

free charges away.
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Figure 4.6: Energetic landscape and surface photovoltage response in different morphological
o-6T. (a) Ambient photoemission spectroscopy (APS) responses and (b) its converted density of
state (DOS) distribution of 20 nm (double line) and 60 nm (solid line) o-6T films with standing
orientation (red), lying orientation (blue) and mixed orientation (yellow). DOS distributions of
the standing and 20 nm mixed samples are plotted till the saturation point of the equipment.
(c) Surface photovoltage (SPV) signals of all samples under 0.2sun white light illumination.
Dashed vertical lines indicate the transitions between light off (gray) and light on (white).

It is interesting that the HOMO level of the 60 nm mixed sample is located well between
that of the standing and the lying samples at 5.0eV (Fig. 4.6a). A direct explanation would be
that the mixed sample has an averaged electrostatic effect which results in an averaged HOMO
level between standing and lying cases. However, a uniform energetic environment would mean
that there is no energy offset driving charge dissociation and thus no free charge generation. To

unveil the energetic details beyond the averaged HOMO level, the converted DOS distribution
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is shown in Fig. 4.6b. The standing samples, both 20 nm and 60 nm, are having nearly the same
DOS distribution with a characteristic double-peak center at 5.05eV and 5.15eV showing a
well-controlled packing structure across the whole deposition depth. For the lying samples,
their DOS distribution is found to be broad and equally distributed across the energy spectra
with some small features such as small frontier peak. Despite the similarity, clearer DOS
distribution features are measured for the 60 nm lying sample which may be originated from
the gradually vanishing template effect when growing thicker and farther away from the Cul
template. Turning to the mixed samples, 20 nm mixed o-6T shows a DOS distribution similar
to the standing o-6T which is coherent with their similar APS spectra (Fig. 4.6a). It suggests
that the standing o-6T dominates the beginning growth in the mixed o-6T. Surprisingly, for
60nm o-6T (solid yellow line in Fig. 4.6b), both the double-peak feature as well as the broad
distribution in deep energy region appear confirming the existing of both standing and lying
o-6T as measured in GIWAXS data (Fig. 4.5b). Therefore, the intermediate HOMO level in
mixed o-6T is not originated from a uniform electrostatic environment averaged from the two
orientations but rather a lower frontier electron density which results in reduced photoemission

from the standing oriented o-6T.

With the in-depth detail of the energetics, further SPV measurements are carried out to
show that efficient free charge generation is only occurred in mixed o-6T and not related to the
BL layers in the HOPV devices. As shown in Fig. 4.6¢, 20nm lying and both 20 nm and 60 nm
standing samples have a small SPV response (~25meV) indicating a small to almost negligible
free charge generation under white light illumination due to lack of energy offset to generate free
charges. For 60 nm lying sample, a slightly larger SPV response (~60meV) is recorded despite
not having differently oriented o-6T. This may be originated from the gradually misaligned
a-6T noticed by its DOS distribution since lying structure is built on top of Cul template of
which the template effect decays with growing o-6T thickness. The mixed samples, both 20 nm
and 60 nm, have large SPV response compared to the other two orientation samples in the same
thickness respectively indicating an efficient charge generation only occurred in mixed energetic
environment. This corroborates the domination of charge generation in o-6T instead of the BL
interface. In summary, through controlling the orientation of a-6T, the energetic landscape may

be tuned by the non-zero electric field within the single component o-6T crystal. The different
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energetics of standing and lying o-6T thus contribute to the unusual efficient charge generation

despite not having typical donor-acceptor pairs.

Experimental Methods for Section 4.3
Sample and Device Fabrication

The o-6T thin film samples were prepared on top of sputtered I'TO substrates. Thickness of
20nm and 60 nm were fabricated for each orientation. Both thicknesses were used for the APS
measurements, while GIWAXS and TAS were performed on samples, which had a thickness of
60 nm. For the standing orientation where the long axis is nearly perpendicular to the substrate,
o-6T was evaporated at the a low rate of ~0.1 A s7! on pre-heated substrate at 100 °C. To obtain
the lying orientation where the conjugated backbone is parallel to the substrate, a thin (2nm)
Cul layer was evaporated first before evaporating the «-6T layer. The strong n-n interaction
between the conjugated backbone of a-6T and the d orbitals of Cul provides a template effect
for the lying orientation as reported in the literature.3! Lastly, the mixed o-6T films where
both standing and lying orientation co-exist was evaporated at room temperature but high

evaporation rate (~1As™!).

4.4 Orientation-Dependent Energetic Shifts in Solution-
processed Non-Fullerene Acceptors and Their

Impact on OPV Performance

In Section 4.3, o-6T proves the importance of molecular packing structures and orientations
in energetics, and this, furthermore, leads to efficient free charge generation in o-6T HOPV
devices which does not have a typical energetic offset between donors and acceptors as in BHJ
devices. However, what the molecular origin of electrostatic effect is in small molecule OSCs and
whether the orientation dependent energetic shift can be achieved by solution processing require
further investigations. To answer these questions, Y6 in different orientations is manifested by
processing in different solvents in order to compare the energetics and moreover the influence

in OPV devices.
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To begin with, chloroform (CF) and chlorobenzene (CB) are utilized here for Y6 deposition
on top of ITO/ZnO in order to achieve two types of orientations (see schematic in Fig. 4.7a) as
reported by Zhu et al.3¢ For Y6 deposited from CF (denoted as Y6 CF), Y6 molecules forms
a face-on orientation where the molecules are parallel to the substrate akin to lying o-6T in
Section 4.3. In contrast, Y6 deposited from CB (denoted as Y6 CB) adapts a mixed orientation
where both edge-on and face-on orientation exist similar to the mixed o-6T samples. Both Y6
CF and Y6 CB are prepared in similar thickness (~40nm) for the convenience to compare.
Due to the change of Y6 orientation, the absorption cross section is lower in Y6 CB than
in Y6 CF (Fig. 4.7b) despite having similar film thickness. Also, the peak position of Y6
CB is slightly redshifted compared to that of Y6 CF indicating a narrower E, in Y6 CB.
This may be originated from the stronger intermolecular electron delocalization due to the
change of aggregation structure and was reported in the literature.®® Turning to energetic,
the HOMO level of Y6 CB is measured to be —5.83eV which is deeper than that of Y6 CF
(—=5.62eV) by 210meV (Fig. 4.7c). This orientation-dependent HOMO level shift is similar
to 0-6T and is regarded as the effect of different electrostatic strength originated from the
molecular orientations. Since electrostatic field would shift the whole energetic environment,i.e.
all the energy levels shifting in the same direction by the same amount, the energy gap, A =
Er — Egono where Egono is the energy of the HOMO level, of the same material should
remain the same across different orientations. Here, the A of Y6 CF and Y6 CB is shown in
Fig. 4.7d where it maintains almost the same value (1.13eV to 1.14eV), proving the origin
relies in electrostatic environment shift.333738 To elucidate the origin of the energetic shift,
DFT simulation combined with molecular dynamics show a significant HOMO and LUMO
level shifts as shown in Fig. 4.7f. The simulated HOMO levels concur with the experimental

results with 5.59 eV for face-on and 5.85eV for edge-on.

As free charge generation is observed in mixed o-6T, photoinduced charge generation in Y6
might also occur due to the complex orientation-dependent energetic landscape. To investigate
this, SPV of both Y6 CF and Y6 CB on top of ITO/ZnO are measured (Fig. 4.7¢).'® Under
0.2sun white light illumination (the center white band region), Y6 CB generates a slightly
larger SPV response (~290meV) than Y6 CF does (~150mV). The signal here is slightly

larger than the o-6T as the electron transport layer (ZnO) is assisting electrons to be extracted
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Figure 4.7: Orientation-dependent Y6 neat film energetics and charge generation. (a) Y6
molecule structure and the schematic diagrams for packing structures, (b) absorption spectra
and (c) ambient photoemission spectroscopy (APS) spectra with an inset of the density of
state (DOS). (d) The energetic diagram of HOMO levels (Exono), Fermi levels (Er) and the
energy gap between them (A = Er — Egoymo) for ZnO, Y6 CF and Y6 CB and (e) surface
photovoltage (SPV) measurements of Y6 CF and Y6 CB on ITO/ZnO substrates. (f) Simulated
HOMO levels, LUMO levels and their gap F, of face-on and edge-on Y6 with electrostatic effect
using molecular dynamics and density functional theory (DFT).

and reducing recombination loss.?® The negative SPV signal indicates the free hole accumulation
on the surface which implies a more efficient charge generation within the bulk of Y6 CB on
top of the ZnO interface. This free charge generation may be coming from the energetic offset
between different Y6 orientation (Fig. 4.7f) similar to o-6T, and it might play an important
role in OPV devices.

Before testing the role of orientation in OPV devices, it is crucial to understand the
molecular origin of electrostatic effect and how it determines the energetics of o-6T and Y6 thin
films. According to Schwarze et al., electric quadrupole moment dominates the electrostatic
effect in OSCs since the dipole moment of OSCs usually cancels out by forming their crystal
structures.?” Furthermore, with the symmetry, high performance NFAs are mostly linear and
as a result leaving a relatively small dipole moment. A brief summary and visualization
technique of quadrupole moment is shown in Appendix D. To verify this, the quadrupole

moment perpendicular to the n-conjugated backbone (Q,) of o-6T, high performance NFAs
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and some other OSCs are simulated by DFT calculations (Fig. 4.8a). Since most of the
OSCs have a shorter n-n stacking distance compared to other directions, the Q, would be
the dominating quadrupole component among all the other directions as an indicative value
to verify the strength.?®4! As shown in Fig. 4.8a, Y6 has a positive Q, at 192 ea? which is the
opposite sign to that of a-6T (—70ead). The sign of the Q, correlates well to the direction of
HOMO level shift where the negative Q, of o-6T shifts the energetics deeper from standing to
lying and vice versa in Y6 with positive Q,. Besides that, the value of ), among different NFAs
is getting larger by adding halogens on the side groups, and the larger electron negativity leads
to more positive Q, value. This could be due to the planar molecular design in NFAs which
is typically composed of an A-D-A (acceptor-donor-acceptor) or A-D-A’-D-A structure which
introduces a strong push-pull across the conjugated backbone. To elucidate how the molecular
structure influences its own Q, value, an electrostatic potential (ESP) mapping of o-6T and
Y6 is carried out (Fig. 4.8b). Here, a-6T has a uniform electron rich core with positive charges
circling the core leading to a negative Q.. On the contrary, Y6 has an electron deficient donor
core with strong electron rich side groups particularly the carbonyl, cyano and halogen groups
leading to a much larger Q, than a-6T.%? Interestingly, these modifications are in line with the
trend of high performance NFA development which may be another key factor to explain the

performance improvement.*3
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Figure 4.8: Density functional theory (DFT) simulated (a) molecular quadrupole moments
perpendicular to m-conjugated backbone (Q,) with e as elementary charge and a; as Bohr
radius, and (b) electrostatic potential (ESP) of a-6T, Y6 and other organic semiconductors
with Ey as Hartree energy.

Turning to the impact on nearby donor molecules and furthermore on OPV performance,

Y6/PM6 planar heterojunction are fabricated by further depositing PM6 layers through water
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transfer method (details in Section 4.4).415 With the water transfer method, a clear acceptor-
donor interface is acquired and different thickness of PM6 (510nm) is exploited to reveal the
influence from differently oriented Y6 underlayer. As shown in Fig. 4.9a, thin PM6 (5nm)
on top of both Y6 cases results in a deeper HOMO level which was usually attributed to the
crystallinity or packing disruption within BHJ.%*® However, in this case, the deepening should
not be coming from the packing disruption as PM6 and Y6 layers are not intermixed here.
Interestingly, the deepening in Y6 CF case is about 100 meV which is the same amount in
PM6:Y6 BHJ observed in Fig. 4.1c. Furthermore, both the HOMO levels and DOS distributions
of 10nm PM6 are similar to neat PM6 (Fig. 4.9b). This fast distance decay coherent with
quadrupole moment as it decays to the power of third by distance (o< 1/r3, where 1 is the
distance between quadrupole to the test point). Turning to the Y6 CB cases, the PM6 on top
shows a nearly unchanged HOMO level as well as DOS distribution. This may be due to the
cancellation among the mostly mixed Y6 leading to no consistent electrostatic field from Y6.
To summarize, the HOMO levels of PM6 in different environment are shown in Fig. 4.9c. The
electrostatic effect not only influences the Y6 film but also its nearby PM6 which would play a

significant role in charge generation and OPV performance.
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Figure 4.9: Energetics of Y6/PM6 planar heterojunction. APS spectra with normalized DOS
insets of (a) neat and 5nm or (b) 10nm PM6 in planar heterojunction with Y6 CF or Y6
CB underneath. (¢) The HOMO level plot of PM6 in neat (white background), with Y6 CF
underlayer (gray background) and with Y6 CB underlayer (red background). The HOMO levels
of the underneath Y6 layer (dash lines) are derived from Figs. 4.7c and 4.7d.

Following the PM6 energetics in bilayer structure, bilayer OPV devices (namely CF and
CB devices) are fabricated, and their current density-voltage (J-V) curves are shown in
Fig. 4.10a. Reflecting the significant energetic shifts, the CF device shows a significantly better

photovoltaic performance compared to the CB devices, Jsc (6.21 mA cm™2 vs. 4.95mA cm™2),
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Voo (0.86V vs. 0.75V) and PCE (3.73% vs. 2.13%). The difference of Jsc between the
two devices is unveiled by their external quantum efficiency (EQE) and optical absorbance
spectra (Fig. 4.10b). Overall, the CF device has a higher EQE between 350 650nm which is
related to PM6 absorption. Since, in both devices, the PM6 layer has the same thickness
and absorbance, this higher EQE could be related to a more efficient energy transfer from
PMG6 to the underneath Y6 layer achieved by the favored Y6 alignment and better overlapped
absorption spectra.*” Interestingly, the EQE above 650nm is nearly the same between the
two devices despite the lower absorbance in CB device. It could be explained by the free
charge generation within Y6 CB as shown by the neat Y6 SPV measurement (Fig. 4.7e).4%49
Turning to V¢, the CF device shows a higher V¢ than the CB device by ~120mV. This is
as expected since Y6 CF has a slightly shallower LUMO as well as HOMO levels (Figs. 4.7b
and 4.7d) which leads to a larger effective £, (the energy gap between Y6 LUMO and PM6
HOMO). Nonetheless, the energetic shift in Y6 CF is ~200meV which is larger than the

measured Vo increment implying a larger Vo loss happens in the CF device.
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Figure 4.10: Device performance of Y6/PM6 bilayer OPVs. (a) J-V characteristics and (b)
external quantum efficiency (EQE) spectra (solid lines) with absorbance spectra (dash lines).

To understand deeper in the V¢ loss, further PM6 thickness dependent SPV measurements
are carried out in bilayer structure (Fig. 4.11). When the PM6 is in 30 nm (Fig. 4.11a), the same
as in bilayer devices, the SPV response concurs with the Voo as —470 meV for the CF sample
and —390meV for the CB sample. However, as the thickness of PM6 layer is reduced to 5nm
(Fig. 4.11b), the relationship swaps as the CB sample has a larger SPV response (—453 meV)
than that of the CF sample (—369mV). Furthermore, the SPV response of CB sample is

counter-intuitively higher with thinner PM6 than with thicker PM6. This suggests that the
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mechanism behind the swap is not simply due to the reduced PM6 absorption by thickness
but rather a change in the recombination rate.!® With thinner PM6, holes would be more
concentrated around the Y6/PMG6 interface which then boosts interfacial charge recombination.
By considering the positive quadrupole moment of Y6, the energetic on the interface should
have a upward band bending as the quadrupole moment increases and saturates inside the bulk.
Therefore, the band bending supports the extraction of electrons and leaving less electrons on
the interface to recombine. Since Y6 CB has a deeper HOMO level and a rougher interface, the
band bending effect is much stronger than the CF sample leaving less electrons on the interface
to be recombined. To illustrate it, a schematic diagram is drawn in Fig. 4.11c¢ with the band
bending caused by quadrupole moment as A¥.
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Figure 4.11: Surface photovoltage (SPV) measurements of (a) 30nm or (b) 5nm PM6 on Y6
CF and Y6 CB with (c) the schematic diagram. The interfacial band bending by the positive
Q, is indicated as A™.

