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Since there are no absorption features of the reference box in the
range of 1.04 eV to 1.44 eV, features in this range can be assigned
to sub-bandgap features of the samples. Abrupt signal changes at
1.04 eV and 1.44 eV are artifacts of the spectrometer due to
detector and grating changes.

Current density — voltage characteristics for the best-performing
solar cells fabricated using Ceo as ETM before and after
deposition of (RhCp*Cp)2 on FTO.

Current density — voltage characteristics for the best-performing

solar cells fabricated using PTCBI as ETM before and after
deposition of (RhCp*Cp)2 on FTO.
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with PTCBI deposited on (RhCp*Cp)2-modified FTO (right).
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and of TBABHa.

UPS spectra of piranha-cleaned FTO and FTO modified by
dipping in solutions of (RhCp*Cp). for 1 min or 10 min, followed
by three rinsing cycles with pure toluene. (Exin = Kinetic energy;
Eg = binding energy with respect to the Fermi level, Ef).

XPS spectra of FTO modified by dipping in solutions of
(RhCp*Cp): for 1 min (left) or 10 min (right). Spectra for sample
1 are similar to those for sample 2.

WEF of pristine and modified FTO as a function of dipping time
and concentration of TBABH3 solutions. After dipping, modified
substrates were rinsed three times with pure acetonitrile. WF
values were measured via Kelvin probe in air using gold as a
reference. 75% of the sample data lie in the rectangular boxes, and
horizontal lines within the boxes indicate the sample average. A
minimum of four measurements was performed on each sample.

WEF of pristine and modified FTO as a function of pressure and
modification protocol (dipping/rinsing vs. dropcasting) using
TBABHS, solutions. Unless specified otherwise, WF values were
measured via Kelvin probe in air using gold as a reference. 75%
of the sample data lie in the rectangular boxes, and horizontal
lines within the boxes indicate the sample average. A minimum
of four (two) measurements was performed on each sample
analyzed via Kelvin probe (UPS).

UPS spectra of piranha-cleaned FTO and FTO modified by
dipping in 10 MM TBABH; solutions for 10 min, without rinsing,
measured immediately or after 2 days. (Exin = Kkinetic energy; Eg
= binding energy with respect to the Fermi level, EF). UPS was
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Sheet resistance, resistivity and conductivity of Ceo, and contact
resistance of Ceo with silver electrodes as a function of the surface
treatment applied on DSC glass.
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Figure 4.8

Figure 4.9
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Figure 4.11

Figure 5.1

Figure 5.2
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Resistance at the Ceo/Ag contact plotted as a function of the
conductivity of Ceo, showing the effect of the surface treatments
on both.

Semi-logarithmic plot of J — V characteristics for devices with
structure piranha cleaned-FTO (modified or unmodified)/Cso (200
nm)/BCP (10 nm)/Au (80 nm). In forward bias FTO acts as the
electron-injecting electrode. Note J — V characteristics for two
different devices with TBABHs-modified FTO is shown.

Semi-logarithmic plot of J — V characteristics for devices with
structure DSC-FTO (modified or unmodified)/Ceo (200 nm)/BCP
(20 nm)/Au (80 nm). In forward bias FTO acts as the electron-
injecting electrode.

Current density — voltage characteristics for the best-performing
solar cells fabricated using Ceo as ETM before and after dipping
FTO in 2 mM (RhCp*Cp)- solutions, and rinsing three times with
pure toluene, or in 10 mM TBABH4 solutions, and rinsing three
times with pure acetonitrile.

Thermally activated reaction pathways of PCBCB molecules,
where two benzocyclobutene groups can react together (top), and
where a benzocyclobutene group reacts with the fullerene cage
(bottom).

Molecular structures of the iridium dimer dopant (IrCp*Cp). and
the crosslinker PMHBCB with the same benzocyclobutene
moiety as the fullerene derivative.

UV-vis-NIR absorption spectra of solutions of PCBCB as a
function of (IrCp*Cp)* content (molar percentage). The inset
shows the appearance of the PCBCB radical anion at 1070 nm and
the disappearance of neutral PCBCB at 330 nm.

UPS spectra of neat and doped (PCBCB), with (IrCp*Cp)2 (Exin
= Kkinetic energy; Eg = binding energy with respect to the Fermi
level, EF). Dimer content is reported as a function of molar
percentage of monomer cations (IrCp*Cp)* relative to the host.

XPS spectra of doped (PCBCB)» with (IrCp*Cp)2. Dimer content
is reported as a function of molar percentage of monomer cations
(IrCp*Cp)" relative to the host.

Sheet resistance, resistivity and conductivity of (PCBCB),, and

contact resistance of (PCBCB), with silver electrodes as a
function of (IrCp*Cp)" content (molar percentage). The sheet
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Sheet resistance, resistivity and conductivity of doped (PCBCB)n,
and contact resistance of doped (PCBCB), with silver electrodes
as a function of crosslinker (molar) concentration. The
concentration of (IrCp*Cp)* in the fullerene derivative was kept
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Iridium elemental contribution in doped (PCBCB), films with 3
mol% (IrCp*Cp). as prepared, and after spin-coating
chlorobenzene or DMF on top of it. The elemental contribution of
iridium is calculated from the area under the Ir 4f peaks in XPS
spectra. The carbon elemental contribution in the same films is
constant at around 70%, regardless of washing.

Iridium elemental contribution in doped (PCBCB)» films with 3
mol% (IrCp*Cp)2 and 10 mol% PMHBCB, as prepared, and after
spin-coating chlorobenzene or DMF on top of it. The elemental
contribution of iridium is calculated from the area under the Ir 4f
peaks in XPS spectra. The carbon elemental contribution in the
same films is constant at around 60%, regardless of washing.

Elemental contributions in doped (PCBCB), films with 3 mol%
(IrCp*Cp)2 and 10 mol% PMHBCB, as prepared, and after spin-
coating chlorobenzene or DMF on top of it. The elemental
contribution of carbon, oxygen, indium, tin and iridium are
calculated from the area under the C 1s, O 1s, In 3d, Sn 3d and Ir
4f peaks in XPS spectra.

Atomic concentration of iridium and ratio between Ir 4f and
carbon C 1s peaks as a function of sputter depth and sputter time
for (PCBCB), films containing 29 mol% (IrCp*Cp)*, deposited
on ITO and covered by 20 nm of vacuum-deposited Ceo. XPS
depth profiling was performed on the samples as-prepared.

Atomic concentration of iridium and ratio between Ir 4f and
carbon C 1s peaks as a function of sputter depth and sputter time
for (PCBCB)n films containing 29 mol% (IrCp*Cp)*, deposited
on ITO and covered by 20 nm of vacuum-deposited Ceo. XPS
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SUMMARY

This dissertation focuses on the use of the dimers formed by some 19-electron
organometallic sandwich compounds to tune the electronic properties of transparent
conductive oxides, particularly indium tin oxide (ITO) and fluorinated tin oxide (FTO),
and organic electron-transporting materials (ETMs), specifically fullerene and perylene
diimide derivatives used in perovskite solar cells (PSCs). The dimers reduce the work
function (WF) of electrode materials by transferring electrons to the metal oxides, forming
metal-organic monomeric cations electrostatically bound to the reduced electrode, or n-
dope ETMs through a similar reaction. This dissertation is an investigation of the
relationship between the processing method by which dimers are deposited on metal oxides
or along with organic semiconductors, their ability to lower the WF of the electrode and/or
to increase the electrical conductivity of ETMs, their chemical state in these doped
materials, and the electrical behavior of the modified substrate in simple and complex
optoelectronic devices. Moreover, the stability of the WF modification to solvent washing,
temperature and processing route of ETM overlayers is explored. Two strategies to prevent
washing of monomer cations and their diffusion are proposed: one entailing the
combination of phosphonic acid and organometallic dimer modification of metal oxides;
one entailing the use of a crosslinker in bulk-doped fullerene derivatives. The effect of the
choice of surface-modification layer and ETM on charge collection in PSCs is assessed.
The findings of this dissertation will contribute to the development of robust surface
modification and doping approaches for the fabrication of efficient and stable

optoelectronic devices.
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CHAPTER 1. INTRODUCTION

The objective of this Ph.D. dissertation is to investigate the use of organometallic
redox-active compounds as surface modifiers of transparent conductive oxides and as n-
dopants for electron-transporting materials in perovskite solar cells. Following the
introduction of the key terms used to describe the electronic structure of semiconductors,
this chapter provides background information on n-dopants that have been used to increase
the conductivity of organic semiconductors, or to modify the work function of electrodes.
A brief overview of transparent conductive oxides and surface modification approaches
used in optoelectronics follows, as well as a description of their principles of operation.
The major experimental techniques that can be used to characterize surfaces and doping

effects are discussed. Finally, an overview of the structure of this dissertation is provided.

1.1 Motivation and Significance

Our daily lives increasingly rely on commercial electronic products such as smart
phones, computers, and TVs to exchange, generate and edit information. These products
are composed among other parts of simpler electronic devices to turn them on and off (i.e.,
transistors), or to increase the luminosity of displays (i.e., light-emitting diodes). However,
without electricity none of these devices would be able to operate. Growing energy needs,
coupled with a fast-changing climate, have stimulated the development of solar cells able
to efficiently convert the most abundant renewable energy source, sunlight, into electricity
at low costs.?® From a materials standpoint, semiconductors are central to the operation of
the optoelectronic devices hereby mentioned. Inorganic semiconductors such as crystalline

silicon have traditionally been the materials of choice;*® however, the discovery and



development of electrically conductive polymers® has resulted in intensive research efforts
on organic semiconductors and their incorporation in field-effect transistors (OFETS),
light-emitting diodes (OLEDs), and photovoltaics (OPVs). The push towards organic
electronics is partly motivated by the facile tunability of the materials properties of organic
molecules through synthesis, and by their compatibility with roll-to-roll printing. Indeed,
solution-processing could potentially enable the fabrication of large-area devices that are
mechanically flexible and are light-weight, potentially reducing installation costs of
commercial photovoltaic systems, which significantly contributes to their end-cost.® In
contrast, silicon-based electronics are limited in dimension to 30 cm-wide rigid wafers,
fabricated using high-temperature methods. In both inorganic and organic semiconductor
devices, electrical doping can be profitably used to increase electrical conductivity and to
otherwise control the properties of the semiconductor. Doping consists of the introduction
of external species (dopants), which either donate an electron (n-dopant) to or accept an
electron (p-dopant) from the host material. In inorganic crystalline semiconductors, such
as Si, a very small fraction of host atoms is replaced by atoms with one more (e.g.,
phosphorus) or one fewer (e.g., boron) valence electron than the host atom. In organic
semiconductors, the dopants are typically redox-active molecules that are capable of
forming host radical cations or anions through electron-transfer reactions. The choice of
dopant for an organic semiconductor is critical to ensure that it can influence materials with
a given electronic structure, without forming reaction by-products or migrating in the
device under operation. It is possible to introduce the dopant by co-depositing it with the
host (bulk doping) or by depositing at the interface between the host and another material,

such as the electrode (interfacial doping). The latter can be effectively used to affect the



energetic alignment at the interface between the electrode and the organic semiconductor,
enabling efficient charge collection in OPVs or injection in OLEDs. Many of the lessons
learned from organic and silicon-based electronics research can be reapplied to lead halide
perovskite solar cells (PSCs), which have rapidly developed over the last decade,! and
have reached power conversion efficiencies above 23% as a single junction and of 28% in
tandems with silicon solar cells.'> Moreover, PSCs that retain 60% of their efficiency after
1000 h of exposure to light and air without encapsulation have also been reported in the
literature, highlighting the potential of this technology.'® The perovskites in question are
light-absorbing crystalline hybrid inorganic materials, APbXz [A = organic and/or
inorganic cation, e.g., CHsNHs*, Cs"; X = CI, Br, I'], composed of earth-abundant
elements, and can be processed by both vapor!* and solution methods.'® Similarly to
organic molecules, the optoelectronic properties of these perovskites can be easily tuned
by changing their composition. 61 On the other hand, their high charge-carrier mobility
values and low exciton binding energies are more typical of inorganic semiconductors.
Organic semiconductors are often used as charge-selective layers in perovskite-based solar
cells, and doping of these layers as well as interface engineering to form good electrical
contact between the organic semiconductors and the electrodes, has been shown to improve
the power conversion efficiency and the stability of these devices.??* Before covering
different classes of dopants and surface modifiers, it is necessary to introduce the key

terminology used to describe the electronic structure and properties of semiconductors.



1.2 Energy Level and Associated Terminology Definitions

1.2.1 Vacuum Level (Evac)

The vacuum level at infinity [Evac (o0)] is defined as the energy of an electron at rest
at a distance that is sufficiently far from the solid surface that the electron is not affected
by the electrostatic potential of the surface. Evac () is an invariant reference level;
however, it is not experimentally accessible and has only theoretical implications.?® The
vacuum level of relevance to this dissertation, which is used to determine quantities such
as the work function (WF), the ionization energy (IE), and the electron affinity (EA), can
be defined as the local vacuum level, Evac, Which is the energy of an electron with zero
kinetic energy (Exin) with respect to the surface of a solid, but still affected by the

electrostatic potential of the surface.?5%’

1.2.2 Valence Band (VB)

Electrons in an atom display atomic orbitals represented by stationary electronic
wave functions having quantized energy values. In a two-atom system, two valence-
electron atomic orbitals, one from each atom, mix to form a chemical bond.?® The latter
results in two molecular orbitals: a bonding orbital, where the electron density between the
two nuclei of the atoms increases, resulting in a lower energy level than the energy level
of the individual valence-electron atomic orbitals; and an antibonding orbital, where the
electron density between the nuclei of the two atoms decreases, resulting in a higher energy
level than the energy level of the individual valence-electron atomic orbitals.?® In a solid,
a very large number of electrons interact, producing a large set of bonding orbitals with

discrete energy values, and an analogous set of antibonding orbitals. These sets of bonding



and antibonding orbitals having discrete but very closely spaced energy levels are referred
to as energy bands, and are commonly approximated as a continuous set of energy levels.?®
In an ideal crystalline solid, atoms are periodically arranged with electronic wave functions
that significantly overlap causing molecular orbitals to acquire long-range crystalline
symmetries. The existence of long range order opens up energy gaps where no electronic
states exist. In non-ideal solids, defects are always present, introducing localized energy
states within the bandgap that can act as traps or as electron-donating or electron-accepting
states.?® The VB is the highest filled band, and is fully occupied by electrons at absolute
zero temperature. The occupied state of the VB with the highest energy is called the valence

band maximum, or valence band onset (VBonset).2

1.2.3 Conduction Band (CB)

CB is the lowest energy empty band and is fully unoccupied by electrons at absolute
zero temperature. The bottom edge of the CB, in other words, the unoccupied state with
lowest energy, assuming the absence of trap states within the band gap, is called conduction

band minimum or conduction band onset (CBonset).?

1.2.4 Fermi Level (EF)

The distribution of energetic states within the relevant energy bands, known as the
density of states, N(E), is obtained by counting the number of energetic states available for

an electron with energy between E and E + AE and can be defined as:

1do(E
N(E) = 2228 (1)



where V is the volume and Q(E) is the number of energy states.?® The number of electrons

occupying such energy states with an energy between E and E + 4E can be calculated as:

n(E,T)dE = N(E)f(E,T)d(E), (2

where f(E,T) is the probability of finding an electron with a given energy E. Since electrons
are fermions, which are subatomic particles with half-integer spin that follow the Pauli
exclusion principle,® in thermodynamic equilibrium they display an energy distribution

that follows Fermi-Dirac statistics, with a probability function given by the expression:

f(E) = —&=, 3)

1+e kT

where Er is the Fermi level, k is Boltzmann constant, and T is the temperature.?® % In a
metal, Er lies within one band and at 0 K, Er marks the boundary between occupied and
unoccupied states.?’ In a semiconductor, Er lies within the bandgap and does not
correspond with an electronic level in the solid. In an intrinsic semiconductor, at

equilibrium Ekr is correlated with the intrinsic carrier concentration:

Ny

B = Ec + kTin (1) )
N¢
Ny

In the equations above, Ec (Ev) is the energy at the CBonset (VBonset), Nc (Nv) is the
effective density of states per unit volume in the conduction (valence) band, and no (po) is

the equilibrium density of electrons (holes). Under non-equilibrium conditions (i.e., under



illumination), it is possible to express the non-equilibrium concentration of electrons (n)
and of holes (p) in the semiconductor as the sum of the carrier density at equilibrium (no
for electrons, and po for holes) and the electrons (dn) and holes (dp) generated because of

the perturbation:

n=ny+on (6)
p =po+dp (7)

Excess free charge carriers in a semiconductor rapidly exchange energy leading to the
formation of thermal distributions of electrons in the CB and holes in the VB. These
thermal distributions are in quasi-static equilibrium and follow Fermi-Dirac statistics.?® A
semiconductor under illumination displays distinct quasi-Fermi levels for electrons in the
CB and holes in the VB, such that:

FN—E;
n =ny+6n =n;e kT (8)

n

Fy = E, + kTln (—) ©)
N¢

E;—Fp 10

p =po+ 6p = p;e kT (10)
Ny

In the equations above, Fy is the quasi-Fermi level for electrons, Fp is the quasi-Fermi level
for holes, ni(pi) is the intrinsic carrier concentration of electrons (holes), and E; is the

intrinsic Er.



1.2.5 Work Function (WF)

WEF is defined as the energy necessary to bring an electron from the Er inside the
material to the local vacuum level, Eac, just outside the surface?’, as described by the

following equation:

WF = Eyqc — Ep (12)

In other words, the WF can be thought of as the energy that would be required for an
electron at the Er to escape from the solid to free space. Given its relation to Evac and Er,
WF depends on the density of states, doping concentration, temperature and carrier density
of the material.?” In addition, as discussed further below, the WF also depends on the

electrostatic landscape at the surface of the material.

1.2.6 lonization Energy (IE)

The solid-state IE is the minimum (positive) energy necessary to remove an
electron from the filled states of a solid material and place it at Evac. In an intrinsic
semiconductor at absolute zero temperature, the electrons closest in energy to Evac are those
at the VBonset (Or at the highest-occupied molecular orbital, HOMO, in an organic

semiconductor), therefore once Evac and VBonset are known, IE can be calculated:

IE = Eyqc — VBonset (13)

Organic semiconductors typically used in optoelectronics have IEs of ca. 4.5 — 6.5 eV,

while n-dopants tend to have IE < 3.5 eV.?’



1.2.7 Electron Affinity (EA)

The solid-state EA is the energy gained by adding an electron from Eyac to the lowest
unoccupied state (i.e., the CBonset OF at the lowest-unoccupied molecular orbital, LUMO, in
an intrinsic semiconductor at absolute zero temperature), hence once Evac and CBonset are

known, EA can be calculated:

EA = Eyqc — CBonser (14)

Organic semiconductors typically used in optoelectronics have EAs in the range of 2 — 4
eV, while p-dopants (discussed in section 1.3) tend to have EA > 5.0 eV. A more

comprehensive discussion of EA can be found in the literature.?’

1.3 Semiconductors

By applying an electric field (E) to a material placed between two electrical contacts
and measuring the resulting current density (J) across it, it is possible to define the

conductivity (o) as follows:

o=l (15)

The mobility (x) indicates how fast charge carriers move in the electric field (E) applied to
the material, and it is defined as the drift velocity (v) per unit electric field:

H=x (16)

Equation 17 describes the relationship between conductivity and mobility, where n

represents the density of charge carriers, and q is the elementary charge.



o =nuq (17)
Based on their electrical conductivity (o), which is discussed more in detail in section 1.7.6,
electronic materials can be classified (roughly) as insulators, semiconductors, or
conductors. Insulators are characterized by ¢ < ca. 108 S cm™, semiconductors by ca. 10
Scm?<g<ca. 102S cm?, and conductors by ¢ > ca. 102 S cm™ at room temperature.

Organic semiconductors are characterized by a weak intermolecular overlap of the

electronic wave functions; therefore, charge carriers tend to be localized on molecular units
and charge transport occurs via tunneling or temperature-assisted hopping of charge
carriers between sites. Due to the hopping transport, organic materials generally show
mobility of often 10~ to 102 cm? V1 s, which is much lower than the mobility of inorganic
examples exhibiting band transport (10*3 to 10 cm? V! s1).31-32 Mobility in amorphous
films of organic semiconductors is even lower since structural disorder leads to the
formation of localized electronic states with a distribution of energy, which can be
described as Gaussian, as shown in Figure 1.1 for the HOMO of the semiconductor. A

similar depiction is also valid for the LUMO.%
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Figure 1.1 Representation of energetic disorder in an amorphous film of an
organic semiconductor. The HOMO consists of a collection of energetically
disordered localized states, which can be described by a Gaussian distribution.
Charge carriers (holes) hop between these states. Figure adapted from the
literature.

A strategy to increase the conductivity of organic semiconductors is to increase their
carrier density; alternatively, materials with higher mobility can be chosen or designed. It
is possible to increase the charge-carrier density either by injection from the electrodes or
by addition of n- or p-dopants.®! Electrical doping consists in the addition of guest species
to the host material, which alter the semiconductor’s electrical properties by either donating
electrons and filling empty states (n-dopants), or by accepting electrons from the host and
creating holes (p-dopants). Previously, alkali metals and molecular compounds with very
low IEs have been used as n-dopants; however, the former tend to diffuse in organic
semiconductors, and the latter are highly air-sensitive and require constant handling in inert

atmosphere. Alternatively, it is possible to use air-stable precursor molecules (e.g., organic
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hydride-donors) where electrical doping is preceded by processes to obtain highly reducing

species, leading to ease of synthesis and handling prior to device fabrication.

1.4 Redox-Active Organometallic Dimers

Among air-stable precursor molecules, dimers formed by some 19-electron
organometallic sandwich compounds couple electron transfer with bond breaking, and can
n-dope semiconductors with EA larger than 2.8 eV by transferring electrons to the acceptor
and forming monomer cations, without the formation of any byproducts.®*** Moreover,
diffusion of monomer cations can be less likely than, for example, alkali metal ions, given
the large size of the former. This dissertation focuses on the use of this type of n-dopants,
and specifically (pentamethylcyclopentadienyl) (1,3,5-trimethyl-benzene) ruthenium
dimer (RuCp*mes),, pentamethylcyclopentadienyl cyclopentadienyl iridium dimer
(IrCp*Cp)2, and pentamethylcyclopentadienyl cyclopentadienyl rhodium dimer

(RhCp*Cp)..

2 : 1 Mixture
(RuCp*mes), (IrCp*Cp), (RhCp*Cp)

Figure 1.2 Chemical structure of molecular n-dopants used in this dissertation.

Two doping mechanisms are possible for these organometallic dopants.®*-3* Dimers

can undergo endergonic homolytic cleavage to 19-electron monomers, which quickly



transfer electrons to the acceptor material, if present, with EA > 2.8 eV, as illustrated by
mechanism | in Figure 1.3. It is also possible for dimers to first endergonically transfer an
electron to acceptors with suitable EA, then dissociate to a stable 18-electron monomer
cation and a highly reactive 19-electron monomer, which can further transfer an electron
to the acceptor, resulting in the formation of two monomer cations, as illustrated by
mechanism Il in Figure 1.3. For (RhCp*Cp)2 both mechanisms are active, since its central
C-C bond is relatively weaker than the one in ruthenium and iridium analogues, for which
only mechanism Il is active.>* Regardless of the mechanism, the thermodynamics of doping
depend on the oxidation potential of the 19-electron monomer E(M*/M) and the free energy

of dissociation of the central C-C dimeric bond, as discussed in chapter 2.

cleavage

ky
. electron + -
Mechanism I: M, +2A — 2M+2A — > 2M+2A
k| transfer ky;

electron transfer
electron +

. . _ki M++.A+Acleavage M+M+A+A—2M+2A
Mechanism II: M, + 2A . 2 Ky > transfer ky

-1

Figure 1.3 Two mechanisms by which electron transfer using organometallic
dimers can take place.33-34