Despite the clear evidence of how orientation influences energetics in neat films as well as

planar OPV device performance, its importance in BHJ devices would be indispensable to make
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an impact on high performance OPVs. Thus, PM6:Y6 BHJs ((ITO/ZnO/PM6:Y6/MoO3/Ag)
with CF or CB are fabricated and studied. Firstly, the PM6 HOMO level is deepened by 87 meV
when CF is used while there is not much change (<10meV) for its CB counterpart (Figs. 4.12a
and 4.12b) consistent with the bilayer cases. The DOS also confirms that the energetic change
is a parallel shift. Although the HOMO level of the Y6 inside could not be probed directly, the
Y6 energetic is still expected to be following or similar to their neat films as the packing within
the domain is still dominated by the choice of solvent. As a result, the J-V characteristics of
both BHJs are similar to the bilayer devices with a higher Js¢, Voc and PCE for the CF case
(Fig. 4.12¢). In the EQE spectra (Fig. 4.12d), the CF BHJ device shows higher EQE as it
also has higher absorbance over the whole spectra. Also, the efficient charge generation within
Y6 CB is limited here with more fragmented domains and longer extraction distance further
reducing its EQE. In summary, the BHJ results are consistent with that of the bilayer devices

emphasizing the orientation-dependent electrostatic effect of Y6 in OPV performance.
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Figure 4.12: Orientation-dependent energetics and device performance of PM6:Y6 BHJ. The
APS spectra of neat PM6 and PM6:Y6 blend films processed from (a) CF and (b) CB. Their
DOS distributions are shown as insets. (c¢) Current density-Voltage (J-V) characteristics, (d)
EQE spectra (solid line) and absorbance (dash line) of PM6:Y6 BHJ devices.
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To verify the wide applicability of electrostatic effect especially its indicative component,
Qr, some commonly used polymers (PBDB-T, PM6) are blended through a range of NFAs
(IDIC, ITIC-series, Y6) with different Q, values (Fig. 4.13). As mentioned above, these NFAs
all have a positive Q, (Fig. 4.13a) which should down shift the HOMO level of the polymers
upon blending. As shown in both Figs. 4.13b and 4.13c, a positive correlation is observed
between the polymer HOMO level deepening (|[AHOMOY|) and the Q, of the NFAs. This
provides an explanation to the systematic engineering on NFAs examined so far. For example,
halogenations on the end groups would increase the Q, value of the NFA as shown in the I'TIC
series, and thus deepening more the HOMO level of the polymer. This enlarges the effective
E, of the OPV system and maintains the Vo despite the deepening LUMO level in the NFAs.
Although the correlation is not qualitatively applicable across different polymers (may be due
to the different mixing conditions), this general trend may still provide some hints to further

NFA engineering for high performance OPV systems.
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Figure 4.13: Electrostatic effect on HOMO level shift (|JAHOMOY) of polymer donors upon
blending with different NFAs. (a) The quadrupole moments of the NFAs and the magnitude
of [ AHOMO)| of (b) PM6 and (¢) PBDB-T.

Experimental Methods for Section 4.4
Sample Fabrication

Zn0O layer was prepared by sol-gel method with its precursor zinc acetate dihydrate
(0.11gmL™") in 2-methoxyethanol with an additional 3vol% ethanolamine and sonicated for
>2hr. After spin-coating, the sample was annealed at 200°C for 20min. Y6 from Organtec
was dissolved in either chloroform (CF, 8mgmL™") or chlorobenzene (CB, 10mgmL™"), and

then spin-coated following an annealing at 100°C for 5 min in a Ny glovebox. PM6 (Organtec)
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was dissolved in CB:1,8-diiodooctane (99 %v/v) with a concentration of 20 mgmL™*. 15pL
of PM6 solution was dropped on deionized water to form pristine films which were then
transferred by water transfer method.**#® Samples were annealed at 100°C for 10 min in the
N, glovebox. For BHJ samples, PM6:Y6 blend solution (1:1.2W : W , 14mgmL™" in CF and
0.5%v 1-chloronaphthalene, or 20mgmL~" in CB) was spin-coated on the ZnO layer, and
then annealed at 100°C for 10 min. A similar procedure was applied to other polymer:NFA
combinations (ITIC, Sigma Aldrich; IDIC, Organtec; ITIC-2M and ITIC-2F, synthesized by
collaborators, PM6 and PBDB-T, Organtec) in 1:1 blend ratio and 20 mgmL .

Orientation-Dependent Energetic Simulation

For the orientation-dependent energetic simulation (Fig. 4.7f), the face-on and the edge-on
packing structures were obtained using Vienna ab initio simulation package (VASP) and
then were relaxed with molecular dynamics. The HOMO/LUMO energies of each orientation
were calculated by DFT method with basis sets of b3lyp/6-31G**, including the electrostatic

environment.

4.5 Blending Induced Packing Structure Changes and

Trap States formation in Polymer:Fullerene BHJ

With previous sections focusing on small molecules, it is now important to understand how small
molecules influence different polymer donors upon blending, more specifically the energetic of
the polymer donors. As seen in Fig. 4.13, small molecules with different molecular structures
would significantly alter the mixing conditions and complicate comparisons across different
polymers. At this regard, the polymers PDTSiTTz and Si-PCPDTBT are an interesting choice
to study since they have very different charge carrier dynamics from each other despite the same
donor moiety (see Fig. 4.14). Also, PDTSiTTz has been reported to have unusual non-Langevin
recombination dynamics only in neat films or blended with PCBM, while this recombination

nature is not shown in the indene-Cgy adduct blends.?® 52

Herein, these two polymers as well
as their fullerene blends are fabricated and studied in order to show how small molecules may

alter the polymers upon blending and elucidate the origin of this uncommon non-Langevin
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recombination nature of PDTSiTTz.

Si-PCPDTBT PDTSITTz
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Figure 4.14: Molecule structures of Si-PCPDTBT, PDTSiTTz, PCBM, ICMA, ICBA and
ICTA.

The APS measurements of neat PDTSiTTz, Si-PCPDTBT, and their blends are shown in
Fig. 4.15. For PDTSiTTz, a clear progressive change in the APS spectra is observed from the
PCBM blend to the indene-Cgy adduct blends (Fig. 4.15a). The HOMO levels shift ~200eV
shallower from neat polymer to the ICMA blend, and reach a saturation at ~4.9eV for all the
indene-Cgg adduct blends. A shallower HOMO level of a polymer upon blending is unusual as
most of the time blending disruption should result in a deeper HOMO level due to decreased
conjugation length.??46 Here, this unusual shallow shifting may be due to an increasing effective
conjugation length or an interruption in inter-chain interaction. Since all PDTSiTTz samples
show the same Raman spectra (see Marin-Beloqui et al. [3]), the conjugation length of different
blends should be relatively the same. It is therefore most likely to be a disruption in inter-chain
interactions to make the frontier orbitals dominated by the donor moieties with clear features,
concurring to diminish non-Langevin recombination. In contrast to PDTSiTTz, Si-PCPDTBT
has a relatively constant HOMO level at 4.8 eV regardless of blending conditions, as shown in
the inset of Fig. 4.15d. Only a very small deepening (~0.03 eV) occurs which correlates well to
the disruption in the conjugation length.

To further unveil whether trap states play a role in determining recombination mechanisms
in these different materials, the tail states and their integrated areas are shown in Figs. 4.15b
and 4.15e. Interestingly, the tail state areas of both polymers are comparable to each

other within 0.05 to 0.1, which is also the typical value of other known polymers.>?! Since
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Figure 4.15: Energetics of (a) — (¢) PDTSiTTz and (d) - (f) Si-PCPDTBT and their blends with
PCBM, ICMA, ICBA, and ICTA. (a), (d) The ambient photoemission spectroscopy (APS) data
with the HOMO levels shown in the insets. (b), (e) The enlargement of APS spectra showing
the tail states (shaded area) with the integrated tail state area as insets. (c), (f) The converted
DOS from (a) and (d) respectively.

recombination is normally understood to be dominated by tail states, the tail state areas
observed here indicate that the dramatic change in recombination losses between the two
polymers may not be simply explained by the trap states. At this regard, specific energetic
distribution in each polymer and its changes upon blending may play a crucial role. Here,
by converting the APS spectra, the DOS distribution of all the samples is extracted, as seen
in Figs. 4.15c¢ and 4.15f. Coherent to the APS, the DOS distribution of PDTSiTTz changes
significantly upon blending (Fig. 4.15¢). For the neat PDTSiTTz, the DOS is much broader
and featureless across the entire energy range consistently with strong inter-chain interactions.
It is interesting to note that the PCBM blend appears to be an intermediate state between
the neat and the indene-Cgy adduct blends with more distinctive peaks at 5.2eV and 5.4eV.
This transition agrees with what observed from other transient absorption spectroscopy
measurements (see Marin-Beloqui et al. [3]), in which the blends show a progressive change in
recombination dynamics. As expected from the invariant APS spectra, the DOS distribution

of Si-PCPDTBT is the same across different fullerene blends (Fig. 4.15f) showing the most
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intrinsic properties of this polymer. There are also clear frontier peaks at 5.1eV and 5.3eV
indicating a more localized HOMO similar to the PDTSiTTz:fullerene blends. This explains
the similar charge dynamics between PDTSiTTz:indene-Cgy adducts and Si-PCPDTBT
blends, with both suffering the same trap-related recombination loss.

Besides the DOS changes within the blend series of the same polymer, a cross polymer
comparison on the DOS distribution is shown in Fig. 4.16a. Interestingly, the DOS distribution
of PDTSiTTz:ICTA appears to be nearly the same as that of Si-PCPDTBT:ICTA. Since Si-
PCPDTBT has a more intrinsic DOS upon blending, this implies that the indene-Cgy adducts
manages to change the packing structure of PDTSiTTz into a more intra-molecular dominating
condition, where the two frontier DOS peaks should be originated from their common donor
moiety. This proves that the flat DOS distribution of the neat PDTSiTTz is mostly due to

the strong intra-chain interaction which is inhibited by the bulky fullerenes spacing out the

chain-to-chain distance.
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Figure 4.16: DOS comparison and fitting for PDTSiTTz and Si-PCPDTBT blends. (a)
The overlay DOS distributions of both polymer:ICTA blends. The DOS fitting (blue lines)
from the density functional theory calculated molecular orbitals (MOs, yellow lines) without

structural constraints for (b) PDTSiTTz:ICTA and with 30° twisted dihedral angles for (c)
PDTSiTTz:PCBM as shown in (d).

To demonstrate that the frontier orbitals are mostly dominated by the donor moiety, a DOS
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fitting by the DFT simulated molecular orbitals (MOs) is carried out (Figs. 4.16b and 4.16¢).
As shown in Fig. 4.16¢, the DOS distribution of PDTSiTTz:ICTA is well-fitted by the MO
fitting (blue line) with clear frontier orbital peaks from 4.8eV to 5.8eV despite some small
discrepancy above 5.8 eV, which might be due to the UV-responsivity between different orbitals.
This successful fitting corroborates the fact that fullerenes reduce the intra-chain nature of
PDTSiTTz. To elucidate where the MOs are located in the energy spectra and how they
matches with the features of the DOS, the simulated MOs are presented as narrow gaussian
functions (yellow lines) with an arbitrary chosen magnitude and width. With the success in
fitting the ICTA blend, a further fitting to the PDTSiTTz:PCBM blend would be able to
elucidate the role of fullerenes as it has an intermediate DOS distribution between the neat
and the ICTA blend (Fig. 4.15¢). Since the PCBM blend has the same frontier DOS, the
structural changes should be mostly coming from the accepting moiety. Also, this moiety has
a similar structure to which was reported forming fullerene intercalation upon blending.’® By
simulating different dihedral angles between the thiophene and the fused thiazoles in between
(Fig. 4.16d), the DOS distribution of PDTSiTTz:PCBM is found to be best fitted with a 30°
twisting as shown in Fig. 4.16b. This demonstrates that the fullerenes within the PDTSiTTz
blends interact with the accepting moiety by intercalating between polymer chains which results
in a reduced intra-chain interaction, and ultimately inhibits the non-Langevin recombination

path ways.

Experimental Methods for Section 4.5

Sample Fabrication

15mg/mL solutions of neat PDTSiTTz, Si-PCPDTBT, and their 9:1 blends with PCBM,
ICMA, ICBA, and ICTA were dissolved in 1,2-dichlorobenzene and kept stirring overnight.

The solutions were then spin coated at 2000 rpm for 60s on top of the cleaned I'TO substrates.
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DOS Fitting

The energy of the molecular orbitals (MOs) were obtained from DFT simulations of short

oligomers (trimer or tetramer). Then, a uniform gaussian broadening equation was applied

e
2me

A 1 MO—AY?
DOSfitting = Z 2c2( MO;-A) , (42)

where A is a scaling factor, ¢ is the broadening factor, A is a horizontal shift on the MO energy
and MO; is the i-th MO energy. Beware that factors ¢ and A are isotropic for all the MOs
as a first order approximation as well as prevent over-parametrizing. The fitting factors were
found to be relatively similar to each fitting showing the high confidence that they are intrinsic
properties of the APS measurements. To carry out the fitting, algorithms are built into APS

module as shown in Appendix C.

4.6 Conclusion

In this chapter, molecular structure, packing and orientation dependent energetics are
investigated from neat films to blends in order to clear out the key molecular designs and
packing guidelines for OPV applications. In Section 4.2, the energetic disorder, namely the tail
states, of different high performance NFAs are measured. A clear trend of tail state reduction
is observed from O-IDTBR to Y6 following the advancement of V¢ loss reduction in NFA

t.54 From DFT simulations, the significantly low tail state in Y6 is correlated to

developmen
its high conformational stability originating from the alkyl chain on the donor moiety which
locks the dihedral angle between the donor and acceptor moieties. Since this dihedral angle is
shown to be involved in NFA degradation, the robust conformation in Y6 also leads to a much
higher photostability.?? The results connects the conformational rigidity to energetic disorder
and photostability, which are critical points in developing high performance OPV systems.

In Section 4.3, instead of different chemical structures, a classic thiophene-based oligomer,
a-6T, is vacuum evaporated into three different orientations, namely standing, lying and mixed
packing structures, to unveil the orientation dependent energetics. The APS spectra indicates

a 0.4eV HOMO level shift between the standing and lying samples, and an intermediate APS

onset for the mixed sample. By converting the APS spectra into DOS distribution, the mixed
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sample shows both standing and lying oriented o-6T DOS indicating the existence of energy
offset despite being a single material thin film. Therefore, mixed o-6T manifests efficient
free charge generation with a large SPV signal and an EQE up to ~50% despite being a
homojunction device. This work demonstrates the importance of packing induced energetic

shift and shows the high precision of DOS conversion from APS measurements.

Following the orientation dependent energetics, different Y6 orientations are achieved by
CF and CB in Section 4.4. The HOMO level of Y6 CF shows a 0.2eV shallower HOMO level
than Y6 CB while maintaining the same optical band gap. This indicates that the energetic
shift is purely an electrostatic effect which pull down or push up the whole energetics. By
DFT simulations, this energetic shift is then correlated to the strong quadrupole moment
perpendicular to the n-n stacking direction (Q,). Similar to o-6T, Y6 CB shows a significant
SPV signal (280meV) due to its mixed structure indicating free charge generation under
illumination. To understand the effect of Q. on the neighboring materials, Y6/PM6 bilayer
bilayer samples are fabricated. Here, the strong Q, of Y6 also influences the energetics of
PMG6 in close proximity (<5nm) due to the inverse cubic distant dependency. Combining the
energetic landscape of CF and CB samples, the CB device shows a lower Vo than the CF device
due to a much smaller effective band gap. Lastly, the Q,s of different NFAs is correlated to
the HOMO level shift in high performance BHJ OPVs, which may explain the highly efficient
charge dissociation in recent NFA developments. The results demonstrate that orientation
dependent energetics is originated from the QQ, and can be tuned through solution processing.

Furthermore, it has a strong impact in OPV device performance and charge generation.

In the last section (Section 4.5), the focus shifts to the energetics and packing structures in
two polymer:fullerene acceptor blends. For PDTSiTTz, the blends from PCBM to ICTA show
a systematic shift in DOS distribution from flat distribution to clear peaks across the energy
spectra. On the contrary, PCPDTBT shows a stable DOS distribution with or without fullerene
acceptors. Surprisingly, the DOS distributions of PDTSiTTz:fullerene blends are identical to
the PCPDTBT indicating a less inter-chain interaction and more twisted conjugated backbone
for PDTSiTTz upon blending. This provides a better understanding to the unusual non-

Langevin recombination nature in PDTsiTTz and its correlation in DOS distribution.