While the orgometallic dimers in Figure 1.2 were used to dope small-molecule and
polymer semiconductors with EA up to 2.8 eV, it was recently shown that photo-activation
of (RuCp*mes), can result in kinetically stable and efficient n-doping of electron acceptors
(e.g., phenyldi(pyren-2-yl)phosphine oxide, POPy,) with EA of 2.2 eV, which is beyond

the thermodynamic reach of the dimer’s effective reducing strength.*® As a consequence
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of n-doping using photoactivation, the conductivity of POPy. was increased by more than

five orders of magnitude, leading to highly-efficient OLEDs.*®

1.5 Transparent Conducting Oxides (TCOs)

Optoelectronic devices (e.g., solar cells, light emitting diodes) require the use of
electrodes with high optical transparency and high electrical conductivity to operate
effectively. Transparent conducting oxides (TCOs) are a subgroup of transparent
conducting electrodes (TCESs) that satisfy these requirements. Development of solar cells
and of screen displays has further stimulated research on TCEs, leading to the investigation
of flexible TCEs,*®-® as well as the development of surface modifiers to tune the electrode
WF.3%42 The TCOs of relevance to this dissertation are indium tin oxide (ITO), used in the
context of diode fabrication in chapter 2, and fluorinated tin oxide (FTO), used as the
electron-collecting electrode in PSCs in chapters 3-5. Both oxides have high optical
transmission in the visible range (> 90%); have medium-to-high WF, the exact value of
which depends upon the cleaning method;* are relatively hard (5 — 6.5 Mohs hardness
scale); and are commercially available as thin films typically deposited on glass or plastic

substrates.**

1.5.1 Indium Tin Oxide (ITO)

ITO (In203:Sn) is a highly electrically conductive TCO, owing its low resistivity (1
— 2 x 10* Q cm) to interstitial oxygen vacancies (Vo), which are formed when the
polycrystalline material is annealed. Stoichiometric indium oxide (In203) has a valence
band (VB) that is primarily O% 2p in character, and a conduction band (CB) that is

primarily In 5s in character. The band gap of In,Os is around 3.5 eV.* At low V,
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concentration, In 5s orbitals form shallow donor states just below the CBonset (AE = 0.03
eV). Moreover, the addition of tin forms another set of shallow states with Sn 5s character,
as shown in Figure 1.4. These shallow states further decrease the barrier to conduction.*-
46 Given its high conductivity, ITO is an ideal TCO for high-resolution display applications
where there is a need to keep the topography as smooth as possible. The latter can be
achieved by depositing very thin films of the metal oxide without compromising its
electrical properties.** ITO is commonly deposited via spray pyrolysis,*’ electron beam
evaporation and sputtering techniques.** “ The concentration of indium in minerals on the
earth’s crust is low; therefore, indium is extracted as a by-product during the processing of

the ores of other metals (e.g., zinc), driving the cost of the TCOs containing this element.

Figure 1.4 Energy diagram of ITO adapted from the literature.*

1.5.2 Fluorinated Tin Oxide (FTO)
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FTO (SnO2:F) has a similar resistivity to ITO and is commonly prepared using
chemical vapor deposition (CVD),*® with the precursor trifluoroacetic acid as a fluorine
source. By tuning the flow rate and flow ratio of the precursor it is possible to change the
surface roughness and the fluorine doping level, respectively.>® While the latter does not
affect the optical transparency of FTO in the visible range,>? the introduction of fluorine
has an impact on the electrical properties of the film, by replacing oxygen in the tin oxide
lattice, and increasing the charge carrier concentration.>® >-* FTO is one of the most cost-
effective TCOs to produce, since it does not contain expensive and rare elements (i.e.,
indium). Moreover, SnO2:F exhibits superior chemical durability and thermal stability
compared to ITO, making FTO compatible with piranha cleaning and titanium dioxide
sintering at temperature above 450 °C.** For these characteristics FTO has been widely

used as electron-collecting electrode in dye-sensitized and perovskite solar cells.t® 55-%

1.6 Surface Modification of Transparent Conducting Oxides

Tuning the WF of a substrate is particularly important to control the interface
energetics of a semiconductor on top of an electrode. The interface can be modified to
enhance the wettability of the substrate by the organic semiconductor, or to allow for a
better energetic alignment in optoelectronic devices, decreasing the energetic barriers for
charge injection or reducing charge collection losses, depending on the device. Typical
optoelectronic devices require the presence of a low-WF metal for the collection or
injection of electrons. Most low-WF metals (e.g., alkaline earth metals) are highly reactive
with oxygen and water, and require encapsulation to maintain the low WF. Therefore,
surface modifiers can be used to decrease the WF of electrodes such as ITO and FTO, who

have medium-to-high WF, are stable and transparent. Phosphonic acids can form
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monolayers on the surface of Lewis acidic metal oxides via coordination of the phosphoryl
oxygen to the substate surface followed by a heterocondensation reaction, or, if the metal
oxide is weakly Lewis acidic (e.g., 1TO), directly through heterocondensation without
phosphoryl coordination.** >%8 This reactivity leads to the formation of up to three P-O-
M bonds, where M is the metal oxide substrate. The dipole associated with P-O-M bonds
(bond dipole) can reinforce or oppose the dipole of the substituents of the phosphonic acids.
In the case of ITO, the bond dipole is oriented in a way that increases the WF. As a
consequence, monolayers of phosphonic acids can effectively increase the WF of ITO by
1 eV but, to date, have only been shown to decrease the WF of the metal oxide by only 0.1
eV.4*%% Another approach consists in the adsorption of polymers containing amines, such
as polyethyleneimine (PEI) and its ethoxylated derivative (PEIE), on metals and metal
oxides, the WF of which can be decreased by 1 eV due to the formation of an interface
dipole between the polymers’ amine groups and the conductive substrate.®® However, PEI
and PEIE are not the only surface modifiers that are not reliant on specific chemistry
between the surface and the adsorbate, and that can effectively modify the WF of a large
number of surfaces. Redox-active molecules, such as tetrakis(dimethylamino)ethylene
(TDAE), neutral methyl viologen [MV(0)], and acridine orange base (AOB), can be
electrostatically bound to the surface of electrodes where they transfer electrons to the
surface, and form a large interface dipole. The latter leads to WF reductions of gold of 1.3
eV, 2.2 eV, and 1.9 eV in the case of thermally evaporated TDAE, MV(0) and AOB,
respectively.5-5 The use of TDAE was extended to ITO, whose WF was reduced by 0.9
eV upon formation of an interface dipole.®* Nevertheless, use of these redox-active

molecules (e.g., MV(0) and AOB) is limited to vacuum deposition and handling of some
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of them, (e.g., TDAE) is not straightforward given their volatility and air-sensitivity. In
contrast to MV(0) and AOB, the redox-active organometallic dimers discussed in section
1.4 can be deposited via solution and vacuum processing and can be handle in air for short
periods of time (< 10 min). The WF of graphene can be decreased by 1.3 eV by solution
processing of (RhCp*Cp), for just a few seconds.®® The WF of ZnO can reach values as
low as 2.2 eV when (RuCp*mes) is vacuum-deposited, forming (RuCp*mes)* cations on
the oxide surface. This surface modification approach allows for alignment of the frontier
levels of ZnO with an organic semiconductor deposited on top, inducing a seven-fold
increase in radiative emission in a hybrid inorganic/organic structure.®® Therefore, the use
of dimers seems promising to modify metal oxides/organic semiconductor interfaces in
various optoelectronic devices, including perovskite solar cells, where organic

semiconductors are used as ETMs.

N
Me,N_ _NMe, O \ \P/\N)}I\/ J}F/{/\”i
MeoN~ NM N N N H
€2 €2 | | HO/\/N\/\N/\/OH
"
TDAE MV/(0) AOB PEIE

Figure 1.5 Chemical structure of TDAE, MV(0), AOB and PEIE.

1.7 Analytical Methods for Examining Surface Modifiers and Redox-Active Species

The following is a brief overview of the main characterization techniques that are
employed in the later chapters of this dissertation to investigate the n-doping of surfaces

and of bulk organic semiconductors.
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1.7.1 Ultraviolet Photoelectron Spectroscopy (UPS)

UPS is a characterization technique used to probe the occupied states of metals (i.e.,
Er) and semiconductors (i.e., Er, VB/HOMO), by irradiating the material surface in ultra-
high vacuum (UHV, pressure < 10® Torr) with ultraviolet light. The UV source is
commonly a helium discharge lamp, whose main emission lines are He | (21.22 eV) and
He 11 (40.81 eV). These high-energy photons have sufficient energy to eject electrons from
the occupied states near the surface with varying kinetic energies, Exin. Some of the
photoelectrons undergo scattering processes with other electrons on their way to the
surface; inelastically scattered electrons lead to the formation of the secondary electron
background, while those that can scatter elastically or that are unscattered are called
primary electrons and provide useful information regarding their initial occupied state
through their binding energy, Es. The latter is correlated to Exin through the following

equation®’:

Exin = hv = WFgetector — EB, (18)

where Ao is the energy of the UV radiation used. Those electrons with Exin lower than the
WEF of the material itself are not detected, causing an abrupt decrease in intensity, called
the secondary electron cut-off (SECO), which is the difference between the WFs of the
sample and the detector.%® The electrons that reach the detector with the highest Exin are

those emitted from the highest occupied states (i.e., VBonset, HOMO), whose energy can be
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calculated with respect to the Er, which is set to Eg = 0 eV. From the SECO is possible to

calculate the WF of the material, as described below and visually displayed in Figure 1.6:

WFsampie = hv — Ep — SECO, (19)

where /v is the energy of the incoming radiation. Therefore by adding the WF to the onset
of the occupied states, it is possible to calculate the IE of the material. UPS is a surface-
sensitive technique, since the inelastic mean free path (IMFP) of the photoexcited
electrons, which is the average distance they can travel in the solid before they engage in
an inelastic collision and lose their part of their Exin, is typically less than 2 nm. The
sensitivity of UPS to changes in the surface of metal oxides and organic semiconductors,

led to its use in chapters 2-5.

hv [He (1)] = 21.22 eV
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Figure 1.6 Sample UPS spectrum of ITO modified with a phosphonic acid
(discussed in section 2.4), where the intensity is plotted as a function of the binding
energy (Eg) with respect to the Fermi level (Er, Eg = 0 V). The secondary electron
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cut-off (SECO), the valence band onset (VBonset) and the ionization energy (IE) are
clearly marked. The WF of the sample is calculated as the difference between the
energy of the incident radiation [21.22 eV for He (I)] and the SECO (see equation
19).

1.7.2 Inverse Photoemission Spectroscopy (IPES)

IPES is a UHV characterization technique used to probe the unoccupied states of
metals and semiconductors, by irradiating the material surface with a collimated beam of
electrons with Exin 0of 15 eV or less. Incoming electrons with Exin larger than the WF of the
sample, penetrate the surface and couple with high-lying unoccupied states of the material
probed, to then radiatively decay to unoccupied states with lower energy. The photons
emitted in the radiative decays are detected and provide information on the conduction
band, LUMO, LUMO + 1, etc., of different semiconductors.®* % IPES is a surface-sensitive
technique, probing the top 2 — 4 nm of the analyzed material given the larger IMFP
compared to UPS. IPES can be performed in two modes: the fluorescent and the isochromat
modes. In the former, the Exin of the incoming electrons is fixed and photons with various
energy are detected; in the latter, the energy of the incoming electrons is varied and the
detector only collects photons with a fixed energy. The advantage of the isochromat mode
— used in chapter 3 to investigate the unoccupied states of a perylene diimide derivative,
and commonly used to analyze organic semiconductors — over the fluorescent one is the
higher signal-to-noise ratio and the little-to-no sample damage, at the expense of the energy
resolution.®® % By aligning IPES spectra, which provide information on the energy
difference between the Er and the CBonset, and UPS spectra, which provide information on
the energy difference between the Evac and the Ef, the EA of the material can be

calculated.3? 9
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1.7.3 X-ray Photoelectron Spectroscopy (XPS)

XPS is a UHV characterization technique that probes atomic core levels by
irradiating the surface of conducting materials with high-energy x-rays, typically generated
using Al-Ka (hv = 1486.6 eV) or Mg-Ko (hv = 1253.6 eV) as source lines.3> ° The incident
X-rays cause the ejection of inner shell electrons, which have a probability of escaping the
material that decays exponentially with the distance of the atom in question from the
surface, leading to an IMFP of ca. 10 nm. Once the emitted electrons reach an energy
analyser, they are separated in terms of their kinetic energies, and are converted to binding
energies, which are characteristics for a specific element, its chemical state, and chemical
environment. Moreover, the number of ejected electrons is proportional to the number of
atoms present. The XPS signals can then be corrected for the Exin-dependent detector
response and atomic ionization cross-sections to give ratios between different types of
atoms, giving information on the chemical composition of surfaces and interfaces, as
shown in chapters 2-5, with detection limits as low as 0.1% atom concentrations (although
attenuation effects also have to be taken into account for atoms not located at the immediate
surface).3> 7071 |n XPS spectra photoelectron peaks are superimposed on a background
associated with inelastically scattered electrons, and signals originating from orbitals with
an angular momentum quantum number larger than zero (i.e, p, d, f orbitals) appear as
doublets due to spin-orbit coupling, as shown in Figure 1.7. These doublets have defined

area ratios (1:2 for p orbitals, 2:3 for d orbitals and 3:4 for f orbitals), and an energy
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separation dependent on the orbital and element the photoelectrons were ejected from.”?
Other than the emitted photoelectrons, additional features can appear in XPS spectra such
as those originating from the emission of Auger electrons; satellite peaks, which can be
observed if the x-rays beam used to irradiate the sample is not monochromated; x-ray ghost
lines due to x-ray anode contaminations; and plasmon loss peaks. For further reading,

several references are provided.®® 70 72

Intensity [arb.u.]

70 68 66 64 62 60
Binding energy [eV]

Figure 1.7 Sample XPS spectrum of phenylCsibutyric acid benzocyclobutene
ester n-doped with (IrCp*Cp)2 (discussed in section 5.2.2), showing the Ir 4f
ionization split into a doublet by spin-orbit coupling. The doublet is deconvoluted
into two sets of peaks corresponding to iridium species with oxidation states +3 at
higher Eg, and +1 at lower Eg, ultimately showing how XPS can inform on the
amount of reacted vs. unreacted dopant in the host material.

1.7.4 Kelvin Probe (KP)

KP is a non-destructive technique that allows one to measure the WF of a material
in the dark without exposure to UHV, by probing the contact potential difference (CPD)

between the sample and a reference, ® which is defined as:
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CPD = WFyampte — WFreference (20)

When the material to be analysed is brought into electrical contact (through a wire) with
the reference probe, their Fermi levels align leading to the formation of an electrical
potential (CPD) between the sample and the reference probe. To reach a neutral state, a
potential V = -CPD is applied and WFsample Can be obtained, as depicted in Figure 1.8.
Therefore, unlike UPS, which provides an absolute value of WF, KP is an indirect method
of measuring WF as it requires calibration of the reference probe with a chemical inert
material of known WF (WFreference), SUCh as gold or highly-oriented pyrolytic graphite
(HOPG).” Given the finite size (mm?) of the probe, WF values obtained using KP are
averaged over a similar sample area, and are not sensitive to different crystal orientations
at the surface,”® whose WF can be adequately probed using UPS. However, since CPD
measurements do not require pumping-down time, KP can be conveniently used to quickly
screen the WF of several samples, as shown in chapters 2 and 4.” Moreover, it can also be
used to investigate the WF of materials that are unstable to UHV or to hard UV irradiation,

as discussed in chapter 4.

Evac Evac Evac ************** Evac Evac Euac
sample WF probe sample CPD probe sample WF WF probe
E probe WF WF sample probe
Ep sample probe ———— EF
EF prabe EF EF EF CPDI probe
sample sample probe sample
—
A B C

Figure 1.8 Basics of KP operation. Once the sample and the reference, which
have different WF values (A), are brought into electrical contact, their Fermi levels
align leading to the formation of a contact potential difference (CPD), (B). A charge-
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free state is reached by applying a nulling potential V = - CPD, and yielding the
WFsampIe.73‘ 6

1.7.5 Mobility Measurements Techniques

Charge mobility is a material property that can be measured using a range of
techniques [e.qg., time-of-flight (TOF) measurements, space-charge limited current (SCLC)
measurements]. These methods operate over different length scales, require different
sample geometries, and can involve different assumptions for their interpretations, which
can sometimes make difficult to directly compare the obtained results. In time-of-flight
experiments, the semiconductor is placed between a transparent electrode, such as ITO,
and a metal electrode. The temperature of the sandwich structure is controlled and an
electric field is applied in a specific direction to transport the carriers of interest. Excited
states in the semiconductor are formed by shining a laser pulse through the ITO into the
semiconductor, and such states then dissociate into electrons/hole pairs. Under the
application of the electric field, photogenerated charge carriers of a given polarity move
towards the metal electrode producing a transient current, which vanishes when the charges
are collected. The mobility x« can be calculated using equation 16, where the drift velocity
v by measuring the duration of the photocurrent, which is equal to the ratio of the
semiconductor thickness and the duration of the photocurrent. At a given temperature, the
natural logarithm of the mobility is proportional to the square root of the applied field, and
variable-field experiments are used to extrapolate the ‘“zero-field” mobility at that
temperature.”” Since the effective absorption length of the pulse that produces the
photocarriers must remain small compared to thickness of the sample, and since the electric

field in the sample is considered uniform, TOF measurements are carried out using thick
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films of semiconductor and injection of carriers from the contacts needs to be minimized.
However, in optoelectronic applications thin layers (< 1 um) of semiconductors are used
and charge injection or collection is desired. Therefore, instead of using TOF
measurements it is possible to derive the mobility from current density-voltage (J — V)
characteristics of thin organic films between electrodes, where the bias between two
electrodes is varied and the current density across the organic semiconductor is measured.
At low values of electric field, the J — V curves are ohmic as discussed in more detail in
section 1.7.6. By increasing the applied voltage so that the number of injected charge
carriers is larger than those present in the bulk semiconductor due to thermal activation, a
stationary space charge is established in the material and the J — V curves become non-

linear. In this regime, the current density can be described by the Mott-Gurney law:

2
J = Zesou, (21)

where u is the mobility of the charge carriers, L is the film thickness, ¢ is the permittivity
of the semiconductor and &g is the permittivity of free space. The mobility of charge carriers
in a semiconductor, and the relationship between conductivity and mobility are defined in

section 1.3, by equations 16 and 17, respectively.
1.7.6 Electrical Conductivity Measurements

The electrical conductivity (o) of a thin film of an organic semiconductor can also
be determined from J — V measurements. When the voltage applied is low, few charge
carriers per unit volume are injected and the current density across the organic

semiconductor is dependent on the motion of thermally activated charge carriers present in
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its bulk. Assuming that the density of charge carriers at and nearby the contacts with the
electrodes is much higher than in the bulk of the semiconductor, the current density (J) can

be described by Ohm’s law:

J=07, (22)

where the current density J is linearly proportional to the applied voltage V, and inversely
proportional to the sample length L for different device structures for J — V measurements.’®

In the ohmic region, the conductivity can be determined using the following equation:

o =—, (23)

where A is the cross sectional area and R is the resistance of the organic semiconductor,
obtained from the slope of the | — V plot. The conductivity can be measured in different
configurations. For example, the organic semiconductor can be deposited on the bottom
electrode and the top electrode is subsequently evaporated, and the current density is
measured perpendicularly to the substrate. Alternatively, the semiconductor can be
deposited on an insulating substrate with pre-patterned electrodes, with a given spacing
between them, called channel length (L); in this case, the current density is measured
laterally to the substrate and the conductivity of the organic material can be determined
using the following equation:

oc=—- (24)

_anRt’
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where n is the number of channels, w is the width of the section where the organic material
overlaps with the electrodes, d is the thickness of the organic semiconductor, and R is the
total resistance obtained from the slope of the I — V curves in the ohmic regime. To
determine whether doping of organic semiconductors occurs, it is possible to find in the
literature comparisons of current densities of pristine and doped samples at specific applied

voltages even if outside of the ohmic regime.*

Electrode Electrode Organic semiconductor

Top electrode )
zoom!in
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«—>
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Glass or quartz substrate Glass or quartz substrate

Figure 1.9 Device architectures for J — V measurements, where the organic
semiconductor of thickness L is sandwiched between the electrodes (left), or is
deposited on pre-patterned electrodes separated by a distance L (center and right).

Four-point probe is another technique used to measure the resistivity, and calculate
the conductivity, of bulk or thin-film of semiconductors. Four equally spaced metal tips
(typically 1 mm apart) with finite radius are placed in contact with the semiconductor; a
current | is supplied to the two outer probes, and a voltmeter measures the voltage drop V
across the two inner probes.”® In bulk samples (sample thickness, t >> probe spacing, s),
considering that the current | injected by the first tip spreads spherically into a

homogeneous and isotropic material, the resistivity p can be described as follows:

p = 2ms—, (25)
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where p is independent of the film thickness t. In thin films of semiconductors, the current
can be assumed to spread cylindrically instead of spherically from the metal electrode, and

p can be obtained as follows:

_ntV
T 2!’

(26)

where p is independent of the probe spacing s.”® Unlike two-point probe measurements,
using four-point probe provides conductivity values that are disentangled from the contact
resistance between the metal tips and the semiconductor. In this dissertation, to prevent
oxidation of doped species, conductivity measurements are often carried in inert

atmosphere, as shown in chapters 4 and 5.

1.7.7 UV-vis-NIR Absorption Spectroscopy

Absorption spectroscopy is a useful tool for the characterization of materials used in
optoelectronic applications. Absorption spectra are obtained by exposing the material to
electromagnetic radiation with a given intensity (lo). The material absorbs part of the radiation,

and the incoming intensity is attenuated, as described by the Beer-Lambert law:

[=1y—Al = [je™™ 27)

where 1 is the intensity of the transmitted radiation, A7 represents is the attenuation in intensity,
a 1S the absorption coefficient, which is material- and wavelength-dependent, and x is the path
length of the radiation along which the attenuation takes place. 4/ is made of different
contributions, originated by the interaction of light with the material, such as light-absorption,

scattering, reflection, and interference. Most of the time, it is possible to minimize or ignore
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all contributions but light absorption. The final absorption spectra are obtained by plotting over
the range of wavelength of the incoming electromagnetic radiation, the absorbance (A) of the

material, defined as:

Iy

%) = ~logio(T) =

A =logyo (28)

In(10) *

where T is the transmittance, log is the logarithm to base 10 and In is the logarithm to base e.
Organic semiconductors tend to exhibit characteristic absorption features in the visible or
infrared region, which are generally different from those of their radical anions, typically
formed upon introduction of an n-dopant in sufficiently large quantities for the peak to be
detected. However, radical anions of organic semiconductors tend to be highly air- and
moisture-sensitive; therefore, n-doping studies in which the disappearance of the neutral
features of the host material and the increase in absorbance of its radical anion are monitored,
need to be performed in inert atmosphere. Doping and diffusion studies of semiconductors

using UV-vis-NIR absorption spectroscopy are discussed at length in chapters 3 and 5.
1.8 Thesis Structure and Overview

This chapter serves as an introduction on the surface modifiers and n-dopants
developed by the scientific community to improve electrical contact at
electrode/semiconductor interfaces, and to improve the electrical conductivity of organic
semiconductors in optoelectronic devices. The later chapters focus on furthering our
understanding of organometallic dimers as surface modifiers of transparent conductive
oxides and as n-dopants for electron-transporting materials used in efficient and stable

PSCs. This thesis is the result of collaborative work with groups at the Georgia Institute of
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Technology (Kippelen group — chapters 2, 4 and 5), at the University of Oxford (Snaith
group — chapters 3, 4 and 5; Herz and Johnston groups — chapters 3 and 4; Riede group —

chapter 3) and at the Humboldt University of Berlin (Koch group — chapters 3, 4 and 5).

Chapter 2 builds on previous work that established a correlation between the
reducing strength of organometallic n-dopants and their ability to decrease the WF of
metals and metal oxides.? The chapter has two goals: the first is to assess the stability to
solvent washing and thermal stress of the WF modification of ITO induced by dimeric
reductants; the second is to understand whether the transparent metal oxide can work as a
low-WF electrode in simple sandwich devices. The electrical behavior of dimer-modified
ITO is compared to that of bare or PEIE-modified ITO by fabricating diodes containing
ETMs processed from vacuum or from solution. A combination of covalent tethering of
phosphonic acids and reduction of ITO with the organometallic compounds is proposed as

a robust surface modification strategy.

Chapters 3 and 4 explore the use of (RhCp*Cp)2, processed from vacuum (chapter
3) and from solution methods (chapter 4), to modify the FTO/ETM interface, and to assess
whether the modification and the processing route of the modifier have an impact on charge
collection in PSCs. Various spectroscopic techniques described in chapter 1 are used to
investigate electronic alignment at this interface, and n-doping of the ETM molecules in
proximity of the modified electrode. Chapter 3 further focuses on comparing Ceo With a
perylene diimide derivative, commonly used as a pigment in car paint, as vacuum-
processible organic ETMs in PSCs. This body of work paves the way towards future studies
assessing the impact of organic ETMs on the stability under thermal stress of PSCs. In

chapter 4 Ceo is used as the ETM and (RhCp*Cp). is compared with a metal-free
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ammonium salt as WF modification layers on FTO capable of inducing interfacial n-doping

of Ceo.