Based on all the findings in this chapter, a design of higher Q, and structural rigid NFAs is
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recommended for developing higher performance NFAs based OPVs. To fulfill this, functional
groups/atoms like fluorine, carbonyl, cyano or other strong electron withdrawing groups should
be considered to be added on the accepting end units in order to increase Q.. The donating
core unit can also be extended for a larger distance between the electron negative accepting
units and the core leading to higher Q,. Long alkyl chains or other electron pushing groups
are suggested to be attached to the adjacent carbon on the donating unit in order to provide
a higher structural rigidity. Moreover, in order to utilize the strong Q,, solvent engineering or

packing engineering is necessary for highly crystalline face-on packing structure.
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Chapter 5

Hole Transport Materials —
Suppressing PEDOT:PSS
Doping-Induced Interfacial

Recombination Loss in Perovskite

Solar Cells

PEDOT:PSS is widely used as a hole transport layer (HTL) in perovskite solar cells (PSCs)
due to its facile processability, industrial scalability, and commercialization potential. However,
PSCs utilizing PEDOT:PSS suffer from strong recombination losses compared to other organic
HTLs. This results in lower open-circuit voltage (Voc) and power conversion efficiency
(PCE). Most studies focus on doping PEDOT:PSS to improve charge extraction, but it
has been suggested that a high doping level can cause strong recombination losses. Herein,
systematically dedope PEDOT:PSS with aqueous NaOH, raising its Fermi level by up
to 500 meV, is investigated and optimized its layer thickness in p-i-n devices. A significant
reduction of recombination losses at the dedoped PEDOT:PSS /perovskite interface is evidenced
by a longer photoluminescence lifetime and higher magnitude of surface photovoltage, leading
to an increased device Vo, fill factor (FF), and PCE. These results provide insights into the

relationship between doping level of HTLs and interfacial charge carrier recombination losses.
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This chapter is mainly based on Chin et al. [1] published in ACS Energy Letters. All the

works are done by this thesis author with coauthors contributing in discussions.

5.1 Introduction

As described in Section 2.2.3, HTL and its interface between perovskite layer is one of the
biggest hurdle to device performance. Therefore, many research focusing on further p-doping
HTLs by adding various p-type dopants into the HTL.23 These p-type dopants enable a
favorable interfacial energetic alignment and faster hole mobility, and therefore improving
the PCE.*® However, highly doped HTL was shown to exhibit a significant interfacial
recombination between the doping induced holes and the free electrons on the interface.”
Thus, a systematic study on dedoping of a highly doped HTL such as PEDOT:PSS can
lead to a better understanding of the loss mechanisms and provide a wider strategy to HTL

modification.

PEDOT:PSS is one of the most widely studied HTL in perovskite devices because of its
facile fabrication and suitable wettability for perovskite formation on top.® Also, PEDOT:PSS
is well-adopted in industry with a very low price and high quality, which makes it a strong
HTL candidate for PSC commercialization. However, its highly doped nature leads to the
issues mentioned above (such as strong interfacial recombination) rendering PEDOT:PSS as an
HTL with relatively low stability and low performance compared to other HTLs for PSCs.%?
Many studies have followed the common approach of further p-doping of PEDOT:PSS in order
to match the energetics and to increase conductivity for performance improvements.* %! In this
work, instead of doping PEDOT:PSS, we provide a strategy to investigate and reduce interfacial
recombination by dedoping PEDOT:PSS. Since dedoping decreases the conductivity, an efficient
charge extraction is maintained by reducing the thickness of dedoped PEDOT:PSS layer. This

study provides the clear linkage between the HTL doping level and interfacial recombination

loss and paves the way for a new strategy for tailoring HTLs for higher PSC performance.
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5.2 Doping Level and Thickness Control on PEDOT:PSS

To prepare dedoped PEDOT:PSS layers, we blend its solution with 4.5 %, 20 % and 50 % (vol
%) of 1M NaOH, which is then spin-coated onto different substrates for optical and electrical
characterization as well as for devices.!? The normalized absorption spectra in Fig. 5.1a show
typical bipolaron peaks at wavelengths >1100 nm, which are reduced with an increasing NaOH
blend ratio and accompanied by an increase in the polaronic peak at around 800 nm.'*'4 The
dedoping of PEDOT:PSS with NaOH is further confirmed by Raman spectroscopy (Fig. 5.1b).
The central peak around 1425 cm™!, assigned to the PEDOT intraring double bond oscillation,
becomes narrower with a higher NaOH blend ratio.!* ¢ This correlates to the resonance of
dedoped PEDOT with a 633 nm laser as can be seen from the absorption spectra. A decrease of
the intraring single bond peak at 1370 cm ™! as well as the emergence of a new peak at 1520 cm™*
are consistent with previous reports of biased Raman spectroscopy of PEDOT:PSS.!" Note that
beyond the 20 % blend ratio, there is no significant change in the absorption or Raman spectra,
indicating dedoping saturation is reached at the 20 % NaOH blend ratio. The high blend ratio of
50 % simply dilutes the PEDOT:PSS content, therefore reducing the absorbance and decreasing

the signal-to-noise ratio.

The Fermi level (Er) of the blend series is measured by a Kelvin probe with respect to
the vacuum level and, therefore, its magnitude is equivalent to the work function. It shows
a clear linear trend, decreasing from —5.15eV to —4.55eV with an increasing NaOH ratio
(Fig. 5.1c). The Er of the 4.5% blend (—4.85¢V) lies in between the neat and 20 % blend
samples, making it an ideal intermediate dedoping ratio for the study. On the other hand, the
Er of the 50 % blend ratio has a similar Er to the 20 % blend but with a larger deviation. This
could be possibly due to PSS dissociation in strong basic environment, which is in agreement
with the lower absorbance and similar normalized Raman spectrum compared to the 20 %
blend sample (Figs. 5.1a—5.1b). For dedoped PEDOT:PSS, lower conductivity is measured as
expected. Field effect transistor measurements reveal a significant drop in conductivity between
the neat and 20 % blend samples from around 3875pScm™ to 420 pScem™! (Fig. 5.1d). The
dedoping-induced change in conductivity is strongly correlated to the optical absorption. The
main dedoping effect occurs between 4.5 % and 20 % NaOH, leading to a significant drop in the

bipolaron absorption, accompanied by almost an order of magnitude drop in conductivity. An
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Figure 5.1: Optical and electrical properties of neat and dedoped PEDOT:PSS with 4.5, 20,
and 50 % volume fractions of 1M NaOH. (a) UV-vis spectra normalized at 220 nm with the
inset of full spectra, (b) Raman spectra with 633 nm laser excitation, (¢) Fermi level (measured
by Kelvin probe), (d) conductivity, and (e) proposed dedoping hypothesis (the dash/wiggly
lines indicate a strong/weak ionic interactions).

increase of NaOH from 20 % to 50 % does not produce any further changes in either absorption
or conductivity, which is consistent with no significant changes in the Raman spectrum and
the work function. Interestingly, however, the 4.5 % blend shows a slightly higher conductivity
compared to the neat sample, which suggests a potential contribution of the ionic current from

sodium ions introduced by the NaOH solution. Though the exact dedoping mechanism of
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PEDOT:PSS dedoping by NaOH is unclear, a proposed hypothesis is illustrated in Fig. 5.1e.
In this hypothesis, the hydroxide ions deprotonate the acidic sulfonates and thus reduce the
interactions between polarons on PEDOT and the sulfonate functional groups on PSS. A slightly
increased surface roughness is seen in Figs. 5.2a-5.2¢, but the overall surface morphology is
maintained. These data show the possibility of fine-tuning the energetics of PEDOT:PSS by

blending with NaOH solution, enabling further study of the influence of this on perovskite solar

cells.

Figure 5.2: AFM image of PEDOT:PSS with different NaOH blend ratio in vol%.

5.3 Characterizations of Dedoped PEDOT:PSS HTL in
Perovskite Devices

To unveil the impact of dedoped PEDOT:PSS HTL on recombination losses and device
characteristics, we apply neat, 4.5% and 20% blends in a p-i-n perovskite solar cell
architecture: ITO/PEDOT:PSS/methylammonium lead iodide (MAPI)/phenyl-C61-butyric
acid methyl ester (PCBM)/2,9-dimethyl-4,7diphenyl-1,10-phenanthroline (BCP)/Ag, as shown
in Fig. 5.3a. From the neat to 20 % blend, the short-circuit current density (Js¢) and Voc
decrease simultaneously and, as a result, the overall device PCE decreases. However, we
notice an improvement in the FF, originating mostly from a reduced shunt resistance as
can be seen by the much shallower slope close to Jsc (Fig. 5.3a). This indicates that the
dedoped PEDOT:PSS HTL has better electron blocking capability, which is consistent with
the widened band gap (E,) shown in the absorption spectra (Fig. 5.1a). Here, the highly doped

PEDOT:PSS shows mainly a bipolaron absorption band (<1400 nm), and upon dedoping, this
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absorption band shifts to high energy (~800nm) due to more polarons, leading to a larger E,
in the dedoped PEDOT:PSS.
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Figure 5.3: NaOH-dedoped device structure and reverse current density-voltage scans. (a)
Reverse current density-voltage scans of NaOH-dedoped PEDOT:PSS devices, (b) reverse
current density-voltage scans of the 20 % NaOH-dedoped PEDOT:PSS solar cells with different
transport layer thicknesses, and (¢) dark current density-voltage scans of all NaOH-dedoped
PEDOT:PSS devices.

Dedoping, nonetheless, decreases the conductivity of PEDOT:PSS, which can slow down
charge transport/extraction. Therefore, optimization of the HTL thickness is crucial to
maintain efficient charge transport/extraction and, at the same time, utilize the benefits of
reduced recombination and better charge selectivity. Herein, we control the HTL thickness by
diluting the 20 % blend PEDOT:PSS with deionized water to obtain a range of thickness from
80 £+ 10nm (no dilution) to 30 £ 10nm (4 times dilution). Further dilution was attempted
but failed to provide good coverage over the ITO substrates. Kelvin probe measurements
confirm that the doping level is maintained under dilution (Fig. 5.4) with Er maintained at

—4.58 £ 0.03 eV across different levels of dilution.

With the optimized thickness, the device performance sharply increased as shown in
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Figure 5.4: Fermi level of different thickness 20 vol% NaOH dedoped PEDOT:PSS.

Fig. 5.3b with an average Voc of 0.92V and PCE of 12.7%. This is a 10 % improvement for
Voc and 25% for PCE compared to the optimized neat PEDOT:PSS devices. The superior
charge blocking ability can also be seen in the dark current-voltage scans (Fig. 5.3c). Dark
current in the shunt region (<0.2V) is significantly reduced by dedoping, and the dark
currents at 0.4V (before turn-on) have been sharply reduced from 1.47 x 107> mA cm™? (neat)
to 3.05 x 107" mA cm™2 (20% blend, 30nm). Note that the dark current density around
3 x 107°mA cm™2 is corresponding to the instrument sensitivity in the current (0.1nA), so
a plateau appears for the thin dedoped PEDOT:PSS devices. This indicates a significant
increase in shunt resistance and a trend toward more-ideal diode behavior. Noticeably, the
turn-on voltage is coherent with the V¢ trend, which decreases with increased dedoping of
thick PEDOT:PSS layer and increases by reducing the thickness of dedoped PEDOT:PSS

layer.

The statistics of Vo, Jsc, shunt resistance, PCE, and FF are shown in Fig. 5.5. The
average Voc, as mentioned above, decreases from 0.83V to 0.69 V through dedoping due to the
recombination of the accumulated charges at the interface and significantly improves to 0.92 V
with a thinner HTL. Although thickness affects the charge extraction, dedoped PEDOT:PSS
already improves the average FF from 0.67 to 0.74 without thickness optimization. Since their
thickness is not optimized here, the improvement is mainly coming from the better charge
blocking ability. With thickness optimization, the full potential of dedoping is utilized, and the
average FF reaches 0.8 with our best devices. Surprisingly, the deviation of FF over different
devices is reduced with dedoping. We believe this is due to a change in the wettability of the

PEDOT:PSS surface, which results in better perovskite crystallization and higher consistency;,
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as demonstrated by the AFM images in Figs. 5.6a—5.6¢c. Despite the huge drop in conductivity
from dedoping (Fig. 5.1d), only a small drop in the Jsc values is observed when dedoped
PEDOT:PSS is incorporated into devices (Fig. 5.5d). As the dedoped PEDOT:PSS thickness
is reduced, the Jsc improves slightly, consistent with the improvements in shunt resistance.
Combining the improvement in FF and V¢ , the overall PCE increased from 10.2 % for the
neat PEDOT:PSS devices to 12.7 % for the optimized 30 nm 20 % NaOH-dedoped devices.
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Figure 5.5: Box plots of (a) open-circuit voltage (Voc), (b) fill factor (FF), (c¢) power conversion
efficiency (PCE), (d) short-circuit current density (Jsc) and (e) shunt resistance of NaOH-
dedoped devices.

5.4 Reduced Interfacial Recombination Loss in Perovskite

Solar Cells

To confirm the origin of the performance improvement, we investigate the optoelectronic
properties of half cells with a structure of ITO/HTL/MAPI (Fig. 5.7). First, the intensity
of photoluminescence (PL) of the MAPI layer is significantly enhanced when deposited on top
of the dedoped PEDOT:PSS HTL layer and further increased when applying a thinner HTL

layer. The higher magnitude of PL at open circuit (i.e.,no external connections) has been shown
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Figure 5.6: MAPI or PCBM on top of PEDOT:PSS with different NaOH blend ratio in vol%.

to indicate the strength of surface recombination loss.!®'¥ Since the half cells are not grounded,
free charges generated by photoexcitation will remain in the system; thus, more nonradiative
recombination of free charge carriers results in lower PL intensity. Notably, only a small PL
shift (~3nm) occurs among different doping levels as seen in the inset of Fig. 5.7a, which is
attributed to the small compositional differences across the MAPI films. We have shown that a
small but similar amount of tail states is found among the perovskite layers on top of different
dedoped PEDOT:PSS (Fig. 5.7d). It indicates that even though tiny compositional difference
may exist, the overall perovskite quality across samples is comparable, and the difference is
negligible. Further evidence for reduced recombination losses can be seen from the transient PL
probed at 780 nm (Fig. 5.7b). The dedoped PEDOT:PSS samples show a slightly longer charge
carrier lifetime even without thickness optimization, which is linked to reduced recombination
loss at the interface. Nonetheless, the reduced recombination for thick PEDOT:PSS devices was
not seen as an increase in Voc, due to the losses caused by its lower conductivity (Fig. 5.3a). By
decreasing the thickness of dedoped PEDOT:PSS, the reduced interfacial recombination loss is
fully revealed and gives a nearly single exponential PL decay. This indicates that the radiative
recombination dominates the system at optimal thickness. For comparison, we also measured

the optical behaviors in full cells (Fig. 5.8). With the top PCBM layer, the same trends in
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PL intensity and decay are observed; however, the charges generated by photoexcitation are
fully extracted from perovskite layer, so a lower PL intensity and faster PL decay are observed,
demonstrating a higher efficiency of charge extraction in the full device. The characteristic
behavior from both PL intensity and dynamics suggests a reduction in nonradiative surface

recombination with thin, dedoped PEDOT:PSS HTL.
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Figure 5.7: Thickness-dependent optical and optoelectronic measurements of NaOH-dedoped
PEDOT:PSS HTL with MAPT on top. (a) Photoluminescence (PL) with an inset of normalized
PL and (b) transient PL decay of MAPI probed at 780nm (with a 405nm excitation
wavelength). (c) Surface photovoltage signals generated by 0.2sun white light illumination.
Dashed vertical lines indicate the transitions between light off (gray) and light on (white). (d)
Ambient photoemission spectra of MAPI on top of doped and dedoped PEDOT:PSS HTL with
different thicknesses.

To directly detect the differences in surface recombination between the doped and dedoped
HTL, surface photovoltage (SPV) with MAPI on top was measured (Fig. 5.7¢).1%20 SPV
measures the change of surface potential under illumination, which is related to the remaining
charge density on the top surface and any ionic rearrangement within the perovskite. Since the
samples are only grounded on the HTL side, the holes are fully extracted, while the electrons

remain in the MAPI layer building up a surface voltage difference analogous to open-circuit
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conditions. The SPV signal is slightly larger with the 80 nm dedoped sample compared to the
neat PEDOT:PSS, indicating a higher density of electrons accumulating in the MAPI layer.
With thicker dedoped PEDOT:PSS devices, the advantage of dedoping is not clear in the device
current-voltage curves due to the decreased conductivity opposing the increased selectivity and
reduced recombination. However, when the thickness of dedoped PEDOT:PSS layer is reduced,
a significantly larger SPV signal (130meV) is observed. The same results were seen in full
cells using the optimized thickness of dedoped PEDOT:PSS producing the highest SPV signal
(80meV) (Fig. 5.8¢). It is interesting to notice that the optimized dedoped PEDOT:PSS shows
the largest but slowest SPV increase during illumination. This might indicate that with a larger
amount of free charges in the perovskite layer, the strong electric field induced by the optimized
HTL causes more ionic movement, resulting in slow turn-on in the SPV transient. As soon as
illumination is off, there is a significant drop in SPV (<50 % within the subsecond time scale),
followed by a slow decay at longer time scale (<100s). The main cause of this slow decay is not
clearly understood at the moment, although any charge trapping induced by the photoactive
layer (e.g. grain boundaries) cannot be ruled out, as found in organic bulk heterojunction blends
(a large number of domains formed by donor and/or acceptor molecules) compared to bilayers
(no domains formed).?! In the thicker dedoped PEDOT:PSS devices, the low conductivity of the
HTL severely limits charge transport/extraction. With thickness optimization, this limitation
on charge transport/extraction is less of an issue, and the SPV demonstrates that there is

reduced recombination and improved charge selectivity at the HTL/MAPT interface.
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Figure 5.8: Thickness-dependent optical and optoelectronic measurements of NaOH de-doped
PEDOT:PSS with MAPI and PCBM on top. (a) Photoluminescence (PL) and (b) transient
PL decay with 405nm excitation. (c) Surface photovoltage generated by 0.2sun white light
illumination. Dashed vertical lines indicate the transitions between light off (gray) and light
on (white).
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In order to further confirm the changes are solely coming from a different doping level of the
PEDOT:PSS layer, ambient photoemission spectroscopy (APS) measurements were performed
for MAPI on top of different HTLs (Figs. 5.7d and 5.9). The APS spectra of MAPI on top
of all doped and dedoped HTLs show very similar signal intensity and extrapolated valence
band edges (indicated by the dash line) as well as equal intraband tail states (indicated by
the shaded area). In previous studies, the APS areas below the band edge were shown to be
directly related to the trap states and defects in perovskites.?? 2* Therefore, the same amount
of tail states measured on all HTLs suggests that the physical and electronic composition of
MAPI is unaffected by the different underlayer HTLs. Despite the similar amount of traps in
the MAPI layer, atomic force microscopy (AFM) shows a significantly larger MAPT grain size
when it is formed on top of dedoped PEDOT:PSS (Figs. 5.6a-5.6¢). This is related to changes
in PEDOT:PSS wettability due to NaOH quenching the sulfonate groups on the PSS units.
With sodium quenching off the sulfonate group, the hydrophilicity of the polymer increases,
which is beneficial to perovskite crystallization. This makes the perovskite layer fabrication

more consistent, shown by reduced FF deviation between dedoped devices (Fig. 5.5).
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Figure 5.9: Energetics of MAPI and PCBM. (a) Ambient photoemission spectra of MAPI, and
(b) valence band edge and Fermi levels of MAPI on top of neat, 4.5vol% and 20 vol% NaOH
blend PEDOT:PSS. (¢) Ambient photoemission spectrum of PCBM on top of MAPI.

5.5 Conclusion

To illustrate the exceptionally low recombination loss mechanism revealed by the SPV
measurements, a band alignment diagram is shown in Fig. 5.10. At dark equilibrium, at
the interface of PEDOT:PSS and MAPI there is downward band-bending in the MAPI
(toward the surface) due to the shallower Er of MAPI compared to PEDOT:PSS. The highly
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doped PEDOT:PSS has its Er close to the HOMO level with a large density of pre-existing
holes, which, under illumination, charge carriers are driven in opposite directions due to this
interfacial band-bending. As charges accumulate at the PEDOT:PSS/MAPI interface, the
band-bending is reduced toward open circuit. As this situation is reached, the excess holes in
the PEDOT layer drive strong interfacial recombination, reducing the amount of electrons in
the MAPI layer. Additionally, the highly doped PEDOT:PSS is less selective with a smaller
E, and has more metallic character, which both contribute to interfacial recombination.
These effects result in lower SPV and reduced V¢ in full devices. On the contrary, dedoped
PEDOT:PSS has its Er matching or slightly shallower than MAPI, resulting in a small,
effectively negligible upward band-bending. This band-bending and the lower conductivity
of dedoped HTL require a thinner transport layer for optimal hole extraction. With the
optimized thickness, dedoped PEDOT:PSS benefits from the enhanced selectivity and reduced
interfacial charge carrier recombination allowing for an increased density of electrons in the
perovskite photoactive layer at the open-circuit condition. This is reflected in a sharp increase
of recorded SPV signal and an increased Voc and PCE of solar cells based on the thin, dedoped
PEDOT:PSS HTL.

3. Illuminated

. ilibri 2. Illuminati
1. Dark equilibrium umination steady state

De-doped De-doped y
PEDOT:PSS  MAPL PEDOT:PSS  MAPI PEDOT: PSS papy

Figure 5.10: Schematic diagrams of surface photovoltage for neat and dedoped PEDOT:PSS
with MAPI on top in three different stages. The Fermi level (Er) and local vacuum level
(Eyqe) are indicated by dashed and dotted lines, respectively. The red arrows indicate charge
generation, and the olive-green arrows indicate recombination. Measured SPV signals are shown
by the orange arrow in the steady state stage. (Note that the confined interfacial band-bending
in MAPT is drawn in a larger scale for visual clarity.)
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In summary, this work demonstrates the correlation between the PEDOT:PSS doping level
and interfacial recombination loss, providing a strategy to utilize less-doped HTLs in PSCs
by thickness control. This approach should be applied to other HTL materials to confirm the
generality of this strategy. Additionally, the higher performance from dedoping reveals another

route to commercialize PSCs based on PEDOT:PSS HTL with its low cost and wide availability.

5.6 Experimental Methods

For basic experimental methods, refer to Chapter 3. Only project specific methods are listed

in this section.

Device/Sample Fabrication

Poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS, Clevios A14083 Heraeus)
was dedoped by 1M sodium hydroxide solution by 4.5 %, 20% or 50 %, and the well-mixed
20 % blend solutions were then further diluted to 3:1, 1:1, and 1:3 volume ratios with deionized
water. PEDOT:PSS solutions were then spin-coated at 2500 rpm for 1 min, followed by 10 min
of annealing at 135°C. Methylammonium lead iodide (MAPI) solutions (1.5 M) were prepared
with lead iodide (Sigma-Aldrich, 99 %) and methylammonium iodide (Sigma-Aldrich, 98 %)
and dissolved in a mix solution of dimethylformamide (DMF)/dimethyl sulfoxide (DMSO)
(9:1.1,%v/v). The MAPI layer was deposited by spin-coating at 4000 rpm and with 400 nL of
diethyl ether dripped at 7s. The samples were then annealed at 80 °C for 1 min and at 100°C
for 30 min. The electron transport layers were prepared by spin-coating [6,6]-phenylC61-butyric
acid methyl ester (PCBM 98 %, Ossila) from 23 mg mL~" of chlorobenzene solution at 2000 rpm.
Bathocuproine (BCP, Ossila) solution (0.05 mgmL ') was then spin-coated at 4000 rpm for 20's

to form a protective layer on top of PCBM.
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Chapter 6

Perovskite Photovoltaic Materials —
Reduced Recombination Loss and
Spiro-OMeTAD Dopant Leakage by
Phenethylammonium-Based
Low-Dimensional Perovskite

Passivation

In recent years, Ruddlesden-Popper phase perovskites (2D perovskite) have been applied
in perovskite solar cells (PSCs) as either an interfacial or bulk passivation layer to reduce
the trap-assisted charge recombination losses and extending device lifetime. Although most
of the studies attribute the advancement to trap state passivation as well as high stability
originating from high formation energy, the role of 2D perovskite in PSCs, particularly
its dimensionality and interfacial relationship to the hole transport layer (HTL), such as
Spiro-OMeTAD, is still unclear. Herein, the dimensionality of 2D perovskite as an interfacial
passivation layer is investigated by tuning the passivating solution concentration. A faster
surface photovoltage (SPV) signal in the passivated samples indicates the reduction in the

trap states and ionic movement. However, the ionic contribution is recovered by quasi-2D
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perovskite causing a slowing down SPV signal. Also, quasi-2D perovskite contributes to a
faster transient photoluminescence (PL) decay indicating that quasi-2D perovskite is acting
as recombination sites. Therefore, the device performance peaks in passivation with pure 2D
perovskite with higher Vocand fill factor. Apart from trap reduction, 2D perovskite also acts
as a dopant blocking layer maintaining the doping level of the Spiro-OMeTAD on top while
further contributing to higher device performance by reducing the energetic disorder in 3D

perovskite.

6.1 Introduction

The presence of interfacial trap states is one of the critical issues for perovskite solar cells (PSCs)
as they reduce open-circuit voltage (Voc) and thus reduce the power conversion efficiency
(PCE)."? A commonly used method to reduce the interfacial trap states is by passivating
the perovskite/charge transport layer with bulky organic cations which converts part of the
perovskites into Ruddlesden-Popper perovskite (noted as 2D perovskite).>3 This approach
is advantageous because it reduces the surface recombination loss and potentially increases
device stability.®” Despite the success in improving the device performance, the role of different
dimensional 2D perovskites on the interface is still remain unclear. As the energetics of 2D
perovskites deepen with lower n number, the interfacial energetic alignment would be altered
dramatically. In addition, introducing a new 2D perovskite interlayer between charge transport
layers and perovskite layers will result in a different perovskite/transport layer relationship, such
as dopant diffusion. Therefore, a systematic investigation on the impact of dimensionality and
the interfacial chemistry between perovskite and charge transport layer is crucial to complete
the understanding of the role of passivation in PSCs.

In this chapter, the role of phenethylammonium-based 2D perovskite is investigated. By
tuning the passivation concentration, different dimensional 2D perovskite heterostructures are
fabricated with or without top Spiro-OMeTAD hole transport layer (HTL). The details of the
energetic alignment, surface photovoltage (SPV) and alternating surface photovoltage (ASPV)
are measured to show the impact of either pure n = 1 2D perovskite or quasi-2D perovskite in
n-i-p PSCs. The results highlight the importance of pure 2D perovskite with an improved V¢

as well as PCE, and reveal the dopant blocking ability of 2D perovskite on the interface which
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may play an important role in device stability.

6.2 Surface Passivation Induced Energetic Shifts in

Perovskite

To explore the benefit of 2D perovskite passivation, perovskite with a mixed of both cation and
anion (Csg 03FAg82MAg 15PbBrg 4415 56, noted as 3D perovskite) is fabricated since it was shown
to have higher PCE and longer stability than methylammonium lead iodide in Chapter 5,
and then passivated with 5mgmL™, 10mgmL™" and 15mgmL™" of phenethylammonium
iodide (PEATI) solutions (noted as PEAT 5, PEAI 10, PEAT 15).® Their ambient photoemission
spectroscopy (APS) spectra and the derived density of state (DOS) are shown in Fig. 6.1a.
According to the literature, the PEAI passivated surface was reported with a shallower valence
band edge (VBE) than the 3D perovskite.*® Therefore, it was commonly applied to assist hole
extraction by located between the 3D perovskite and the hole extraction layer.!'? However,
the 3D here shows a shallower VBE than the PEAI passivated samples which leads to a hole
extraction barrier instead of a beneficial energy gap. It would result in charge accumulation on
the interface and thus reduce the device performance with higher recombination loss. Turning
to the impact of the concentration, it is interesting that the VBE is getting shallower from
5.80eV to 5.76 eV with higher PEAI concentration which suggests a gradual reappearing of the
3D perovskite presence. This concurs with the DOS distribution where PEAI 10 and PEAI 15
have a slightly larger amount of DOS around 5.4eV to 5.6 eV. Turning to the Fermi level (Er),
the PEAI passivation shifts it shallower, and this trend continues as the PEAI concentration
gets higher. Since 3D perovskite has a more p-type nature, a shallow-shifting Fr indicates a
more intrinsic perovskite which may be related to the surface defect removal. In summary, the
energetic diagram of PEAI passivation is shown in Fig. 6.1b.

To confirm the condition of the 2D perovskite formed by PEAI passivation, photoluminescence
(PL) measurements are carried out (Fig. 6.1c). Firstly, a prominent PL peak at 510 nm indicates
the existence of the n = 1 2D perovskite (pure 2D perovskite) in all the passivated samples.'?
This peak becomes larger with more concentrated PEAI solution which is coherent with the

idea that higher concentration will convert more 3D perovskite into 2D perovskite. It is
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Figure 6.1: The effect of phenethylammonium iodide (PEAI) passivation on
CSO‘QgFAO.ggMAO.15PbBI'0.4412.56 (SD) with different concentrations. (a) The ambient
photoemission spectroscopy (APS) spectra with the inset of the density of state (DOS),
(b) the energetic diagram, (c) the photoluminescence spectra and (d) the X-ray diffraction
(XRD) spectra of 3D, 5mgmL ™", 10mgmL~" and 15mgmL~" PEAI passivated 3D (denoted
as PEAI 5, PEAT 10, PEAT 15 respectively). (The XRD spectrum of PEAI 5 was not measured
successfully.)

interesting that there is a weak but broad PL band between 525 nm to 700 nm for PEAT 10 and
PEAT 15. This longer wavelength PL is originated from the n > 1 2D perovskite (quasi-2D
perovskite).!*15 Since 2D perovskite exhibits a strong quantum confinement effect, smaller
n number would lead to stronger exciton binding energy, and thus higher PL energy. The
formation of quasi-2D perovskite in PEAI 10 and PEAI 15 explains the regain of 3D perovskite
DOS and the slight shallow shifting on the VBE. Despite the formation of different types
of 2D perovskite, all the passivations successfully reduce the surface defect states as shown
by the X-ray diffraction (XRD) spectra in Fig. 6.1d (Note that PEAI 5 was not measured
successfully). The excess Pbly peak which is related to the dangling bonds or perovskite
crystal defects is completely diminished, leaving only the perovskite peaks. This correlates well

with the increasing 3D perovskite PL peak at 760 nm since the non-radiative recombination by
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the defect states is significantly reduced compensating the less amount of 3D perovskite after
passivation. The XRD also shows the existence of the pure 2D perovskite at 5.2° as reported
in the literature.!'® Overall, the PEAI passivation reduces the defect states as expected, and
by controlling the concentration of PEAI solution, different types of 2D perovskite can be

fabricated providing the freedom to tune the energetics.

To understand the changes by the PEAI passivation, the two possible pure 2D perovskites,
namely PEA;Pbl,; and PEA;PbBry, are fabricated and studied. Since the 3D perovskite has
both iodide and bromide ions, it would be relevant to identify the dominating 2D perovskite
inside the film. As shown in Fig. 6.2a, the VBEs of these two 2D perovskites are largely different
from each other with 5.78 eV for PEA,Pbl, and 5.99¢eV for PEA;PbBry. The deeper VBE of
PEA;PbBr, indicates that its presence is relatively low, which is not surprising as there are
more iodide ions in the 3D perovskite as well as the passivation solution (PEAI(aq)). The
DOS of PEAyPbIy is also resembling that of PEAI 5 with an onset at 5.5eV and peaks around
6.2eV while the bromide case has a relatively low and deep DOS distribution. Interestingly,
both 2D perovskites have similar Fr at 5.0eV which is deeper than the passivated samples
(Fig. 6.2b). Therefore, the shallower Er in Fig. 6.1b should be related to the passivated 3D
perovskite, which is less p-type, instead of the thin 2D layers on top. The topography of
both 2D perovskites (Figs. 6.2d and 6.2e) are relatively smooth, but the coverage is poor in
PEA;PbBry where there are significant ripple patterns. This may be the cause of the low APS

response, but it does not influence the fitted VBE level.

To further verify the existence of the PEA;Pbl, in the passivated samples, PL measurements
are carried out for the PEA,Pbl, sample (Fig. 6.2c). A clean PL spectrum with a very narrow
peak centering at 525 nm is recorded. Despite the small discrepancy (525 nm in the neat film vs.
510nm in the passivated film), which might be due to the re-absorption by the 3D perovskite,
the PL measurement should be originated from the PEA;Pbl, on the passivated surface.
According to the literature, the PL spectrum of PEA;PbBry should be around 410 nm which
unfortunately is beyond the instrument limit.!” Nonetheless, the increasing PL intensity at

510 nm with higher passivation concentration still confirms the increasing amount of PEA;Pbly.

Turning to the impact on surface topography, the atomic force microscopy (AFM) images

are shown in Fig. 6.3. As the starting point for the PEAT passivation, the 3D perovskite exhibits
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Figure 6.2: Energetics, photoluminescence (PL) and surface topography of PEA;Pbly and/or
PEA,PbBry. (a) The APS spectra with their DOS as inset and (b) the energetic diagram. (c)
The PL of PEA,PbI,. (the PL of PEA;PbBry is not measured due to instrument limit) The
atomic force microscopy (AFM) images of (d) PEA;Pbl, and (e) PEA;PbBry.

a vivid surface topography composed of pillar shape crystals with some small pinholes. Despite
the continuous energetic shift, their surface topography significantly depends on the PEAI
concentration. When passivated with the lowest concentration, the surface maintains similar
pinhole nature as in the 3D sample. The passivation also smooths out the grain boundaries,
and thus leaving a less separated but more agglomerated crystal structure. Different from the
PEAI 5 sample, PEAI 10 starts to exhibit excessive agglomeration which may be related to
the excess PEAI residuals. This feature is even more evidence in the PEAI 15 sample where
the pinholes are starting to be filled by the excess PEAI. This is shown by the pinhole area

coverage (Fig. 6.3¢) where the pinhole area percentage is significantly dropped in PEAI 15.