Chapter 5 is a study of bulk n-doping of a fullerene derivative, phenylCeibutyric acid
benzocyclobutene ester (PCBCB), which has been previously used as an insoluble ETM in
PSCs,® using the organometallic dimer (IrCp*Cp).. Diffusion of the latter under thermal
stress in fullerene bilayers is explored, and the addition of a crosslinker is proposed as a
strategy to prevent or limit diffusion, without negatively affecting the electrical
conductivity of the host semiconductor. This chapter delves into whether there is a
correlation between the introduction of the n-dopant and of the crosslinker in the ETM and

solar cell stability.

Last, chapter 6 offers a summary of the findings reported throughout this dissertation,

puts them in context with the literature and suggests future directions worth exploring.
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CHAPTER 2. SURFACE MODIFICATION OF INDIUM TIN

OXIDE WITH DIMERIC REDUCTANTS

2.1 Introduction

Materials with a low work function (WF) are used as electron-collecting electrodes
in organic photovoltaics (OPVs) and perovskite solar cells (PSCs), electron-injecting
electrodes in organic light-emitting diodes (OLEDs), and source and drain electrodes in n-
channel organic field-effect transistors (OFETS). One of the requirements for at least one
of the electrodes in OPVs and OLEDs is transparency to light. Conductive metal oxides,
satisfy this requirement but most, including the widely used indium tin oxide (ITO), have
a medium-to-high WF, which prevents ITO from being used as an electron-collecting or
injecting electrode. For ITO to be used in this way, it is necessary to lower its work
function; to do so dipoles that shift the vacuum level at the surface of the metal oxides can
be introduced in several ways. Covalently tethering monolayer of phosphonic acids®® 8 to
metal oxides leads to a somewhat small decrease in work function due to the partial
cancellation of the bond dipole and the dipole of the substituents of the phosphonic acids.>®
WEF reductions of more than 1 eV can be achieved by treating ITO in air with aqueous
solutions of polyethyleneimine (PEI) and its ethoxylated derivative (PEIE), due to the
formation of an interface dipole between the polymers’ amine groups and the conductive
substrate.5® A less explored approach, which is in principle compatible with both solution
and vacuum processing, consists of the reduction of metal oxide surfaces using molecular
n-dopants. Reductants that have been applied to metal oxides, or in a related approach to

metals such as gold, include tetrakis(dimethylamino)ethylene (TDAE), neutral methyl
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viologen (MV(0)), acridine orange base (AOB).%1%% Electron-transfer from strongly
reducing species to the electrode results in a surface dipole between the negatively charged
surface and a layer of dopant-derived cations. Recently, the Marder group has shown that
the organometallic dimers of certain 19-electron sandwich compounds (effective redox
potentials for the monomer cation/dimer couple, E[M*/0.5 M>], estimated to be ca. -1.7 to
-2.3 V vs. ferrocenium/ferrocene in tetrahydrofuran, THF)® are relatively air-stable and
are much stronger reductants than TDAE (E1. ¥®=-0.99 V in acetonitrile, MeCN), 8%
MV(0) (Ewz *® = -1.25 V in MeCN),®® and AOB (+0.32 V in MeCN),%% and, as a
consequence, lead to large reductions in WF.*® The redox potential of TDAE and AOB
were reported in the original publications vs. SCE and are here referenced vs. FeCp2*,
according to a conversion reported in the literature.®> E(M*/0.5 M) is the estimated redox
potential for the overall half-reaction M + e~ = 0.5 M2 and measures the overall reducing
strength of the dimer, in other words the thermodynamic feasibility of electron transfer.
Values were estimated using the following equation, where F is the Faraday constant,
which describes the relationship between the overall reducing strength of the dimers, the
free energy of dissociation of the dimer into monomers (4Gqiss) Obtained through
MO6/LANL2DZ/6-31G(d,p) DFT calculations, and the oxidation potential of the 19-
electron monomer E(M*/M) determined by electrochemistry on hexafluorophosphate salts,

M*PFs:

4 Gdiss (Mz)

T (29)

E(M*/0.5M,) = E(M*/M) + 0.5

This chapter examines the extent to which organometallic dopants (IrCp*Cp)2 and

(RuCp*mes)2 can be used as solution-processable surface dopants of indium tin oxide, and
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use polyethyleneimine as a benchmark modification treatment, since both the dimers and
PEIE lead to work function reductions larger than 1 eV. If alternative and reliable surface
treatments to tune the work function of metal oxides were established by leveraging the
reducing power of the dimers, surface-modified materials could replace low work function
metals belonging to group 1 and 2, such as calcium. Even though Ca is effectively used as
an electron-injecting/collecting electrode in organic electronics, it is opaque, usually best
deposited in vacuum and unstable upon exposure to oxygen, moisture and halide-
containing materials. These disadvantages could be overcome by demonstrating that
dimer-doped transparent, stable and commercially available materials (e.g., ITO) work as
electron-injecting electrodes when organic semiconductors processed from vacuum or
from solution are deposited on top of them. Surface modification of a wide range of
materials, including ITO, using polyethylenimine (PEIE) proved that it is possible to
substitute low work function metals with transparent metal oxides in OLEDs and OPVs.
However, the use of PEIE has been limited to deposition from aqueous solutions, which
could possibly be an issue when materials successively deposited onto an electrode are
water-sensitive. In this context, by comparing organometallic dimer doping with PEIE
treatment, it could be possible to establish complementary surface modification protocols
compatible with a variety of materials and processing techniques. Investigation of the work
function changes induced by treatment of metal oxides using organometallic dimers was
performed by Dr. Anthony J. Giordano and is discussed at length in his dissertation.?’ The
following sections were performed by the author to examine stability of the work function
modification and its applicability to electron injection from the ITO electrode. Most of the

results shown here were published in ACS Applied Materials & Interfaces, 2015, 7, 4320-
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4326, and were obtained in collaboration with Dr. Talha M. Khan from the Kippelen group
at the Georgia Institute of Technology (assistance with vacuum deposition for diode

fabrication).
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Figure 2.1 Chemical structure of molecular n-dopants and PEIE previously
used to decrease the work function of metal oxides (center and left). Chemical
structure of electron-transporting materials Ceo and P(NDI120D-T2) (bottom right).

2.2 Stability of the Work Function Modification Induced by Organometallic

Dopants

Effective work function modification methods need to be sufficiently robust to resist

processing conditions commonly used in device fabrication: annealing and solvent washing
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on top of the modified surface. For example, PEIE-modified ITO substrates do not
experience any change in work function for temperature values lower than 190 °C, while
PEI-modified ITO samples maintain their work function below 150 °C.%° Moreover, PEIE-
modified 1TO surfaces experience work function changes of only 0.34 eV after being
immersed in a glass beaker containing distilled water for 50 min, but the work function of
the metal oxide recovers the pre-modification values after 50 min of exposure to ultrasonic
bath in distilled water.%° These observations are consistent with PEIE being physisorbed

on ITO, and with the capability of the polymeric insulator to modify various conductors.

2.2.1 Stability of the Work Function Modification to Temperature

To investigate the thermal stability of the work function modification induced by
redox-active dimers, ITO substrates were modified with (IrCp*Cp)2 and (RuCp*mes). and
annealed for 10 min at different temperatures up to 150 °C in inert atmosphere. The work
function values were measured at room temperature via Kelvin Probe in inert atmosphere.
Only small variations (JAWF| < 0.25 eV) were observed in the work function values of ITO
treated with either (RuCp*mes). or (IrCp*Cp): in the temperature range explored, as shown

in Figure 2.2.
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Figure 2.2 Stability of the dimer-induced work function reduction to thermal
annealing. Each data point corresponds to two ITO substrates, and four spots per
substrate were analyzed by Kelvin probe in inert atmosphere.

2.2.2 Stability of the Work Function Modification to Solvent Washing

Given that (RuCp*mes). and (IrCp*Cp)2 react with the metal oxide surface in a
similar fashion (by transferring electrons to the surface and being oxidized to their
monomer cations), and given their comparable thermal stability below 150 °C, stability to
solvent washing was investigated solely for (IrCp*Cp)2-modified ITO. ITO surfaces were
treated with dopant solution as detailed in section 2.6.1.2 and analysed in inert atmosphere
as discussed in section 2.6.3. The work function modification of ITO using (IrCpCp¥*)2 is
reasonably stable to solvent washing with toluene, chlorobenzene and o-dichlorobenzene,
while the work function of modified ITO increases after spin-coating chloroform on it, as
shown in Figure 2.3. To distinguish the effect of temperature and solvent washing, the
substrates were not annealed after spin-coating, but solvent residues were removed with

nitrogen. As expected, the work function of modified ITO increases when the metal oxide
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is spin-coated with chloroform due to the presence of species such as water and
hydrochloric acid in the solvent, and due to the reactivity of the solvent with the

organometallic dimers® and with highly reducing species, such as low WF metal oxides.
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Figure 2.3 Stability of the dimer-induced work function reduction to solvent
washing. Each data point corresponds to two ITO substrates, and four spots per
substrate were analyzed by Kelvin probe in inert atmosphere.

2.3 Electrical Behavior of Surface-Modified ITO

Simple sandwich devices were fabricated to assess whether surface-modified ITO
behaves as a low work function material and, therefore, as an electron-injecting electrode
to an electron-transporting material (ETM) deposited via thermal evaporation in high
vacuum (Ceo) or via spin-coating from solution P(NDI20D-T2). The two organic materials
with high electron affinities (EA) equal to 4.0 eV for Ce®” and 3.9 eV for P(NDI20D-
T2),28 were selected so that the barrier for electron injection estimated according to AEinject

= WF — EA is small. All devices were designed to be diodes, in other words to display a
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preferential flow of current in a specific bias direction. The equation describing an ideal

diode behavior is the following:

j = olewT 1), (30)
where jo is the reverse saturation current, V is the voltage, T is the temperature, k is the
Boltzmann constant, q is the absolute value of the charge of an electron, and n is an ideality
factor usually between 1 and 2. A layer of MoOx was thermally evaporated on top of
organic semiconductor to prevent the diffusion of atoms from the metal contact (Ag) into
Ceo or P(NDI20OD-T2) and reduce the leakage current, as well as favoring the collection of
electrons from the semiconductor due to the high work function of MoOx (WF = 5.5 eV).
Each ITO substrate contained five devices, each with an effective area of ca. 0.1 cm?, but
an average of three working devices per type (e.g., ITO/(RuCp*mes)*/Cso/M0Ox/Ag) of

diode was obtained. The structure of the devices is schematically depicted below:

MoO, (10 nm) covered by Ag (150 nm)

Electron-transporting material (ETM)
(RuCp*mes),, (IrCp*Cp), or PEIE (reference)

ITO-coated glass

Figure 2.4 Side view of the structure of a diode manufactured to assess
whether the reduction in the electrode work function induced by the n-dopants is
retained upon deposition of an organic electron-transporting material.

2.3.1 Diode Fabrication with Vacuum-Deposited Organic Semiconductors

Figure 2.5 and Figure 2.6 show the current density-voltage (J — V) dark

characteristics at room temperature of sandwich devices made of detergent/solvent-cleaned
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(DSC) ITO (modified or unmodified)/Ceo(100 Nm)/MoOx(10 nm)/Ag(150 nm). The J -V
curves can be understood in terms of the superimposition of diode and resistor electrical
characteristics, the former describing electron injection and the latter leakage currents. As
expected, the J — V plot in the semi-logarithmic scale exhibit a diode behavior in forward

bias for both modified and unmodified ITO substrates, Figure 2.5.
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Figure 2.5 Semi-logarithmic plot of J — V characteristics for devices with
structure DSC-1TO (modified or unmodified)/Cso (100 nm)/MoOx (10 nm)/Ag (150
nm). Indium tin oxide acts as the electron-injecting electrode in forward bias.
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Figure 2.6 Linear plot of J -V characteristics for devices with structure DSC-
ITO (modified or unmodified)/Ceso (L00 Nm)/MoOx (10 nm)/Ag (150 nm). Indium tin
oxide acts as the electron-injecting electrode in forward bias.

However, much higher current densities are measured when ITO is treated with the
organometallic dimers compared to when the metal oxide surface is simply
detergent/solvent-cleaned. Such difference in current injection suggests that the reduction
in work function obtained via surface modification is retained upon deposition of the
vacuum-deposited fullerene, and is indicative of the enhanced electron injecting behavior
of the dimer-modified metal oxide in this architecture.