To identify the impact of passivation on charge dynamics, surface photovoltage (SPV) is
carried out (Fig. 6.4a). The SPV signal of the 3D perovskite on TiO; has a typical perovskite
character with a biphasic turn-on.'®'? The first sharp turn-on is correlated to the fast charge
generation and separation while the following slow saturation towards steady state is more
related to the charge redistribution and its coherent ionic movement. Surprisingly, the SPV

signal of the PEAI 5 has a much smaller saturation value and a nearly negligible slow turn-on
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Figure 6.3: Atomic force microscopy images of (a) 3D perovskite, (b) PEAI 5, (¢) PEATI 10 and
(d) PEAI 15 with (e) their pinhole (<30 % of maximum height) coverage.

phase comparing to the 3D perovskite. For the smaller saturation value, it is caused by the
blocking effect from the top passivation layer which has a deeper VBE, and thus prohibits
holes moving to the top surface. Besides, the shallower Er of the 2D layer would result in an
interfacial band bending which pushes holes away from the interface. For the negligible second
phase, the passivation reduces the ionic movement by removing the defect states and prohibiting
ion redistribution particularly on the interface. These phenomena are weakened once quasi-
2D perovskite is involved such as in PEAI 10 and PEAI 15. Despite removing the Pbly, the
quasi-2D perovskite reintroduces the potential defect states with the 3D structure sandwiched
between the bulky cations. These defect states would promote the ionic movement leading
to the reappearing of slow turn-on phase. Furthermore, these scattered quasi-2D perovskite
grains provide places to store the holes with slightly shallower VBE as they are fused within
pure 2D perovskite layer. As a result, the SPV signals are increasing with higher concentration

passivation. To elucidate the mechanism, a schematic diagram is drawn in Fig. 6.4c accordingly.

The normalized transient photoluminescence (PL) is also measured with a 405 nm excitation
laser in order to show the impact on decay dynamics (Fig. 6.4b). Here, the probe is set at

760nm focusing on the radiative emission in the 3D perovskite layer. Similar to the SPV
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Figure 6.4: Charge dynamics of PEAI passivated 3D perovskite on top of TiOs. (a) Surface
photovoltage (SPV) signals of all samples under 0.2 sun white light illumination. Dashed vertical
lines indicate the transitions between light off (gray) and light on (white). (b) Normalized
transient photoluminescence probed at 3D perovskite (760 nm) with laser excitation at 405 nm.
(¢) Schematic diagram of charge dynamics for 3D case (left), PEAI 5 (middle) and the PEAI
10/15 (right) with electron extraction through the underneath TiO, (white). The orange spots
inside 2D perovskite (the right panel) are the grains of quasi-2D perovskite.

observation, surface passivation successfully reduces the recombination rate by restraining free
charges accessing the top surface, and therefore leading to a longer charge carrier lifetime in
PEAI 5 than in 3D case. However, this benefit is gradually covered in PEATI 10 or completely
overcome in PEAT 15 by the quasi-2D perovskite. The quasi-2D perovskite allows the free holes
to re-access the top surface and to recombine on the air interface. Also, high concentration
of PEAI significantly changes the grain structure deeper which would also introduce to some
deeper defect states that is undesirable for charge carrier lifetime. To summarize, both SPV and
transient PL measurements show that having thin pure 2D perovskite on the surface successfully
reduces the Pbl; remains and improves the surface recombination loss. However, the VBE of
PEAI based 2D perovskite is not matching with the 3D perovskite for hole extraction which

may inhibit the extraction process.
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6.3 Reduced Recombination and Improved Charge

Extraction with Low-Dimensional Passivation Layer

To further examine the impact of 2D perovskite within a full device structure, Spiro-OMeTAD
(Spiro), a typical hole transport layer (HTL), on top of 3D, PEAI 5, PEAI 10 and PEAT 15 are
fabricated. The energetics of the Spiro layer on top of the passivated perovskite is shown in
Fig. 6.5. Despite using the same solution and deposition method, the HOMO levels of the Spiro
are changed by 0.1eV (Fig. 6.5a). Although this change is not dramatic, it is in confidence to
be related to the surface passivation on the perovskite layer as the HOMO levels are consistent
among the passivated samples. In addition, the DOS distribution has shown a horizontal shift
which implies that the cause could be originated from the doping level or the electric field.
Turning to their Fr (Fig. 6.5b), the figure shows that it is much shallower (4.6 eV) in the non-
passivated case than in the passivated cases (~4.9 V). This dramatic change indicates a change
of the doping condition where the Spiro on top of the passivated samples is much more p-doped.
Since the Spiro here serves as a hole transport layer, the stronger p-doping would benefit charge
extraction by providing a higher charge mobility. In the literature, Habisreutinger et al. shows
that 4-tert butylpyridine (4TBP) originally blended in the Spiro solution would diffuse into and
p-dope the top contact of perovskite layer.?® The consistent Spiro energetic in the passivated
samples implies that the 2D perovskite in between 3D perovskite and Spiro prohibits such
phenomenon to occur and maintain the same doping level of the Spiro. Further investigation
on this dopant diffusion will be discussed in Section 6.4. This dopant blocking character, to
the best of my knowledge, is not yet reported, and it should be one of the crucial point to

understand the benefits of passivation in device performance.

Following the energetic findings of both perovskite and Spiro, the device character
statistics of PEAI passivated are shown in Fig. 6.6. For the open-circuit voltage (Voc), PEAI
passivated devices show an improvement from 1.055V to 1.083V (Fig. 6.6a), consistent with
the literature.?1:?2 The higher V¢ reflects the significantly reduced surface defect states which
is commonly associated with lower surface recombination loss and higher quasi-Fermi level
splitting. However, the complicate energetic landscape, especially the extraction barrier from

the 2D perovskite, means a non-trivial competition between recombination and extraction
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Figure 6.5: (a) The ambient photoemission spectroscopy (APS) spectra with the DOS inset
and (b) the energetic diagram of Spiro-OMeTAD (Spiro) on top of 3D, PEAI 5, PEAT 10 and
PEATI 15.

which will be discussed later.
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Figure 6.6: The (a) open-circuit voltage (Voc), (b) short-circuit current (Jsc), (c) fill factor
(FF) and (d) power conversion efficiency (PCE) statistics of PEAI passivated devices.

Different from the V¢, the short-circuit current (Jsc) is surprisingly stable across all the
passivated samples (Fig. 6.6b). By intuition, PEAI passivation should transform some of the

existing 3D perovskite into 2D perovskite which has strong exciton binding energy. Thus, the
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Jsc should decrease with less amount of effective photoactive layer, namely the 3D perovskite.
To unveil this, the absorbance measurements are carried out (Fig. 6.7). Despite having different
amount of PEAI, all the samples have nearly the same absorbance across 600 nm to 900 nm
indicating that the surface passivation does not negatively contributing to the absorption. For
the fill factor (FF), surface passivation seems not to have a clear advantage with most of the
samples centered around 72 % (Fig. 6.3c). Note that PEAT 10 has a slightly wider distribution
due to the uneven topography. Combining all these factors, the power conversion efficiency
(PCE) of PEAI 5 is slightly higher (18.60 %) than the 3D reference (17.09 %), mainly by the
higher Voe. On the contrary, the quasi-2D perovskite seems not to benefit PCE with the wider
FF distribution for PEAI 10 and wider V¢ distribution for PEAT 15.
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Figure 6.7: The absorbance of PEAI passivated perovskite solar cells.

In order to understand the trend of Vpc under surface passivation, photoluminescence
(PL), transient PL, surface photovoltage (SPV) and alternating surface photovoltage (ASPV)
measurements are carried out. Since the passivated devices have the Spiro layer on top, the PL
measurement is done from the back side (ITO side) to avoid the Spiro re-absorption. The PL
of the 3D perovskite device shows a significant broadening from 600 nm to 750 nm (Fig. 6.8a),
indicating a higher level of disorder. Since this broadening does not exist in the case without
Spiro layer (Fig. 6.1c¢), it is possible to be related to the dopant diffusion or penetration from the
Spiro layer. This also explains the narrow PL in PEAI 5, where the 2D perovskite seems to be
able to block the dopant diffusion. For PEAI 10 and PEAT 15, the quasi-2D perovkite would also
contribute to the broad emission since the energy relaxation may happen as the measurement is
carried out from the ITO side. Turning to the dynamics of the 3D perovskite PL, the passivated

samples are all showing a much faster decay than the 3D reference, demonstrating a much faster
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charge extraction and separation (Fig. 6.8b). As shown in the Spiro energetics, the Spiro on
top of the passivated perovskite has a much stronger p-doping which would benefits the charge
extraction by the faster charge mobility. Also, the Er of the Spiro is getting deeper leading to
an upward band bending which is preferential for hole extraction. Therefore, despite having the
energy barrier from the 2D perovskite, PEAI surface passivation still able to provide efficient

extraction and higher V.
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Figure 6.8: (a) The photoluminescence (PL), (b) transient PL, (c) surface photovoltage
(SPV), (d) 300 Hz alternating surface photovoltage (ASPV) measurements of PEAI passivated
perovskite with Spiro-OMeTAD (Spiro) on top. Note that the negative SPV signal indicates
a positive surface potential while the APS signal is by definition the absolute change of the
surface potential.

The PL measurements are not able to distinguish the subtle difference between PEAI 5 and
the other two passivated devices which have quasi-2D perovskite. Since quasi-2D perovskite
would have similar ionic movement similar to the 3D perovskite, it is relevant to compare the
SPV and ASPV measurements to dissociate the ionic contributions to the Voc. As shown in
Fig. 6.8¢c, the SPV signals of all the passivated devices are slightly more negative than the 3D

reference indicating a larger positive electric field build up on the surface under illumination.
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This is coherent with the literature where the SPV signal shows strong correlation to the
device Voc.'®?3 However, the SPV signals of the passivated devices have a clear trend of slower
turn-on when passivated with higher PEAI concentration. This slow turn-on phase should
be related to the slow ionic movement created by the quasi-2D perovskite. In contrary to
the SPV measurement, the ASPV signals of the passivated devices are not higher than the
reference, except for the PEAI 5 (Fig. 6.8d). Since the ASPV is measured under high frequency
(~300Hz), the ASPV measurement is able to screen out some of the slow ionic signal leaving
only the electric potential of free charge carriers. Therefore, the reverse relationship in SPV and
ASPV measurements demonstrates that PEAI 10 and PEAI 15 devices have a slightly lower
free charge contribution in their Ve which is compensated by the ionic contribution. PEAI
5, on the contrary, has both higher SPV and ASPV signal than the 3D reference showing the
benefit of having only the thin pure 2D perovskite. To summarize the findings, a schematic

diagram of charge extraction is drawn in Fig. 6.9.

Figure 6.9: Schematic diagram for 3D case (left), PEAI 5 (middle) and the others (right) with
electron extraction through the underneath TiOy (white) and hole extraction through the top
Spiro (yellow). The orange spots inside 2D perovskite (the right panel) are the grains of quasi-
2D perovskite

6.4 Suppressed Dopant Leakage by Surface Passivation
with Low-Dimensional Perovskite

As pointed out in Section 6.3, the energetic shift of the Spiro on top of passivated perovskite
is one of the key factors determining device performance. Although it was claimed to be
due to dopant leakage or diffusion from the Spiro layer into perovskite, the origin of this
energetic shift, especially how it correlates to 2D perovskite, is not clear. A comprehensive

energetic measurements of different blends are carried out to examine the effect of each type
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of perovskite ions (Fig. 6.10). In Figs. 6.10a and 6.10b, the Spiro solution is deposited as
neat on top of glass substrate or blended with perovskite solution before deposition. The APS
spectra of the neat Spiro has the HOMO level at 5.1 eV similar to the Spiro on the passivated
perovskite while the perovskite blended Spiro resembles the Spiro on 3D perovskite. This
shows that the passivated perovskite is able to maintain the same doping level of Spiro while
protecting it from the influence of 3D perovskite. To show the phenomenon solely depends on
2D perovskite regardless of the anion, Spiro deposited on top of phenethylammonium bromide
(PEABr) passivated perovskite is also measured, and it shows the same energetic as in the
PEAI case. Interestingly, the converted DOS distributions show a horizontal shift on the
energy spectra with the major DOS peak position shift from 5.7eV to 5.9eV. This indicates the
change is coming from a change in the doping level instead of its amorphous packing structure.?*
Combining the Er information (Fig. 6.10b), the samples are clearly separated into two groups
as shown in Section 6.3, the highly p-doped group with Spiro on passivated perovskite and neat

Spiro and the more intrinsic group with Spiro on or blended with 3D perovskite.

Since either 3D or 2D perovskite has multiple types of ions which may diffuse into the Spiro
layer, Spiro blended with Pbl, or PEAI is also measured in order to identify the cause of the
energetic shift (Figs. 6.10c and 6.10d). Here, the PEAI blended Spiro sample shows exactly the
same HOMO level at 5.1eV and the same DOS distribution as neat Spiro. Also, its Er and
doping level fall in the same range. This demonstrates that the Spiro layer is inert to PEA™ ion
which explains the stable energetics regardless of the passivation concentration. In the other
hand, the Pbls blended Spiro has the same unchanged energetics as the neat Spiro as well. As
shown in Fig. 6.1d, the excess Pbl, is the most abundant salt that may influence the Spiro layer.
The stable HOMO level and Er prove that the change of doping level is most likely related
to dopant diffusing into the 3D perovskite crystal. Although dopant leaked from the transport
layer was already reported in the literature, they mainly focused on its impact in perovskite
layer.2%:2>26 Here, the measurements show that this leaking process significantly alters the Spiro
energetic which ultimately influence the device performance. Moreover, it indicates that low
dimensional perovskite interlayers may reduce this phenomenon, and thus benefit the device

performance or stability.

Although the energetic results suggest the mechanism behind the doping level shift is dopant
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Figure 6.10: Energetics of Spiro-OMeTAD (Spiro) blended with (white background) or on top
of (cyano background) different materials. (a), (¢) The ambient photoemission spectroscopy

(APS) spectra with a density of states inset and (b), (d) the energetic diagrams. Spiro is
blended with or on top of (a) — (b) 3D or passivated perovskite and (c¢) — (d) PEAIL, Pbl, salts.

leaking, more optical evidence would be able to strengthen the hypothesis. The normalized
Raman spectra of each Spiro samples are shown in Fig. 6.11a. Surprisingly, unlike other
organic semiconductors, the Raman spectra are the same regardless of the doping level. A
further density functional theory (DFT) simulation is carried out, showing the highly overlapped
Raman peaks between the neutral state and the positive polaronic state (Fig. 6.11b). This
indicates that Raman spectroscopy is insensitive to the doping induced peak changes which

may be related the fully delocalized HOMO and HOMO-1 of Spiro-OMeTAD.?"

A similar result happens in the normalized absorbance spectra where the spectra are nearly
the same among neat Spiro and its Pbl, or 3D blends (Fig. 6.11c). Beware that here the samples
are prepared without having the perovskite layer in order to avoid the strong absorption covering
the Spiro features. Nonetheless, a slightly blue-shifted absorbance from 525nm to 600 nm is
noticed in the 3D blended sample which might be related to the more neutral Spiro content

within the blend. In contrast, the PL intensity of 3D blended Spiro shows a significant drop
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Figure 6.11: Optical characterizations of Spiro-OMeTAD (Spiro) in different doping conditions.
(a) Normalized Raman spectra of neat Spiro, PEAI5/Spiro and 3D/Spiro. (b) The density
functional theory (DFT) simulated Raman spectra of Spiro in neutral or positive polaronic
state. (c) The normalized absorbance and (d) the photoluminescence spectra of neat Spiro and
Spiro blended with Pbl, or 3D perovskite.

compared to the other two samples (Fig. 6.11d). This can be related to a reduced amount
of doped Spiro content, and therefore leading to the slightly lowered absorbance. Apart from
the intensity, there is a significant change in the relative intensity when involving perovskite or
lead ions. This may be related to the Pby™ induced dopant aggregation, but it should not be

related to the energetic shift.?®

Apart from the energetic shift, the dopant leakage will also affect the morphology. As shown
in Fig. 6.12, the Spiro on 3D perovskite has about doubled amount of pinholes than PEAI 5
and PEABr 5. This may be due to the leakage of 4TBP which was reported to be related to
the morphology and uniformity of doped Spiro.?? 3! However, pinhole reduction does not occur
in PEAI 10 or PEAI 15 which may be related to the formation of quasi-2D perovskite. Also,
4TBP is not a doping agent but rather dedoping agent.?® Therefore, further investigation and

evidence on the distribution and types of dopants are necessary to unveil the complex chemical
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behind the phenomenon.