From Figure 2.5 and Figure 2.6 it is also evident that use of the dimers leads to
similar electrical characteristics as are achieved using PEIE. The semi-logarithmic plot
shows an increase of current density in reverse bias of several orders of magnitudes for
diodes containing PEIE- or dimer-modified ITO relative to those containing pristine ITO.
According to equation 30, for an ideal diode at large reverse bias (\V<<0) the current density

J is equal to — jo. However, the current densities measured in reverse bias do not correspond
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to the reverse saturation current of an ideal diode, jo, but to leakage currents. The observed
increase in leakage currents could be related to different wetting conditions of the modified
electrodes compared to unmodified ones and, therefore, to the morphology of the fullerene

at the interface with ITO.

2.3.1.1 Stability of Diodes to Temperature

Diodes with a 100-nm thick layer of Ceo were annealed at different temperatures
and their dark J — V characteristics were measured at room temperature, Figure 2.7 and
Figure 2.8, to assess their thermal stabilities. Devices containing (IrCp*Cp)2-modified ITO
exhibit overlapping diode characteristics in forward bias, consistent with WF data in Figure
2.2, whereas current injection for devices made of PEIE-modified electrodes was observed
at progressively lower voltages as the annealing temperature increased. Such decrease may
be related to a possible interaction between PEIE and Ceo %" Devices containing

(RuCp*mes)-modified electrodes stopped working after annealing at 50-75 °C.
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Figure 2.7 Current density — voltage characteristics of ITO/PEIE/Ceo (100
nm)/MoOx (10 nm)/Ag (150 nm) devices annealed at different temperatures and
measured at room temperature in the dark.
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Figure 2.8 Current density — voltage characteristics of ITO/(IrCpCp*)*/Ceo (100
nm)/MoOx (10 nm)/Ag (150 nm) devices annealed at different temperatures and
measured at room temperature in the dark.
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2.3.1.2 Stability of Diodes to Operation

Figure 2.9, Figure 2.10, Figure 2.11 and Figure 2.12 show the device-to-device
variation for diodes with structures detergent/solvent-cleaned (DSC) ITO (modified or
unmodified)/Ceo (200 nm)/M0oOx (10 nm)/Ag (150 nm). A higher average of working
devices was obtained for this batch. While there is considerable variation of the leakage
currents among devices, the diode currents dominating at forward biases of above 1 V are
consistent and reproducible. These devices were repeatedly cycled between -2 V and +2 V
and demonstrated to be stable to operation, as shown in Figure 2.13, Figure 2.14, Figure

2.15 and in Figure 2.16.
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Figure 2.9 Semi-logarithmic plots of J — V characteristics showing sample-to-
sample variations for devices with structure DSC-cleaned ITO without
modification/Ceso (200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the electron-
injecting electrode under forward bias.
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Figure 2.10 Semi-logarithmic plots of J — V characteristics showing sample-to-
sample variations for devices with structure DSC-cleaned ITO modified with
PEIE/Ce0 (200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the electron-
injecting electrode under forward bias.
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Figure 2.11 Semi-logarithmic plots of J — V characteristics showing sample-to-
sample variations for devices with structure DSC-cleaned ITO/(RuCp*mes)*/Ceo
(200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the electron-injecting
electrode under forward bias.
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Figure 2.12 Semi-logarithmic plots of J — V characteristics showing sample-to-
sample variations for devices with structure DSC-cleaned ITO/(IrCp*Cp)*/Cso (200
nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the electron-injecting electrode
under forward bias.
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Figure 2.13 Semi-logarithmic plots of J — V characteristics showing effects of
repeated cycling between +2 and -2 V for devices with structure DSC-cleaned ITO
without modification/Cso (200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the
electron-injecting electrode under forward bias.
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Figure 2.14 Semi-logarithmic plots of J — V characteristics showing effects of
repeated cycling between +2 and -2 V for devices with structure DSC-cleaned ITO
modified with PEIE/Ceso (200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the
electron-injecting electrode under forward bias.
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Figure 2.15 Semi-logarithmic plots of J — V characteristics showing effects of
repeated cycling between +2 and -2 V for devices with structure DSC-cleaned
ITO/(RuCp*mes)*/Ceo (200 nm)/MoOx (10 nm)/Ag (150 nm). The ITO acts as the
electron-injecting electrode under forward bias.
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Figure 2.16 Semi-logarithmic plots of J — V characteristics showing effects of
repeated cycling between +2 and -2 V for devices with structure DSC-cleaned
ITO/(IrCp*Cp)*/Cs0 (200 nm)/M0oOx (10 nm)/Ag (150 nm). The ITO acts as the
electron-injecting electrode under forward bias.

2.3.2 Diode Fabrication with Solution-Processed Organic Semiconductors

Instead of vacuum depositing Ceo, an electron-transporting polymer P(NDI20OD-
T2) was spin-coated on top of modified or unmodified ITO, and was covered with
thermally evaporated MoOx(10 nm) and Ag(150 nm). Modification of ITO with the dimers
allowed for only slightly higher current density in forward bias (J = 0.0012 mA c¢cm for V
=2 V) compared to devices with untreated ITO electrodes (J = 0.0002 mA cm™ for V = 2
V), Figure 2.17, which points towards post-modification work function values closer to
those of unmodified ITO. Moreover, unlike for devices with vacuum-deposited Cego as the
electron-transport layer, a higher current injection was obtained when the ITO electrodes
were modified with PEIE (J = 22.5 mA cm™ for V = 2V) rather than with the dimers,

Figure 2.18. It is possible that electron transfer occurred between the negatively charged
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surface of modified ITO and the polymer, with subsequent monomer cation (RuCp*mes)*
or (IrCpCp*)* being lost with the negatively charged polymer chain during spin coating,

as depicted in Figure 2.19.
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Figure 2.17 Linear plots of J -V characteristics of devices with structure DSC-
ITO (unmodified or (IrCp*Cp)2-modified)/P(NDI20D-T2) (300 + 10 nm)/MoOx (10
nm)/Ag (150 nm). ITO acts as the electron-injecting electrode in forward bias.

50



= =Non mod ITO device 1
= «=Non mod ITO device 2
7= = PEIE mod ITO device 1 .
= = PEIE mod ITO device 2 .
1= = PEIE mod ITO device 3 i
e | mod ITO device 1 '
= |r mod ITO device 2 ',
e |r mod ITO device 3 .
==« Ru meod ITO device 1 ‘
1=« Rumod ITO device 2 °
== « Rumod ITO device 3 “ .

n
o
-

104

Current density (mA cm®)

) 1 0 1 2
Voltage (V)

Figure 2.18 Linear plots of J — V characteristics of devices with structure DSC-
ITO (unmodified or modified)/P(NDI120D-T2) (300 £ 10 nm)/MoOx (10 nm)/Ag (150
nm). ITO acts as the electron-injecting electrode in forward bias.

_______

Figure 2.19 Graphical depiction of the electron transfer between the negatively
charged surface of modified ITO and the solution-processed polymer P(NDI20OD-
T2), with subsequent loss of monomer cations (RuCp*mes)* or (IrCpCp*)* and of
reduced polymer chains during spin coating. As a consequence, the surface of ITO is
not as negatively charged as before spin-coating.
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2.4 Phosphonic Acids to Prevent Dopant Washing During Solution Processing of

Organic Semiconductors

Diodes with P(NDI20OD-T2) as the ETM indicated that PEIE-modified indium tin
oxide works as a better electron-injecting electrode, showing current densities four orders
of magnitude higher than dimer-modified ITO in forward bias (V = 2V). To further
investigate how compatible the electrode surface treatment using dimers is with respect to
solution processing of organic semiconductors, the metal oxide surface could be coated
with phosphonic acids bearing a stable cation, such as an alkyl quaternary ammonium ion,
counterbalanced by an anion. Trimethyl-(4-(phosphonomethyl)-phenylammonium iodide
(TMPMPALI) was synthesized by the author, fully characterized and solution processed on
ITO of varying degrees of roughness and on fluorinated tin oxide (FTO). Condensation
and formation of monolayers of the phosphonic acid on the metal oxide surface were
promoted by vacuum annealing for two hours at 140 °C. The metal oxide surface was then
treated with (RhCp*Cp)2. which has a similar reducing strength to (IrCp*Cp). and
(RuCp*mes)2; it was expected that electron transfer from the dimer to the metal oxide
surface could take place, and that the monomer cation could be washed away with the
iodide from the cationic phosphonic acid during spin-coating. Ultraviolet photoelectron
spectroscopy (UPS) and Kelvin probe (KP) data shows an increase in work function upon
depositing the phosphonic acid on ITO and FTO, as shown in Figure 2.20. UPS and KP
data also shows large WF reductions after treating the phosphonic acid-covered metal
oxides surface with (RhCp*Cp), in agreement with electron transfer from the dimer to
ITO and FTO. However, x-ray photoelectron spectroscopy (XPS) indicate the absence of

iodide on the surface before treatment with (RhCp*Cp).. It is possible that during vacuum-
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annealing TMPMPAI decomposed into methyl iodide and dimethylaminophosphonic acid,
as shown in Figure 2.21. The XPS N1s scans show the presence of two nitrogen species,
one at high binding energy (Eg) which could correspond to a cationic species, and one at

low Eg which could be associated with the neutral phosphonic acid.
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Figure 2.20 Work function modification of ITO and FTO of varying degrees of
roughness using trimethyl-(4-(phosphonomethyl)-phenylammonium iodide and
(RhCp*Cp)a.
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Figure 2.21 XPS N 1s scans of ITO modified with trimethyl-(4-
(phosphonomethyl)-phenylammonium iodide and (RhCp*Cp)2. Possible structure
associated with the species

2.5 Conclusions

Chapter 2 demonstrated that the work function modification (> 1 eV) induced by
treatment of ITO with the organometallic dimers (RuCp*mes), and (IrCp*Cp)2 is
reasonably stable to annealing and solvent-washing with solvents commonly used in device
fabrication, with the exception of chloroform, which tends to contain H.O and HCI as
impurities and even when dry and pure is more reactive with reductants than most solvents.
For example, water could facilitate oxidation of the dimer-modified ITO via photoinduced
electron transfer. The molecular n-dopants can be used to treat the surface of ITO and make
the metal oxide behave as a low-WF electrode in simple diodes. Using these dimers to
modify ITO results in similar electrical effects to using PEIE in diodes containing vacuum-
deposited Ceo as an electron-transporting material. However, when similar diodes are
fabricated by spin-coating an organic semiconductor of similar electron affinity to Ceo, i.€.

P(NDI20D-T2), on top of dimer-modified ITO, the latter does not show similar electrical
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effects to using PEIE. Therefore, it seems reasonable to assume that an electron transfer
could take place from the reduced ITO surface to the solution-processed semiconductor,
which was washed away with monomer cations, resulting in a smaller WF reduction of the
metal oxide and poor-electron injection in diodes with P(NDI20OD-T2). To tackle this issue
a phosphonic acid with a cationic moiety, trimethyl-(4-(phosphonomethyl)-
phenylammonium iodide, was synthesized and fully characterized. However, XPS data
suggests loss of methyl iodide during processing of the compound on metal oxides. Future
investigations could explore the potential of other processing routes of cationic phosphonic
acids (sonication vs. vacuum annealing) and the impact of the phosphonic acid-assisted

dimer-modification on electron injection in P(NDI120D-T2)-containing diodes.

2.6 Experimental

2.6.1 Materials

ITO-coated glass with an average sheet resistance of 15 Q/sq was purchased from
Colorado Concept Coatings LLC, Loveland, CO. A 35-40 wt% solution of PEIE (80%
ethoxylated, Mw = 70 000 g mol™?) in water was purchased from Sigma-Aldrich and was
further diluted with 2-methoxyethanol to a final concentration of 0.4 wt%. (IrCp*Cp). and

(RuCp*mes), were synthesized according to previous reports.%1-%2
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2.6.1.1 Diethyl 4-nitrobenzylphosphonate®

NO,

Triethyl phosphite (46.2 g, 278 mmol) was added to 1-(bromomethyl)-4-
nitrobenzene (20.0 g, 92.6 mmol) in a 250 mL three-necked round-bottomed flask under
inert atmosphere. The mixture was stirred and kept under nitrogen flow for 30 min prior to
heating. The mixture was heated and refluxed at 130 °C (bath temperature) for 8 h. Once
cooled down to room temperature, the crude product was dissolved in ethyl acetate and
purified, first using a silica plug to remove excess triethyl phosphite. HCI (1 M aqueous
solution) was added, and the product was extracted in dichloromethane to remove the
impurity (4-diethylamino benzylphosphonate) and to yield a brown oil (2.83 g, 45%).%

The 'H NMR shifts were consistent with the literature.®®
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2.6.1.2 Diethyl 4-aminobenzylphosphonate®®

NH,
p—O,
o\ \__

)O

Diethyl 4-nitrobenzylphosphonate (2.83 g, 10.4 mmol) was dissolved in excess
ethanol (90 mL, 1600 mmol) at room temperature. To the stirring solution, tin (1) chloride
dihydrate (11.7 g, 51.8 mmol) was added in portions followed by the addition of
concentrated aqueous HCI (3.8 g, 100 mmol). The reaction mixture was heated at reflux
for 2 h, and cooled down to room temperature. The pH of the mixture was adjusted to 8-9
with the addition of NaOH solution (200 mL of a 1 M aqueous solution). The product was
extracted in CH2Cl, from the aqueous solution. The combined organic washings were
combined, washed with water and brine, and dried over sodium sulfate. The solvent was
removed under reduced pressure and the crude was purified by column chromatography in
ethyl acetate to yield a pale orange-pink solid (2.17g, 77%). All glassware was washed
with a KF solution after the reaction was completed to remove organo-tin residues. The *H

NMR shifts were consistent with the literature.®?
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2.6.1.3 Diethyl 4-(dimethylamino)benzylphosphonate®®

Solutions of diethyl 4-aminobenzylphosphonate (1.5 g, 6.2 mmol) and NaBH4 (1.4
g, 37.2 mmol) were prepared in dry THF (24 mL) along with a solution of formaldehyde
(37% in water, 1.9 mL) and 3 M H2SO4 (0.8 mL) in THF (24 mL). Half of the solution
containing diethyl 4-aminobenzylphosphonate/NaBHs was added to the solution of
formaldehyde/ H.SO4/THF. More 3 M H2SO4 solution (0.8 mL) was carefully added to the
reaction mixture, followed by the addition of the other half of amine/NaBH4 solution. The
reaction mixture was stirred for 30 min at room temperature, and was then diluted with
water (10 mL) and 1 M NaOH (20 mL). The aqueous layer was washed with diethyl ether,
and the combined organic layers were washed with brine, dried over sodium sulfate, and
filtered. Volatiles were removed under reduced pressure, and the product was purified by
column chromatography in ethyl acetate to yield a yellow oil (0.94 g, 57%). *H NMR shifts

were consistent with the literature.®
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2.6.1.4 Trimethyl-4-(diethylphosphonomethyl)phenylammonium iodide

|

~)

N
@I@

P/O
o\ \__

) o]

To a solution of diethyl 4-(dimethylamino)benzyl phosphonate (0.3 g, 1.2 mmol)
in nitromethane (6.5 mL), iodomethane (1.1 g, 8.0 mmol) was added. The obtained solution
was stirred at room temperature for 60 h and then volatiles were removed under reduced
pressure. The organic residue was washed with diethyl ether (3 x 10 mL) and then
recrystallized from acetone and ether to give the product as crystals (0.3 g, 68%). *H NMR
(300 MHz, CDCl3): & 7.96 (d, Jun = 9 Hz, 2H), 7.54 (dd, Jn-+ = 9, 3 Hz, 2H), 4.08 (m,
4H), 4.01 (s, 9H), 3.20 (d, Jur = 21 Hz, 2H), 1.30 (t, Jun = 6 Hz, 6H). 3C(*H) NMR
(100.62 MHz, dimethyl sulfoxide-ds): & 145.65, 134.93 (d, Jc.r = 8 Hz), 131.03, 120.26,
61.50 (d, Jc.p = 6 Hz), 56.38, 31.28 (d, Jc.p = 135 Hz), 16.23 (d, Jc.r = 5 Hz). *'P(*H) NMR
(202.51 MHz, D20): & 29.58. Anal. Calcd. for C14H2sNO3PI: C, 40.69; H, 6.10; N, 3.39;

found C, 40.40; H, 6.08; N, 3.33. MS (ESI) m/z 271.2 (C13H22NO3P).
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2.6.1.5 Trimethyl-(4-(phosphonomethyl)-phenylammonium iodide

|
~\ -~
N
@I@

Ho/i\;OH

Trimethyl-4-(diethylphosphonomethyl)phenylammonium iodide (0.2 g, 0.5 mmol)
was added to dry carbon tetrachloride (0.8 g, 5 mmol) under nitrogen in a round-bottomed
flask with external cooling. The mixture was stirred and iodotrimethylsilane (0.2 g, 1.1
mmol) was added dropwise using a glass syringe and steel hypodermic needle to maintain
the temperature between 0-10 °C. The reaction mixture was evaporated under reduced
pressure and the brown organic residue was treated with water (1 mL) to yield a crystalline
solid (0.12 g, 69%). *H NMR (500 MHz, D20): & 7.74 (d, Ju-n = 10 Hz, 2H), 7.51 (d, Jn-+
= 10 Hz, 2H), 3.62 (s, 9H), 3.14 (d, Ju-H = 20 Hz, 2H). —OH resonances not observed.
BC(H) NMR (125.79 MHz, dimethyl sulfoxide-ds): & 146.53, 138.66, 132.83 (d, Jcp =6
Hz), 121.21 (d, Jc-p = 2.5 Hz), 58.47, 36.24 (d, Jc-p = 128 Hz). 3'P(*H) NMR (202.51 MHz,
D20): & 20.90. Anal. Calcd. for C1o0H17NOsP(I)oss(l3)o1s: C, 30.39; H, 4.34; N, 3.54; I,
41.75; found C, 30.03; H, 4.57; N, 3.44, 1, 41.50. MS (ESI) m/z 230.1 (C10H17NOsP*), m/z

126.6 ().
2.6.2 Sample Preparation

ITO substrates were scrubbed and then cleaned in sequential 20 min ultrasonic

baths of detergent water, deionized (DI) water, acetone, and isopropanol at room
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temperature. The substrates were then rinsed with isopropanol and dried off with nitrogen.
The non-modified ITO substrates were then immediately used.

Detergent/solvent-cleaned (DSC) substrates were transferred to a nitrogen-filled
glovebox (<0.1 ppm water and <0.5 ppm oxygen) and were treated with 2 mM solutions
of (IrCp*Cp)2 or (RuCp*mes). in anhydrous and deoxygenated toluene for 1 min. The
substrates were rinsed three times with toluene, dried with a flow of nitrogen, and
immediately transferred under inert atmosphere to the glovebox containing the Kelvin
Probe or to a vacuum thermal evaporation system for device fabrication.

Dimer-modified ITO substrates that were used for studies on the work function
modification stability to solvent washing were transferred under inert atmosphere to a
glovebox housing a spin-coater. 0.5 mL of toluene, chlorobenzene, o-dichlorobenzene, or
chloroform were spin-coated on the modified-ITO samples at a speed of 800 rpm for 30 s
and at an acceleration of 10000 rpm s. Toluene and chlorobenzene were dried via
distillation from calcium hydride and degassed via freeze-pump thawing. o-
Dichlorobenzene and chloroform were obtained from nominally anhydrous bottles stored

in a glove box.

2.6.3 Surface Characterization

Kelvin Probe analysis (Besocke Delta Phi) was performed in inert atmosphere,
using a probe diameter of 3 mm. Highly ordered pyrolytic graphite (HOPG) was cleaved
by using Scotch tape and its work function (4.6 eV) was measured at the beginning of each
set of measurements and after analysing 2 samples. Measuring the work function of HOPG

allows to account for instrumental drift. Four data points were collected for each ITO
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substrate (2.54 cm x 2.54 cm) before and after modification, and average values and

standard deviations were calculated.

2.6.4 Diode Fabrication

The ITO substrates were partially covered with Kapton tape and etched by exposure
to a solution of aqua regia (3:1 concentrated hydrochloric acid/concentrated nitric acid) for
10 min at 80 °C. ITO on glass was cut into 2.54 cm x 2.54 cm substrates, which were
subjected to sequential ultrasonic cleaning in detergent water, DI water, acetone, and
isopropanol. Each ultrasonic bath lasted for 20 min at 45 °C. The PEIE solution (0.4 wt%)
was spin-coated on top of the ITO substrates at a speed of 5000 rpm for 60 s and an
acceleration of 1000 rpm s; the spin-coated samples then were annealed at 100 °C for 10
min in air (the effective thickness of these PEIE layers has previously been found to be ca.
10 nm using spectroscopic ellipsometry).®® Dimer modifications were carried out in the
glovebox as described in section 2.6.1.2 and transferred to a vacuum thermal evaporation
system (SPECTROS, K. J. Lesker). Ceo (100-200 nm), MoOx (10 nm), and Ag (150 nm)
were deposited sequentially through a shadow mask at a base pressure of 2 x 10~ Torr on
the unmodified, PEIE modified, or dimer-modified 1TO substrates. In lieu of Ceo, an
electron-transporting polymer P(NDI20D-T2) (Mw = 740 kg mol-1, PDI = 4.3) was spin-
coated on top of modified or unmodified ITO from a 20 mg/mL solution in anhydrous and
oxygen-free toluene for 60 s, at a speed of 500 rpm and at an acceleration of 500 rpm/s.
After annealing at 125 °C for 10 min, a 300 + 10 nm thick polymer layer was obtained and
covered with thermally evaporated MoOyx (10 nm) and Ag (150 nm), similarly to Ceo-

containing devices. The effective area of the diodes was 11.2 mm?. Current density-voltage
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(J — V) curves were measured in a nitrogen-filled glovebox by using a source meter (2400

SourceMeter, Keithley Instruments Cleveland, OH) controlled by a LabVIEW program.
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CHAPTER 3. MODIFICATION OF THE FLUORINATED TIN
OXIDE/ELECTRON/TRANSPORTING MATERIAL INTERFACE

IN PEROVSKITE SOLAR CELLS

3.1 Introduction

Perovskite solar cells (PSCs) are a promising photovoltaic technology, since the band
gap of the light-absorbing perovskite can be easily modified by changing its composition,®:
997 and since solar cells efficiently converting absorbed light into electricity can be
obtained through a variety of fabrication routes,!*® at potentially low manufacturing
costs.® The most efficient solar cells to date are fabricated in the n-i-p configuration, where
the insoluble electron-transporting material (ETM) or n-layer, mesoporous titanium
dioxide (m-TiOy), is deposited on top of the transparent conductive oxide, fluorinated tin
oxide (FTO), which lets sunlight shine towards the perovskite, processed on top of the
ETM.%® However, m-TiO, is unstable to UV-light exposure. and devices built on
mesoporous titanium dioxide tend to show hysteretic behavior.1® Moreover, deposition of
m-TiO- requires calcination temperatures up to 500 °C, which are not compatible with
flexible substrates and fabrication of tandem solar cells.°*1% Replacing m-TiO, with
fullerene derivatives, solution-processed at T< 120 °C or vacuum-deposited,%41% |eads to
solar cells that are more stable to long-term illumination and exhibit a less pronounced
hysteretic behavior. This can be attributed to efficient electron extraction from the
perovskite to the fullerene layer.

Fullerene-based molecules do not induce a large density of defects at the

perovskite/ETM interface, which would otherwise cause charge recombination.8: 106-108
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These findings further encouraged the investigation of other ETMs for PSCs based on
reasonably conductive organic semiconductors with acceptable absorption for good
transparency, and suitable energy levels for efficient electron extraction and cathode
optimization.!%®*11 Among organic semiconductors perylene diimides (PDIs) and their
derivatives are compounds of interest given their similar electron affinities to fullerenes,
their processability through a variety of fabrication methods, and their mobilities, which
are often of 10 cm? V! st or more.!*? By tuning the molecular structure of PDIs, it is
possible to obtain inexpensive materials that are insoluble and sufficiently resistant to
thermal stresses to be employed as pigments in car paint.1*314 PDIs were used in
perovskite solar cells as hole-blocking layers in conjunction with fullerenes,**>17 as
passivation layers on the surface of TiO2,'!8 and as solution-processed ETMs,® reaching
power conversion efficiencies (PCESs) as high as 17.7%.%° At the time of writing, n-i-p
PSCs with vacuum-deposited perylene-based electron-transporting materials still lag
behind in device performance (7.9%)%' compared to their solution-processed
equivalents.*?°

A potential strategy to obtain highly efficient PSCs fabricated on vacuum-deposited
ETM is to improve charge collection, which depends on the electronic energy-level
alignment at the interface between the electrode and the organic semiconductor once they
are in contact. If the Fermi level (Er) at the FTO/ETM interface does not end up being
close to the lowest unoccupied molecular orbital (LUMO) of the ETM, substantial
recombination could take place, given the large hole and electron densities close to the
electrode. Therefore, the energy offset between the electron affinity (EA) of Ceo or PDIs

(3.9 - 4.0 eV)® and the work function (WF) of the FTO (4.6 eV) is potentially detrimental
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to charge collection. To adjust energy alignment at the electrode interface/organic layer it
IS possible to pin the Er of the electrode to the LUMO of the organic ETM by introducing
interlayers, thus minimizing losses due to inadequate electron collection.®® Depending on
the interlayer, the molecules of ETM near the interface can be n-doped through an electron
transfer, from the electrode or from the interlayer itself, to the ETM. Such interlayers can
be introduced by treating the electrode with a strong reductant that creates a dipole by
electron transfer to the electrode.5:%2 As shown in chapter 2, dimers of nineteen-electron
organometallic sandwich compounds are one class of reductants that have been used in this
context, leading to a reduction of the WF of metals and metal oxides by more than 1 eV.4%
122 These organometallic dimers are also molecular n-dopants for organic semiconductors
with EAs as low as 2.8 — 3.0 eV. 3 In both cases, these sandwich compounds can be
processed from both solution and vacuum, and are moderately air-stable.