Percentage (%)
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Figure 6.12: Atmoic force microscopy (AFM) images of Spiro-OMeTAD on (a) 3D, (b) PEAI
5, (¢) PEAI 10, (d) PEAI 15, (e) PEABr 5 and (f) their pinhole (<30 % of maximum height)
coverage.

6.5 Conclusion

In summary, the energetics of different n number 2D perovskite and its impact on
the perovskite/Spiro interface is investigated by tuning the PEAI concentration. High
concentration PEAI solution not only provides a much deeper passivation depth but also
contributes to the formation of quasi-2D perovskite. Although the PEAI passivation manages
to remove the Pbly defect states of the 3D perovskite, the VBE of the 2D perovskite is slightly
deeper than the 3D perovskite leading to an extraction barrier. As a result, the passivated
perovskite shows a weaker SPV response by inhibiting the holes transported to the surface and
reducing the ionic contribution from the defect states. A regain on the slow ionic movement
and the accessible surface states reappear in the high concentration group as the formation
of quasi-2D perovskite reintroduce similar properties of the 3D perovskite. The results reveal
the mechanism of the SPV response of perovskite while suggesting that having thin and pure

n = 1 2D perovskite should be necessary and sufficient for improving the device performance.
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Apart from the impact on perovskite layer, surface passivation also influence the doping
level and the energetics of the Spiro on top. Through blending series of perovskite related salts
in Spiro, it is shown that the energetic shift in Spiro is unrelated to the ions of the perovskite,
but rather the dopants leak into the 3D perovskite. Thus, by passivating the 3D perovskite
surface, the 2D perovskite blocks the dopants from diffusing out and preserves the highly p-
doped Spiro on top. This also improves the surface coverage by reducing the pinhole area.
Unfortunately, the inert Raman nature of neutral and polaron Spiro makes it not possible to
identify the change of dopant contents. Further investigation on the chemical matrix of the
Spiro layer as well as the dopant distribution would be crucial for explaining long term impact

on device performance.

6.6 Experimental Methods

Sample/Device Fabrication

For mix cation and anion perovskite or Csgo3FAggaMAg15PbBroalase (3D perovskite), two
solutions (solutionl and solution2) were prepared and mixed as solutionl:solution2 = 95:5
before use. Solutionl was composed of 1.5M of formamidinium iodide (Greatcell Solar,
>99.99 %), 1.5 M of lead iodide (Tokyo Chemical Industry, 99 %), 0.265 M of methylammonium
bromide(Greatcell Solar, >99.99%) and 0.265M of lead bromide (Sigma-Aldrich, >98 %)
in a mix solution of dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) (4:1,%v/v).
Solution2 was composed of 1.15M of lead iodide (Sigma-Aldrich, 99%) and cesium iodide
(Sigma-Aldrich, 99.9 %) in a mix solution of DMF/DMSO (78:22,%v/v). The thin films of
3D perovskite were then deposited by spin-coating at 1000 rpm for 10s and continuously at
4000rpm for 30s. At 5s before the end, 110 L of chlorobenzene was carefully dripped by
micropipette at the center of the substrate. The samples were then annealed at 100°C for
1h. For the PEAI or PEABr passivation, the samples were spun at 4000 rpm with a dynamic
dripping of 5mgmL™!, 10mgmL™" and 15mgmL~' PEAI or PEABr isopropanol solution at

5s before the end.

For the electron transport layer (ETL), two solutions (ETL1 and ETL2) were prepared

and mixed before use. ETL1 was composed of 1 mL of isopropanol (Sigma-Aldrich, anhydrous
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99.5%) and 13.83 pL of 2M HCL(aq). ETL2 was composed of 1 mL of isopropanol and 145 pL
of titanium isopropoxide (Sigma-Aldrich, 97 %). Then, ETL1 was added into ETL2 slowly with
vigorous stirring. The compact TiOs layer was deposited at 2000 rpm for 30s, and followed by
10 min annealing at 150°C. After cooling down, samples were annealed in 500 °C for 30 min.
For the hole transport layer, 73 mg of Spiro-OMeTAD (Lumtech, 99 %) was dissolved in
1 mL of chlorobenzene first, and then adding 28.8 uL. of 4TBP (Sigma-Aldrich, 98 %), 17.5 uL
of LiITFSI (ACROS, 99 %) acetonitrile solution (520 mgmL™") and 29 nL of FK209 (Sigma-
Aldrich, 98 %) acetonitrile solution (300 mgmL™") consecutively. The solution was always
prepared no more than 24h before use to prevent degradation or forming clusters. In Spiro
blend study, Spiro solution was further blended with 1% (v/v) of perovskite solution, PEAI

isopropanol solution (5mgmL~") or Pbly DMF solution (5mgmL™").
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this thesis, the importance of understanding as well as manipulating the energetics in both
perovskite and organic semiconductors (OSCs) are underlined in order to provide design rules to
both perovskite solar cells (PSCs) and organic photovoltaics (OPVs). The chemical structures,
packing structures, defect origins and interfacial band bending are mainly studied by theoretical
simulations, surface photovoltage (SPV) and ambient photoemission spectroscopy (APS) with
advanced data characterization in density of state (DOS). Here, the major conclusions of each
chapter are illustrated. For more detailed conclusions, please refer to the conclusion section in
each chapter.

In Chapter 4, the energetics of various photovoltaic OSCs are investigated in order
to correlate both chemical structures and packing structures to the electron distributions,
including tail states and highest occupied molecular orbital (HOMO) energy levels. Firstly,
in Section 4.2, Y6 is found to exhibit the smallest amount of tail states among other high
performance non-fullerene acceptors (NFAs), IDTBR series and ITIC, leading to less Vo loss
in device performance. From density functional theory (DFT) simulations, the conformational
rigidity is pinpointed to the alkyl side chain, which locks the dihedral rotation of the accepting
end group and improves the photostability.

Turn to the impact of packing structures in neat films (Section 4.3), evaporated standing
and lying sexithiophene (0-6T) has shown a significant energetic shift (0.4 eV) due to their static

electrostatic field. This energy difference is preserved in the mixed o-6T which is revealed by
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its DOS distribution, a superposition of both lying and standing structures. As a result, the
energy offset between different packing structure enables charge separation and contributes
to an external quantum efficiency (EQE) ~50%. In Section 4.4, the concept of orientation
dependent energetic shift is extended to solution-processed Y6. The Y6 CB is found to have
a more mixed structure, and thus has a 0.2eV deeper HOMO level than Y6 CF. Also, the
mixed structure of Y6 CB also shows an efficient charge generation in SPV measurments.
In PM6/Y6 bilayer devices, the orientation dependent energetic shift dominates the device
performance as the CB device has a smaller Vo due to the deeper HOMO and LUMO levels
in Y6. By DFT simulation, the electrostatic effect is found to be related to the quadrupole
moment perpendicular to the n-n stacking direction (Q,), and it is shown to play an important

role in the polymeric donor HOMO level shift in bulk heterojunction as well.

In the last section (Section 4.5), two polymer:fullerene acceptor blends are investigated
to understand the DOS distribution under blending. The DOS distribution of PDTSiTTz
gradually regain features from flat even distribution to clear features across the energy spectra.
In comparison, PCPDTBT blends have a stable DOS distribution with or without fullerene
acceptors. Moreover, the DOS distributions of PDTSiTTz:fullerene blends are identical to the
PCPDTBT. Since the two polymer shares the same donor moiety, the same DOS features
indicate a more localized MO on the donor moiety in PDTSiTTz blends while a more inter-
chain character for neat PDTSiTTz upon blending. This provides a better understanding
to the unusual non-Langevin recombination nature in PDTsiTTz and its correlation in DOS

distribution.

In Chapter 5, the relationship between doping level and non-radiative recombination loss
in PSCs is investigated In previous study, the doping level of the hole transport layer (HTL)
in PSCs was correlated to the non-radiative recombination loss and Voc loss.! However,
a systematic tuning on the same HTL still remains unclear. Thus, a systematic dedoping
in PEDOT:PSS is applied in inverted PSCs to unveil the doping induced recombination
loss. Firstly, the originally highly doped PEDOT:PSS is dedoped by the basic NaOH (aq)
solution, and the dedoping is confirmed by both Raman and absorption spectroscopy.? With
thickness optimization, the dedoped PEDOT:PSS shows a much higher fill factor (FF),

Voc and power conversion efficiency (PCE). The higher FF is due to the improved charge
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blocking capability from the shallower lowest unoccupied molecular orbital (LUMO). By
transient photoluminescence (PL) and SPV measurements, the high Voc is attributed to
reduced non-radiative recombination leading to a longer PL decay and larger SPV signal. This
work demonstrates the correlation between the doping level in PEDOT:PSS and interfacial

recombination loss, providing a strategy to utilize less-doped HTLs in PSCs.

In Chapter 6, the impact of different dimensional Ruddlesden-Popper phase perovskite (2D
perovskite) on the perovskite/HTL interface is investigated. By tuning the concentration of
the passivation solution, the n number of phenethylammonium (PEA)-based 2D perovskite is
tuned from mixed large n number (high concentration) to purely n = 1 (low concentration).
The passivation manages to remove the isolated Pbl, surface trap states in all cases coherent
with the literature.>* Also, a noticeable deeper VBE is found in the pure 2D passivated
perovskite which results in a hole extraction barrier on the interface. Therefore, a weaker SPV
response is recorded with the 2D passivated samples as the deeper VBE from 2D perovskite
inhibits holes redistributing to the surface while reducing the defect related ionic contribution.
In quasi-2D perovskite samples, the slow ionic contribution reappears as it shares a similar
defect nature in the 3D perovskite. This is further confirmed by the faster transient PL decay
showing the disadvantages of having high concentration passivation and quasi-2D perovskite.
By implementing 2D perovskite into conventional PSCs, the surface passivation benefits the
Voc by reducing the recombination loss on the interface. However, the devices with quasi-2D
perovskite does not gain a further improvement but rather a much wide spread statistic due
to the rough surface morphology and the reappeared 3D characters. The results emphasize
the benefit of having thin and pure 2D perovskite passivation as it inhibits trap related
recombination loss, ionic movement as well as protecting the underneath 3D perovskite. Also,
the study unveils the mechanism of the perovskite SPV response with a clear separation between

charge related SPV signal and ionic contributions.

In addition to the 2D-to-3D relationship, surface passivation also influences dopant
diffusion from Spiro-OMeTAD to 3D perovskite. In 2D passivated samples, the doping level
of Spiro-OMeTAD maintains a much stronger p-doped condition compared to the one on top
of 3D perovskite. By blending different perovskite components, Pbly or PEAI, the HOMO

level of the Spiro-OMeTAD remains the same ruling out the possibility of perovskite related
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ions. Furthermore, the DOS distributions show a clear horizontal shift on the energy spectra
indicating the origin is dopant leakage into 3D perovskite. The results show the dopant
blocking ability in 2D perovskite which may play an important role in device stability and

dopant related degradation issues.

7.2 Future Work

Based on the results, there are some suggested future work that would extend the understanding
and deepen the impact in real photovoltaic applications.

For orientation dependent energetics in Chapter 4, it is interesting to propose a much
stronger (), molecular design by involving some of the key moieties such as cyano side groups
and stronger donor-acceptor character in the A-D-A’-D-A system. Also, since Q. has a Cj
rotational symmetry, it would be easier to be modulated in a linear molecular structure. It
would be relevant to design strong Q, linear NFAs in comparison to Y6. In either case, the
stronger O, may benefit the device performance with a much lower V¢ loss and efficient charge
separation process.

For solution-processed Y6 study (Section 4.4), mixed and face-on oriented structures are
achieved without a pure edge-on oriented sample. By further solvent engineering, such as
blending chloroform and chlorobenzene, the degree of mixing or pure edge-on Y6 may be
controlled to achieve better matching with other existing polymeric donors for performance
enhancement.

For o-6T study, the orientation controlled homojunction devices have shown an exceptional
EQE implying the advantage of orientation controlled homojunction photodectors. A
combined theoretical and experimental study based on other sublimable OSCs may provide a
new approach to the architecture of organic photodetector field.

In Chapter 5, the success in improving PCE with cheap PEDOT:PSS makes it a good
candidate to be commercialized. However, the results are still based on lab-scaled devices
which require tedious fabrication process, namely spin-coating, and are usually in small active
area. An investigation applying different preparation techniques, such as bar-coating or ink-jet
printing, will realize the feasibility in larger area closer to commercial solar cells. Moreover, the

improved charge blocking ability in dedoped PEDOT:PSS has shown a significantly reduced
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dark current. As dark current plays an important role in signal-to-noise ratio of photodetectors,
this makes the strategy of dedoping HTL also applicable in perovskite-based photodetectors.® A
facile dedoped PEDOT:PSS based perovskite photodetector may be interesting to be explored.

In Chapter 6, the dopant blocking character of 2D perovskite is novel and has a potential
in improving device stability. Firstly, a detailed dopant mapping in these devices would be
meaningful to understand the mechanism behind and what types of dopants are affected here.
Also, it can shed light in dopant redistribution and degradation under device operation. In
addition, other types of 2D cations may be explored to examine the critical chemical structure
contributing to the blocking character. Last but not the least, a comparison in device stability
with continuous light exposure can prove this potential stability improvement.

As a large portion of this thesis are based on the newly found DOS conversion relationship
with APS spectra (Section 3.4.3), a thorough theoretical derivation should be done and push
further to generalized the understanding of photoemission mechanism in ambient environment.
As part of the derivation is already provided in Section 3.4.3 and Fowler’s publication, the
theory should be only few steps of approximation further.® Also, a cross comparison between
the DOS from APS and ultraviolet photoexcitation (UPS) would be important to demonstrate
the reliability as UPS is still considered to be the most accurate DOS measurement. Lastly, the
fitting algorithm of simulated molecular orbital energy to DOS in the software (Appendix C)
can be further generalized to investigate wider range of materials and opening up to wider

applications.
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Appendix B

Molecular Abbreviations

Table B.1: Molecular abbreviations and full names repeatedly used

Abbreviation(s)  Full name
4TBP 4-tert butylpyridine
BPhen bathophenanthroline

BTP-4Cl (Y7)

2,2'-((22,2'7)-((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-blindole-2,10-diyl)bis(methanylylidene))bis(5,6-
dichloro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene) )dimalononitrile

BTP-4F (Y6)  2,2'-((27Z,2'Z)-((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) )dimalononitrile

C545T 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-
(Coumarin (1)benzopyropyrano(6,7-8-i,j)quinolizin-11-one
545T)
DBzA 6-methyl-2-(4-(9-(4-(6-methylbenzo[d]thiazol-2-yl)phenyl)anthracen-10-
yl)phenyl)benzo[d|thiazole
DMF dimethylformamide
DMSO dimethyl sulfoxide
EH-IDTBR 5,5'-([4,4,9,9-tetrakis(2-ethylhexyl)-4,9-dihydro-s-indacenol1,2-b:5,6-
b’]dithiophene-2,7-diyl]bis(2,1,3-benzothiadiazole-7,4-diylmethylidyne)|bis|3-
ethyl-2-thioxo-4-thiazolidinone]
FATCNQ 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
FK209 tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt (I1I)
tri[bis(trifluoromethane)sulfonimide]
ICMA 1",4’-dihydro-naphtho[2,3":1,2][5,6]fullerene-C60
ICBA 17,17,4" 4" -tetrahydro-

di[1,4]Jmethanonaphthaleno[1,2:2",3’,56,60:2”,3"][5,6]fullerene-C60

continued on next page
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Table B.1: (continued)

Abbreviation(s)  Full name
ICTA 17,171 4" 4" 4" -hexahydro-
tri[1,4]methanonaphthaleno|1,2:2’,3',30,31:2",3" 56,60:2"",3"][5,6]fullerene-
C60
ITIC 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno|2,3-d:2’,3'-d']-s-indaceno[1,2-b:5,6-
b’]dithiophene
LiTFSi lithium bis(trifluoromethanesulfonyl)imide
O-IDTBR (57,5'7)-5,5"-((7,7-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-
b’]dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-
diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)
PBDB-T poly|[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
(PBDTBDD,  b'|dithiophene))-alt-(5,5-(1",3'-di-2-thienyl-5',7"-bis(2-ethylhexyl)benzo[1’,2"-
PCE12) c:4',5'-¢’|dithiophene-4,8-dione)]
PBDB-T-2F poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
(PM6) 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)]
PBDTTT-EFT poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b'|dithiophene-2,6-
(PBDTT-FTTE, diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno|3,4-b]thiophene-)-2-carboxylate-2-6-
PTB7-Th,  diyl)]
PCE10)
PCBM [6,6]-phenyl-C61-butyric acid methyl ester
PDTSiTTz poly|[(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2",3'-d]silole)-2,6-diyl-alt-(2,5-bis
3-tetradecylthiophen-2-yl thiazolo 5,4-d thiazole)-2,5diyl]
PEABr phenethylammonium bromide
PEAI phenethylammonium iodide
PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PAABT4T-20D  poly|(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3"”'-di(2-octyldodecyl)-
(PCE11) 2,2";5" 2":5" 2" -quaterthiophen-5,5"-diyl)]
Rubrene 5,6,11,12-tetraphenyltetracene
Si-PCPDTBT  poly[(4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2’,3'-d]silole)-2,6-diyl-alt-(2,1,3-

benzothiadiazole)-4,7-diyl]

Spiro (Spiro-

2,2"7,7'-tetrakis[N,N-di(4-methoxyphenyl)aminol-9,9’-spirobifluorene

OMeTAD)
TBPe 2,5,8,11-tetra-tert-butylperylene
TCTA 44" 47 -tris(carbazol-9-yl)triphenylamine
TPBA 9,9',10,10"-tetraphenyl-2 ,2’-bianthracene
TPBI 2,2'2-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole)

continued on next page
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Table B.1: (continued)

Abbreviation(s)  Full name
Y11 2,2'-((27,2'7)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-2-(2-
ethylhexyl)-
[1,2,3]triazole[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-
difloro-3-ox0-2,3-dihydro-1H-indene-2,1-diylidene) )dimalononitrile
oa-6T a-sexithiophene
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Appendix C
Python code of APS module

This latest Python code used for APS data processing is copied as below. The code is also
available on https://github.com/joe6302413/APS under MIT license.

# -*x- coding: utf-8 -x*-

Created on Mon Nov 9 16:30:53 2020
The module is for measurements done by APS04.
It includes a function for gemneral csv saving in origin format.

The class APS is for handling APS signals, cube(sqr)-root v.s.
energy

The APS class has multiple methods for different physical
quantities including HOMO level fit.

The DWF class handles all variations of CPD measurements.
Calibrate class takes into APS and DWF object for calibrating

factor building.
BuilgP$WF related measurements based on root class of DWF such as

Note:
1

Last editing time: 12/11/2020
Qauthor: Yi-Chun Chin joe6302413@gmail. com

#%% define and libraries

import matplotlib.pyplot as plt, csv
import numpy as np

from scipy.optimize import curve_fit, shgo
from scipy import integrate

from os.path import split, join,exists

from scipy.signal import savgol_filter
from scipy.special import erf

from typing import List,Tuple

import tkinter as tk

from tkinter.filedialog import asksaveasfilename

__version__=71.2"
def save_csv_for_origin(data:Tuple[List[List[float]]],location:
str,

filename:str=None,datanames:List[List[str
J]=None,
header:List[List [str]]=None) -> None:

) ) )

save data sets to csv format for origin.

data=([x1,x2,...],[yl,y2,...],...) where each element is a
list of array

location string is the location for output file

string filename will be used as output into filename.csv

datanames=[[ynamel,znamel,...], [yname2,zname2]] names should
be for each individual data sets
header=[[longname X, longname Y,...],[unit X, unit Y,...]]

) ) )
path_name=join(location,str(filename)+’.csv’)
if exists(path_name):

root=tk.Tk ()
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filename=asksaveasfilename (title=f’rename save file name
for {filenamel}’,
initialdir=location,filetypes
=[(’csv’,’.csv’)],
defaultextension=’.csv’,
initialfile=filename)
if filename=="’":
raise Exception(’saving process cancelled due to
overwriting.’)
path_name=join(location,str(filename))
root.destroy ()
data_dim=len(data)
assert [len(i) for i in datal[1:]==[1len(i) for i in data

][:_1] s
’number of data_mismatch’
assert len(header [0])==data_dim, ’header mismatch data

dimension’
numberofdata=len(data[0])
data=[j for i in zip(xdata) for j in i]
maxlength=max(len(i) for i in data)
data=np.transpose ([np.append(i,[’’]*(maxlength-len(i))) for i
in datal)
if datanames==None:
datanames=[[f’data{i}’ for i in range(numberofdata) for j
in range(data_dim)]]
else:
datanames=[[j for i in datanames for j in ([’’]+i+[’’]*(

data_dim-1-len(i))) 1]
if header==None:
L header=datanames+[[’’]*numberofdata*data_dim]
else:
header=[i*numberofdata for i in header]

with open(path_name,’w’,newline=’’) as f:
writer=csv.writer (f)
writer.writerows (header)
writer .writerows (datanames)
writer .writerows (data)
def find_overlap(x,y):

Given 2D x=[x1,x2,...] and 2D y=[yl,y2,...] of each array =xn
or yn is a

positive monotonic numpy array.

Output x’ and y’ for which x’ is a numpy array of the common

X

And y’ is a 2D list such that y’=[yl1’,y2’,...] with numpy
array yn’

contains the value of yn with resspect to xn’

x_min=np.max ([1i[0] for i in x])

x_max=np.min([i[-1] for i in x])

for i in range(len(x)):
min_index=next(l for 1,k in enumerate(x[i]) if k==x_min)
max_index=next(l for 1,k in enumerate(x[i]) if k==x_max)
ylil=y[i] [min_index:max_index+1]

x=x[-1] [min_index:max_index+1]

return x,y

def inv_gradient(x,g,y0=0):

An inverse function of numpy.gradient.
g=np.gradient (y,x) == y=inv_gradient(x,g,y0=y[0])
Output numpy array y

P
length=1len(g)
if length!=len(x):
raise Exception(’length of x and gradient should have
match length’)
xdiff=np.diff (x)

159



xdiff2=xdiff [:-1]+xdiff [1:]

y=np.array ([y0,g[0]l*xdiff [0]+yO0])

s=g[0]

for i in range(l,length-2):
s=(glil-s*xdiff[i]/xdiff2[i-1])*xdiff2[i-1]/xdiff [i-1]
y=np.append (y,y[il+s*xdiff[i])

y=np.append(y,y[-1]+g[-1]1*xxdiff [-1])

return y

class APS:
def __init__(self,6energy,pes_raw,sqrt=False,Name=’no_name’):

self .energy=np.array(energy)
self. _pes_raw=np.array(pes_raw)

self .name=Name
self . _DOS=self .DOS_raw

self . _sqrt=bool (sqrt)
@property
def sqrt(self):

return self._sqrt

@property
def status(self):
return {’sqrt’: self.sqrt,’baseline’:self.baseline if \

hasattr (self,’ _baseline’) else False,
’cutoff’: self._has_cutoff,
’analyzed’:self._is_analyzed,
’DOS smoothed’: self._is_DOS_smoothed}

@property

def _is_analyzed(self):
return True if hasattr(self,’homo’) else False
@property
def _is_DOS_smoothed(self):
return True if (self._DOS!=self.DO0S_raw).any() else False
@property
def _has_cutoff (self):
return True if hasattr(self,’ _cutoff_index’) else False
@property
def pes_raw(self):

) )

Calling for the original input pes.

P

return self._pes_raw
@property
def pes(self):

P

Calling the pes-baseline if possible. Otherwise, return
pes_raw
P

try:
7 return self.pes_raw-self._baseline
except AttributeError:
return self.pes_raw
@property
def pes_base(self):

P
Calling for pes-baseline. It will do automatic baseline
fitting if

baseline doesn’t exit.

return self.pes_raw-self.baseline
@property
def DOS_raw(self):

return np.gradient(self.pes,self.energy)
@property
def DOS(self):

return self._DOS

@property
def cutoff_energy(self):
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try:
return self._cutoff_energy
except AttributeError:
print (f’Automatic find cutoff for {self.namel}’)

self.find_cutoff ()
return self._cutoff_energy

@property

def

cutoff_index(self):
try:
return self._cutoff_index
except AttributeError:
print (f’Automatic find cutoff for {self.name}’)
self.find_cutoff ()
return self._cutoff_index

@property

def

def
def

def

baseline(self):
try:
return self._baseline
except AttributeError:
print (f’Automatic find baseline between (1,5) for {
self .namel}’)
self.find_baseline(plot=False)
return self._baseline
__repr__(self):
return self.name
__str__(self):
summary=f’Name :\t{self.name}\n’
summary+=’\n’. join ([f’{i}:\t{j}’ for i,j in self.status.
items (D ])+’\n’
if self._is_analyzed:
summary+=f’>HOMO (eV) :\t{self.homo:.2f}\u00bl’\
f’{self.std_homo:.4f} eV\n’
return summary
pick_range (self):
plt.figure ()
self .DOSplot ()
_=plt.title(’Pick the range for fitting (min&max)’)
[self.xmin,self.xmax]=np.array(plt.ginput(2))[:,0]
plt.close()

if self.xmax<self.xmin: .
self .xmax,self.xmin=self.xmin,self.xmax

minindex=next(p for p,q in enumerate(self.energy) if q>
self.xmin)
maxindex=next (p for p,q in enumerate(self.energy) if q>

self .xmax) )
return minindex ,maxindex

# def read_gaussian_MO(self ,MOenergy):

#
def

def

self .MOenergy=M0Oenergy
find_baseline(self ,baseline_bounds=(1,5),plot=True):
baseline_res=shgo(lambda x: -APS.mofun(x,0.3,self.pes_raw

),
[baseline_bounds],iters=2)
if baseline_res.x in baseline_bounds:
raise ValueError (f’Found baseline is on the boundary
({baseline_res.x[0]1}). ’\
’Please rerun with better
baseline_bounds.’)
self._baseline=baseline_res.x[0]
if plot==True:
plt.figure ()
self .plot ()
find_cutoff (self):
try:
index=next (len(self.pes_base)-i for i,j in enumerate(
self .pes_base
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def

def

def

def

if
<0)

except:

raise ValueError(’Baseline was not correct. Please
redo ’\
>find_baseline.’)
self . _cutoff_index,self._cutoff_energy=index,self.energyl
index]

plot (self):
plt.grid(True,which=’both’,axis=’"x")
fig=plt.plot(self.energy,self.pes,label=self.name)
plt.axhline(y=0, color=’k’,ls="--7)
if self._is_analyzed:
plt.plot([self.homo,self.energylself.lin_stop_index
171,
[0,np.polyval (self.lin_par,self.energyl
self.lin_stop_index])],’--’,c=fig[0].
_color)
# if hasattr(self,’fit_par’) and hasattr(self,’APSfit’):
# plt.plot(self.energy,self.APSfit, label=
# f’fit: c={self.fit_par[0]:.4f}, shift={
self . fit_par[1]:.4£f}°\
# f’, scale={self.fit_par[2]:.1£f}’)
plt.legend ()
plt.xlabel (’Energy (eV)’)
if not self.sqrt:
plt.ylabel (’Photoemission$~{1/3}$ (arb. unit)’)
else:
plt.ylabel (’Photoemission$~{1/2}$ (arb.unit)’)
plt.autoscale(enable=True,axis=’both’,tight=True)
plt.gca().set_ylim(bottom=-0.5)
DOSsmooth (self ,*args,scale=4.122623,y0=0.1,plot=False ,*x*
kwargs) :
shift=0.053547 #this value is derived from empirical
measurements )
cutoff=self.cutoff_energy+shift
self . _DOS=self.DOS_raw*self.erfsmooth(self.energy,scale,
cutoff ,y0)
self . _DOS=savgol_filter (self._DOS,*args ,*x*kwargs)
if plot:
plt.figure(f’{self.name} DOS smooth’)
self.DOSplot ()
# index=self.cutoff_index-5
_=plt.plot(self.energy,self.DOS_raw,’o-’,
label=’no smooth’,mfc=’none’)
plt.legend ()
DOSplot (self):
plt.grid(True,which="both’,axis=’"x")
# index=self.cutoff_index-5
_=plt.plot(self.energy,self.D0S,’*-’,label=self.name,
mfc=’none’)
plt.axhline(y=0, color='k’,ls="--7)
plt.autoscale(enable=True,axis=’both’,tight=True)
plt.gca().set_ylim(bottom=-0.5)
plt.legend ()
plt.xlabel (’Energy (eV)’)
plt.ylabel (’D0OS (arb. unit)’)
analyze (self, fit_lower_bound=0.5,fit_upper_bound=np.inf,
points=7,

plot=True) :
if points<=2:
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def

raise Exception(’Linear fit must contain more than 2
points to be’\
"meaningful.’)
try:
start=len(self.energy)-next(i for i,j in enumerate(
self .pes_base[::-1]) if j<fit_lower_bound) -1
except Stoplteration:
print (’fit_lower_bound is lower than the lowest PES.
Use ’\
f’ the beginning as fit_lower_bound for {self.

name}.’)
start=0
stop=len(self.energy)-next(i for i,j in enumerate(

self .pes_base[::-1]) if j<fit_upper_bound)
self .std_homo=np.inf
for i,j in [[i,j] for i in range(start,stop) for j in
range (i+points,stop)]:
x,y=self .energyl[i:j],self.pes_basel[i:j]
fit=np.polyfit(x,y,1)
x_intcp=-fit [1]/fit [0]
sig_square=((np.polyval (fit,x)-y)**2).sum()/(j-1i-2)
X=np.concatenate (([x-x_intcp]l, [np.repeat (-fit [0],j-1)
1),0)
[[_,_],[_,var_homo]]l=np.linalg.inv(X.dot(X.T))*
sig_square
std_homo=var_homo**0.5
if std_homo<self.std_homo:
self.lin_start_index,self.lin_stop_index=1i, j
self.lin_par,self.std_homo=fit,std_homo
self . homo=x_intcp
if self.std_homo==np.inf:
plt.figure ()

self .plot (f"{self.name} fitting fail!!!")
raise Exception("Fitting fail!!! Rechoose fitting
condition.")
if plot:

fig=plt.figure(f’{self.name} APS plot’)
ax=fig.gca()
self .plot ()
plt.title(self.name)
plt.text (.5, .95, f’HOMO={self.homo:.2f}\u00Obl ’\
f’{self.std_homo:.4f} eV’
, style=’italic’,
bbox={’facecolor’: ’yellow’, ’alpha’: 0.5},
horizontalalignment=’center’,
verticalalignment=’center’,
transform=ax.transAxes)
ax.legend () .remove ()
if self.lin_stop_index-self.lin_start_index==points:
print (self .name+’ is using the minimum number of
points\t’)
DOSfit (self ,p0):
minindex ,maxindex=self.pick_range ()
fit,_=curve_fit (lambda x,scale,c,center: scalexAPS.
gaussian(x,c,center),
self.energy[minindex:maxindex],
self .DOS[minindex:maxindex],p0)
plt.figure ()
plt.plot(self.energy[minindex:maxindex],
fit [0]*APS.gaussian(self.energy[minindex:
maxindex],
*fit [1:3]) ,label="fit’)
self.DOSplot ()
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def MOfit(self,p0=[2,0.12,0.2],bounds=([0.01,0.1,-0.5],[1e2

,0.3,0.5]1),
repick=True):
self.pO=p0

self .bounds=bounds
if repick:
minindex ,maxindex=self.pick_range ()
self .MOfit_range=(self.energy[minindex],self.energyl
maxindex])

else:
assert hasattr(self,’MOfit_range’), ’No previous

fitting range!’
minindex ,maxindex=self .MOfit_range
if not hasattr(self, ’MOenergy’):
MOenergy=np.array (input ("Input MOs from Gaussian:\n")
.split (),
>float’)
self .MOenergy=np.abs (MOenergy)
else:
temp=input ("Use previous MO input?\n")
if temp in (’yes’,’y’,’Yes’,’Y’,’True’,’true’):
pass
elif temp in (’no’,’n’,’No’,’N’,’False’,’false’):
MOenergy=np.array (input ("Input MOs from Gaussian:\n")
.split (),
>float’)
self .MOenergy=np.abs(MOenergy)

else:
raise ValueError (’Input yes or no for Using previous

MO input.\n?’)
x=self.energy[minindex:maxindex]
y=self .DOS[minindex:maxindex]
self .MOfit_par,_ = curve_fit(lambda x,scale,c,shift:
scalexself .mofun(x,c,self.MOenergy+shift) ,x,y,p0=p0,
bounds=bounds , absolute_sigma=True,ftol=1e-12)
plt.figure ()
self.DOSplot ()
MOfit=self .MOfit_par [0]*self .mofun(self.energy,self.
MOfit_par [1],
self .MOenergy+self.
MOfit_par [-1])
plt.plot(self.energy,M0fit, label=
’fit: scale=%2.1f, c=%1.4f, shift=%1.4f"
htuple (self .MOfit_par))
x=np.arange (*xself .MOfit_range ,le-3)
plt.plot(x,self .mofun(x,0.02,self.MOenergy+self.MOfit_par
[-11)
xself .MOfit_par [0])
plt.legend ()
plt.title (’FitAPS’)
print (’scale=%1.4f, broaden facter=%1.4f, shift=y2.1f’ 7
tuple (self .MOfit_par))

@classmethod
def import_from_files(cls,filenames,sqrt=False,trunc=-4):
This classmethod is used to import APS files from
KPtechnology output.
The software can do all the fitting parts but not able to

handle the turn-on_threshold because the threshold
data 1s the IP of KPtechnology.

) )

data=1[]

sqrt=np.resize(sqrt,len(filenames))

# index of saved column from raw data. 2 is energy and 7
is cuberoot.
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#6 1s square-root.
for file,sqrt_type in zip(filenames,sqrt):
with open(file,’r’,newline=’’) as f:
1f=1ist(csv.reader(f)) [1:]
for i,j in enumerate(1lf):

try:
if not 'WF’ in j[0] and float(j[3])<le4:
pass
else: ) )
stopindex=1i
break
except:
print (j)

raise ValueError (f’{file} does not have
the right’\
’ fprmat from APS04

save_index=[2,6] if sqrt_type else [2,7]

temp=np.array ([[float(j[save_index [0]]),
float(j[save_index [1]])]
for i,j in enumerate(1lf)
if i < stopindex])

data.append(cls(temp[:,0] ,temp[:,1],sqrt_type,split(
file) [1][:trunc]))
return data

@classmethod
def from_DOS(cls,energy,DOS,sqrt,Name=’no_name’):

pes_raw=inv_gradient (energy ,D0S)
APS_obj=cls(energy,pes_raw,sqrt,Name)
APS_obj.find_baseline((-1,1) ,plot=False)
return APS_obj
@staticmethod
def group_sqrt(data):
sqrt_list=(i.sqrt for i in data)
if not all(sqrt_list) and any(sqrt_list):
raise Exception(’data has not uniform sqrt type.’)

else:
return datal[0].sqrt

@staticmethod

def 1lc_DO0S(data,coeff,cov,Name=’linear_combination’):
) )

linear combine the DOS of each data element with coeff.

data=[datal ,data2,...] where each element is an APS
object
coeff is a list or tuple of n-element [coeffl,coeff2,...]

cov is a list or tuple of the covariant of the
coefficients

fmt has option ’d’ (data) or ‘o’ (object).

d will output (energy,D0S) and o will output APS_object

Name for the output APS object.

) )

assert len(data)==len(coeff), ’Dimension mismatch’
sqrt=APS.group_sqrt (data)

energy ,D0S=[i.energy for i in datal],[i.D0S for i in data]
energy ,D0S=find_overlap (energy ,D0S)

DOS=np.dot (coeff ,DOS)
APS_obj=APS.APS_from_DOS (energy ,D0S,sqrt,Name)
APS_obj.lc_source=[i.name for i in data]

APS_obj.lc_coeff ,APS_obj.lc_cov=coeff ,h cov

return APS_obj

@staticmethod

def 1lc_DOSfit(source,target,constrain=True):
) )

Linear combine multiple DOS from source to fit the DOS of
target.
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source is a list of APS objects [APS1,APS2,...] to fit
APS obj target.

) ) )
cutoff_energy=[i.cutoff_energy for i in sourcel
index=cutoff_energy.index (min(cutoff_energy))
energy=[j.energy if il!=index else j.energyl[j.cutoff_index
:] for i,j
in enumerate ([*source,target])]
DOS=[j.D0OS if i!=index else j.DOS[j.cutoff_index:] for i,
j in
enumerate ([*source, target])]
energy ,D0S=find_overlap (energy ,D0S)
input_DOS=D0S[:-1]
fit_D0S=D0S[-1]
if comnstrain==1:
fit,cov=curve_fit(lambda x,*c: np.dot((*c,l1-sum(c)),x
) ,input_DOS,
fit_DOS,p0=[1/1len(input_DOS)]J*(len(
input_D0S) -1),
absolute_sigma=True,bounds=(0,np.inf))
cov=np.diag(cov)
return np.array ([*fit,1-sum(fit)]),cov
else:
fit,cov=curve_fit(lambda x,*c: np.dot(c,x),input_DOS,
fit_DOS,p0=[1/1len(input_DOS) ]I*1len(
input_DO0S),
absolute_sigma=True,bounds=(0,np.inf))
cov=np.diag(cov)
return fit,cov
@staticmethod
def save_all(data,location,filename=’"’):
APS .save_aps_all(data,location,filename=filename)

APS .save_D0S_csv(data,location,filename=f’{filename}_DOS

b

@staticmethod
def save_aps_all(data,location,filename=’"):
APS.save_aps_csv(data,location,filename=f’{filename}_APS
’)

APS.save_aps_fit_csv(data,location,
filename=f’{filename}
_APS_linear_regression’)
APS.save_homo_error_csv(data,location,filename=f"’A{
filename}_APS_HOMO’)

@staticmethod
def save_aps_csv(data,location,filename=’APS’):

datanames=[[i.name] for i in datal]

origin_header=[[’Energy’,’Photoemission\\+(1/3)°],[’eV’,’
arb. unit’]] if \

all([i.sqrt==False for i in data]) else [[’Energy’,’
Photoemission\\+(1/2)’],[’eV’,’arb. unit’]]

x,y=[i.energy for i in datal,[i.pes for i in data]

save_csv_for_origin((x,y),location,filename,datanames,
origin_header)

@staticmethod ) )
def save_aps_fit_csv(data,location,filename="

APS_linear_regression’):

assert all(i._is_analyzed for i in data), ’Input not yet
analyzed’

origin_header=[[’Energy’,’Photoemission\\+(1/3)’],[’eV’,”’
arb. unit’]] if all([i.sqrt==False for i in datal)
else [[’Energy’,’Photoemission\\+(1/2)’],[’eV’,’arb.
unit ’]]

datanames=[[i.name] for i in datal
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x=[np.array([i.homo,i.energy[i.lin_stop_index]]) for i in
datal

y=[np.array([0,np.polyval(i.lin_par,i.energyl[i.
lin_stop_index])]) for i in datal

save_csv_for_origin((x,y),location,filename,datanames,
origin_header)

@staticmethod
def save_homo_error_csv(data,location,filename=’APS_HOMO’):
assert all(i._is_analyzed for i in data), ’Input not yet
analyze’
origin_header=[[’Material’,’Energy’,’HOMO std’], [None,’eV
’,’eV’]]

datanames=[[’HOMO ’]]
x=[[i.name for i in datall
y=[[-i.homo for i in datal]
z=[[i.std_homo for i in datal]l]
save_csv_for_origin((x,y,z),location,filename,datanames,
origin_header)
@staticmethod
def save_DO0S_csv(data,location,filename=’D0S’):
origin_header=[[’Energy’,’D0S’],[’eV’,’arb. unit’]]
datanames=[[i.name] for i in data]
x,y=[i.energy for i in datal],[i.D0OS for i in datal
save_csv_for_origin((x,y),location,filename,datanames,
origin_header)
@staticmethod
def gaussian(x,c,center):
return np.exp(-(x-center)**2/2/c*x*2)/c/(2*%np.pi)**0.5
@staticmethod
def mofun(x,c,MOenergy):
return np.sum([APS.gaussian(x,c,i) for i in MOenergyl,
axis=0)
@staticmethod
def mo2dosfun(x,scale,c,MOenergy):
return scalexAPS.mofun(x,c,MOenergy)
@staticmethod
def apsfun(x,c,scale,MOenergy):
return np.cumsum([scale*integrate.quad (APS.mofun,x[i-1],x
[i],args=(c,MOenergy)) [0] if i!=0 else O for i in
range (len(x))])

@staticmethod
def erfsmooth(x:np.array,scale:float,cutoff:float,y0:float)->
np.array:
if y0<0:
raise ValueError(’y_scale must be larger than 0.7)
return erf ((x-cutoff)*scale)*(1-y0)/2+(1+y0) /2
class dwf:

allowed_kwargs=/[]

_calibrated=False

def __init__(self,time,CPDdata,name=’no_name’ ,**xkwargs):
self .time=np.array(time)
self .CPDdata=np.array (CPDdata)

self .name=name )
self .data_type ,self.data_unit=’CPD’,’meV’

try:
self.__dict__.update((i,kwargs[i]) for i in self.
allowed_kwargs)
except KeyError:
raise Exception(’expect key words ’+’,’.join(self.
allowed_kwargs)
+ ’ missing’)
@property
def status(self):
return {’calibrated’:self._is_calibrated,
’statistics ’:self._has_statistics}
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@property
def _is_calibrated(self):
return self._calibrated
@property
def _has_statistics(self):
return True if hasattr(self,’average_CPD’) else False
def __repr__(self):
return self.name
def __str__(self):
summary=’Name :\t’+self.name+’\n’
summary+=’\n’. join ([f’{i}:\t{j}’ for i,j in self.status.

items ()])+’\n’
if self._has_statistics==True:
summary+=f’Statistic region:\tlast {self.lengthl}’\

f’s\naverage:\t{self.average_CPD:.3f}\uOObl{self.

std_CPD:.3f}eV\n’
return summary

def plot(self):
plt.plot(self.time,self.CPDdata,label=self.name)
plt.grid(True,which="both’,axis=’both’)
plt.ylabel (f’{self.data_type} ({self.data_unitl})’)
plt.legend ()
plt.xlabel (’Time(s) ’)
plt.autoscale(enable=True,axis=’both’,tight=True)
def dwf_stat(self,length=200):
try:
start=next(i-1 for i,j in enumerate(self.time) if
j>self.time[-1]-1length)
except Stoplteration:
raise ValueError(’average length is larger than data
length’)
self .average_CPD=np.average (self.CPDdatalstart:])
self .std_CPD=np.std(self.CPDdatalstart:])
self .length=1ength

@classmethod
def import_from_files(cls,filenames,trunc=-4,**xkwargs):
data=1[]
for file in filenames:
with open(file,’r’,newline=’’) as f:

reader=csv.reader (f)
first_row=next(reader)
time_ind=first_row.index(’Time (Secs) ’)
wf_ind=first_row.index(’WF (mV)’)
for i,j in enumerate(reader):
if len(j)==1:
stopindex=1i

break
f.seek (0)
acceptlines=range(1l,stopindex)
temp=np.array ([[float(j[time_ind]),
float (j[wf_ind])]
for i,j in enumerate(reader)
if i in acceptlines])
data.append(cls(temp[:,0],temp[:,1],split(file) [1][:
trunc] ,**xkwargs))
return_ data

@staticmethod
def save_csv(data,location,filename=’DWF’):
assert all([datali].__class__==datali+1].__class__ for i
in range(len(data)-1)]), ’Data are not the same class
objects’

origin_header=[[’Time’,data[0].data_typel,[’s’,datal0].
data_unit]]

datanames=[[i.name] for i in datal

x=[1i.time for i in datal
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y=[1i.CPDdata for i in data]
save_csv_for_origin((x,y),location,filename,datanames,
origin_header)

@staticmethod
def save_dwf_stat_csv(data,location,filename=’DWF_stat’):
assert all([datali].__class__==datali+1].__class__ for i
in range(len(data)-1)]), ’Data are not the same class
objects’

if not all([i._has_statistics for i in datal]):
print (’Use last 200sec data for statistic analysis’)
_=[i.dwf_stat() for i in datal
origin_header=[[’Material’,’Energy’,data[0].data_type+’
std’], [None,data[0].data_unit ,data[0].data_unit]]
datanames=[[data[0].data_typel]
x=[[i.name for i in datal]
y=[[i.average_CPD for i in datal]l
z=[[i.std_CPD for i in datal]l
save_csv_for_origin((x,y,z),location,filename,datanames,
origin_header)
class calibrate:
def __init__(self ,ref_APS,ref_dwf):
if not ref_APS._is_analyzed:
raise Exception(’Analyze ref. APS first by ref_APS.
analyze () ’)
if not ref_dwf._has_statistics:
raise Exception(’Find average CPD by ref_dwf.dwf_stat
O
self .tip_dwf=-ref_APS.homo+ref_dwf.average_CPD/1000
self .name=f’{ref_APS}\n{ref_dwf}’
def repr__(self):

return self.name
def __str__(self):
return self .name
def cal(self,data:1list)->List[dwf]:

assert all([i.__class__.__name__=="dwf’ for i in datal]),h\
’Calibrate only applicable to CPD measurements’

for i in data:
i.CPDdata=-i.CPDdata/1000+self.tip_dwf
i.data_type,i.data_unit=’Fermi level’,’eV’
i._calibrated=True
i.ref_dwf=self.tip_dwf

class spv(dwf):
allowed_kwargs=[’timemap ’]
def __init__(self,time,CPDdata,name=’no_name’ ,**xkwargs):
super () . __init__(time ,CPDdata,name=name ,**kwargs)
self .timeline=np.cumsum(self.timemap)
self .timeline_index=[next(j-1 for j,k in enumerate(self.
time) if k>i)
for i in self.timeline[:-1]]
self.timeline_index.insert (0,0)
self .timeline_index.append(len(self.time)-1)
self .data_type ,self.data_unit=’raw SPV’,’meV’
@property
def status(self):
return {’background calibrated’:self.bg_calibrated,
"normalized’:self.is_normalized}
@property
def bg_calibrated(self):
return True if hasattr(self,’bg_cpd’) else False
@property
def is_normalized(self):
return True if hasattr(self,’norm_spv’) else False

def str__(self):

summary=’Name :\t’+self.name+’\n’
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summary+=’\n’. join([i+’:\t’+str(j) for i,j in self.status
.items () ]1)+’\n’
summary+=’timemap:’+str(self.timemap)+’\n’
return summary
def cal_background(self,plot=False):
self .bg_cpd=np.average (self.CPDdata[0:self.timeline_index

1
sel%.%%Edata=self.CPDdata—self.bg_cpd
self.data_type=’SPV’
if plot:
plt.figure ()
self .plot ()
def normalize(self,timezone=1,plot=False):
if not self.bg_calibrated:
self.cal_background ()
self .norm_zone=timezone
scale_fac=max (abs(self.CPDdatal[self.timeline_index[
timezone] :self.timeline_index[timezone+1]]))
self .norm_spv=self.CPDdata/scale_fac
if plot:
plt.figure ()
self .norm_plot ()
def plot(self):
super () .plot ()
self.plot_highlight ()
def norm_plot(self):
if not self.is_normalized:
raise Exception(f’{self.name} is not noramlized yet’)

plt.grid(True,which="both’,axis=’both’)
plt.plot(self.time,self.norm_spv,label=self.name)
plt.ylabel(’normalized SPV’)
plt.legend ()
plt.xlabel (’Time(s) )
plt.autoscale(enable=True,axis=’both’,tight=True)
self.plot_highlight ()

def plot_highlight (self):
for i in range(len(self.timeline)//2):

plt.axvspan(self.timeline [2%i],self.timeline [2%i+1],
color="yellow’,alpha=0.5)

@staticmethod
def save_norm_spv_csv(data,location,filename=’Normalized_SPV

J):

assert all([datal[il].__class__==datali+1].__class__ for i
in range(len(data)-1)]), ’Data are not the same class
objects’

if not all([i.is_normalized for i in datal):
print (’Use first light on for normalization’)
_=[i.normalize() for i in datal]
origin_header=[[’Time’,’Normalized SPV’],[’s’,’’]]
datanames=[[i.name] for i in datal
x=[i.time for i in datal]
y=[i.norm_spv for i in datal
save_csv_for_origin((x,y),location,filename,datanames,
origin_header)
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Appendix D

Visualization of Quadrupole Moment
and Multipole Expansion

Quadrupole moment is the second order of multipole expansion, a mathematical series used to
describe spherical coordinates. Since many physical force fields, such as electric, magnetic and
gravitational fields, have spherical symmetry, multipole expansion has been widely applied in
order to approximate these systems. The multipole expansion can be described as

F0.0)=Y_>" Ccrymo,¢), (D.1)

=0 m=-1

where Y, are the spherical harmonic functions, C]" are the constant coefficients, and 0 is
the polar angle and ¢ is the azimuthal angle in spherical coordinate system. This expansion
forms a complete and orthogonal basis sets to describe a spherical system. In fact, it is part
of the solution to Laplace’s equation, which is the Schrodinger equation for a hydrogen atom.
Therefore, multipole expansion can be visualized and analogous to atomic orbitals. Yy is known
as charge monopole, which can be analogous to the s orbital, while Y;', Y” and Y;"" are known
as charge dipoles, similar to p,, p, and p, orbitals. For | = 2 or quadrupole, there will be five
unique terms, }/'2{2’1’0’71’72}, analogous to the five d orbitals. Among them, the d.2 is the most
directly related to the Q,, which has been highlighted throughout Chapter 4. Thus, Q,, or Q,
can be visualized or conceptualized as positive charges spreading over the z direction while the
negative charges forming a circular rim over the xy plane or vice versa. This type of charge
distribution coincides with planar conjugated molecules as the conjugated n bonds and the side
chains forming a similar charge distribution.
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