In this chapter a vacuum-deposited essentially insoluble PDI derivative, perylene-
3,4:9,10-tetracarboxylic bis(benzimidazole) (PTCBI, Figure 3.1) — the condensation
product of o-phenylene diamine and perylene-3,4:9,10-tetracarboxylic dianhydride — is
compared to Ceo (Figure 3.1) as an ETM in n-i-p perovskite solar cells. Moreover, this
chapter explores the wuse of one of the above mentioned dimers -
pentamethylcyclopentadienyl cyclopentadienyl rhodium dimer (RhCp*Cp)2 (12, Figure
3.1) — as an interlayer between FTO and PTCBI to minimize electron-collection losses at
the electron-selective contact. Ceo Was adopted as a reference ETM, and changes in the
electronic alignment (e.g., electrode WF and EA of organic semiconductor) were correlated
with device performance characteristics. The results of this work have recently been

published in Molecular Systems Design and Engineering, 2018, 3, 741-747.'2 The
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ultraviolet photoelectron and photoemission spectroscopy data were collected and
analyzed in collaboration with Berthold Wegner from the Humboldt University of Berlin,

Germany.

1, 1 o Cio PTCBI

Figure 3.1 Molecular structures of the neutral dimeric dopant (12), neutral
monomer (1), cationic monomer (1*), and of the ETMs Cso and PTCBI.

3.2 Surface Modification of FTO using Vacuum-Deposited (RhCp*Cp)2

Layers of 1, of increasing thickness were vacuum-deposited on FTO, leading to a
reduction of the metal oxide WF from 4.6 eV after piranha-cleaning to 3.3 eV when 10 nm
of 1, are deposited, as shown by ultraviolet photoelectron spectroscopy (UPS) in Figure
3.2 (a). Upon modification of FTO with 1, the secondary electron cut-off (SECO) of FTO
shifts by up to 1.2 eV and the Er position moves away from the valence band onset of the
electrode by up to 0.4 eV. These observations suggest that the WF reduction is associated
with the formation of an interface dipole at the FTO surface, and with electron transfer
from the dopant to the electrode as seen for dimer-modified ITO in chapter 2.12? The shift
in the valence band onset (VBonset) relative to the Fermi level suggests that to a certain
extent band bending is taking place. The x-ray photoelectron spectroscopy (XPS) spectra

of dimer-modified FTO (Figure 3.2 and Figure 3.3) are consistent with this, showing a
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Rh'"" 3d species at 312.1 — 312.2 eV, which corresponds to the monomer cations 1* formed
when electrons are donated to the FTO (see further discussion of XPS core shifts in section
3.4.1).122 However, XPS reveals most of Rh 3d signal is associated with a Rh' species at
310.8 — 310.9 eV, which corresponds to unreacted dimer 1,. The ratio between Rh'"" and

Rh' species increases slightly as more dopant is deposited on FTO, as shown in Table 3.2

FTO + 10 nm (RhCp*Cp),

- ';' Rh 3d | 3d5/2 Rh!
S5, =2 1
5 >
a =
g o= z
S [334ev VB, = 3826V 3
= E
a FTO +100m (RRCP'Cp),| =
g D= ﬁ
S |359ev VB,,..=379eV =
FTO + 1nm (RhCp*Cp), g
z
0=
457V onet = 345 €V
FTO
2 34 99 876 5 4 82 10 318 316 314 312 310 308
B [eV] E; wrt B [eV] Binding energy [eV]

Figure 3.2 UPS spectra of piranha-cleaned FTO and FTO modified with layers
of (RhCp*Cp):2 (Exin = kinetic energy; Es = binding energy with respect to the Fermi
level, EF) (left). (b) XPS spectrum of FTO modified with a 10 nm-thick layer of
(RhCp*Cp):2 (right).
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Figure 3.3 XPS spectrum of modified FTO with a 1 nm-thick layer of
(RhCp*Cp)a.

Table 3.1 XPS positions and peak ratios for (RhCp*Cp)2-covered piranha-
cleaned FTO. All values are in eV (except ratios). The position of the Rh'"! 3d peaks
was fixed to be at a distance of 1.3 eV from Rh' 3d peaks to allow consistent
fitting.122 @XPS core shifts are discussed at length in section 3.4.1. °FTO modified by
dipping for 10 min in a 2 mM solution of (RhCp*Cp): in toluene, followed by three
rinsing cycles with pure toluene.

XPS positions? Sn3ds, O1s Ci1s Rh'3dsz Rh!"3dsp

FTO 487.22  531.33 285.62 - --
FTO + 1 nm (RhCp*Cp)2 487.27  531.32 286.17 310.91 312.21

FTO + 10 nm (RhCp*Cp),  487.29  531.33 286.23  310.82 312.12
FTO + 10 min dipped
(RhCp*Cp),° 487.23 - 286.23  309.72 311.02
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Table 3.2 XPS peak ratios for (RhCp*Cp)2-covered piranha-cleaned FTO. All
values are in eV (except ratios). PFTO modified by dipping for 10 min in a 2 mM
solution of (RhCp*Cp):2 in toluene, followed by three rinsing cycles with pure
toluene.

XPS ratios Rh'"/Rh!  Rh/Sn

FTO - -
FTO+1nm(RhCp*Cp). 013  0.016

FTO + 10 nm (RhCp*Cp)2 0.14 0.035
FTO + 10 min dipped
(RhCp*Cp),° 8.33 0.057

3.3 Electronic Alignment at the FTO/ETM Interface

To understand how (RhCp*Cp). affects the energetic alignment at the FTO/ETM
interface, vacuum-processible electron-transporting materials (ETMs) were used to avoid
loss of soluble dimer molecules and/or ions from the substrate during deposition, as
discussed in sections 2.3.2 and 2.4. Ceo and PTCBI were evaporated onto piranha-cleaned
FTO and onto 12-covered FTO. UPS shows that upon deposition of the ETMs on the metal
oxide surface the WF decreases from 4.6 eV to 4.4 eV for Ceo/FTO and to 4.3 eV for
PTCBI/FTO, which is attributed to the push-back effect.?® 124125 \When FTO is modified
with (RhCp*Cp)2, the WF of the ETM-covered FTO shifts closer to the LUMO of the ETM

(3.9 - 4.0 eV)® as shown in Figure 3.4 and in Figure 3.5.
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Figure 3.4 UPS spectra of FTO/Ceo, FTO/10 nm (RhCp*Cp)2/Cs0 and FTO/5%
doped Ceo (Exin = Kinetic energy, Es = binding energy with respect to the Fermi level,
Er). The insets offer enlarged view of the UPS spectra at low binding energies, close
to the Er. The doping concentration of 5% is given as a molar percentage calculated
from the evaporation rates.

Table 3.3 XPS binding energies for Ceo, bilayers of (RhCp*Cp)2 and Ceo, and
coevaporated Ceo and dopant. 2XPS core shifts are discussed at length in section
3.4.1.

XPS positions? Sn 3ds2 Cls Rh'3ds, Rh"3dse

6 nm Ceo 487.30 285.22 -- -

1 nm (RhCp*Cp)2 + 5 nm Ceo 487.21 285.41  310.52 -
10 nm (RhCp*Cp)2 + 5 nm Ceo 487.21 285.28  310.36 311.66
5% doped Ceo -- 285.38  309.26 310.56
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Table 3.4 XPS peak ratios for Ceo, bilayers of (RhCp*Cp)2 and Ceo, and
coevaporated Ceo and dopant. The Rh/C ratio of 0.003 for the coevaporated ETM
and dopant was used to calculate the actual doping concentration of 10%.

XPS peak ratios Rh"/Rh!  Rh/Sn

6 nm Ceo -- --
1 nm (RhCp*Cp)2 + 5 nm Ceo - 0.004
10 nm (RhCp*Cp)2 + 5 nm Ceo 0.02 0.002
5% doped Ceo 21.8 0.003

Intensity [arb.u.]

B nm PTCBI
354045508 7 6 &5 4 3 2 1 0
E, [eV] E_wrtE, [eV]

Figure 3.5 UPS spectra of FTO/PTCBI, FTO/10 nm (RhCp*Cp)2/PTCBI and
FTO/5% doped PTCBI (Exin = kinetic energy, Eg = binding energy with respect to
the Fermi level, Eg). The insets offer enlarged view of the UPS spectra at low
binding energies, close to the Er. The doping concentration of 5% is given as a
molar percentage calculated from the evaporation rates.
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Table 3.5 XPS binding energies for PTCBI, bilayers of (RhCp*Cp)2 and
PTCBI, and coevaporated PTCBI and dopant. @XPS core shifts are discussed at

length in section 3.4.1.

XPS positions? Sn3ds;, C1s N1s Rh'3dsz Rh"3dse
5nm PTCBI 487.14  285.23 398.90 -- --
1nm (RhCp*Cp)2+ 5 nm
PTCBI 487.12 285.30 398.98  310.57 311.87
10 nm (RhCp*Cp)2+ 5 nm
PTCBI 487.16  285.29 398.96 310.58 311.88
5% doped PTCBI -- 285.30 398.98 309.32 310.62

Table 3.6 XPS peak ratios for PTCBI, bilayers of (RhCp*Cp)2 and PTCBI,
and coevaporated PTCBI and dopant. The Rh/N ratio of 0.04 for the coevaporated
ETM and dopant was used to calculate the actual doping concentration of 8%o.

XPS ratios Rh'"/Rh!  Rh/Sn
5nm PTCBI -- --
1nm (RhCp*Cp)2+ 5 nm
PTCBI 0.10 0.03
10 nm (RhCp*Cp)2+ 5 nm
PTCBI 0.04 0.02
5% doped PTCBI 40.6 0.04

The electron affinity of PTCBI (EA = Evac — Ecs, Where Evac is the vacuum level) was

measured by inverse photoemission spectroscopy (IPES) to be 4.0 eV, Figure 3.6, which

is similar to that of Ce0.8” UPS was performed prior carrying out IPES measurement. The

resolution of the IPES setup is 1.3 eV and was determined from the broadening of the Fermi

level of a gold reference. To account for this low resolution, the onset of the LUMO level

measured by IPES was corrected by 700 meV assuming the full width at half maximum

(FWHM) of the LUMO to be the same as the one of the HOMO, which was measured by

UPS (600 meV). The correction was performed according to a previously described

method.'?® These changes in WF suggest introducing the interlayer 1> between the
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electrode and the ETM leads to Fermi level pinning of FTO to the LUMO of the ETM.
Note that energy-level bending can occur when the metal oxide/ETM interface is strongly
Fermi level pinned; in other words the WF of modified FTO/ETM will not exactly align at
4.0 eV, as can be observed in Figure 3.7.127 In the latter, the WF of FTO/1 nm
(RhCp*Cp)2/5 nm Ceo is lower than that of FTO/10 nm (RhCp*Cp)2/6 nm Cgo, but higher
than 4.0 eV, in agreement with the model proposed by Oehzelt et al.*?” Note the different
thickness of Ceo for these specific samples. Similarly, depositing a thicker amount of 12
between FTO and PTCBI causes the WF of the FTO/ETM to align close but not at the

LUMO of PTCBI, Figure 3.8.
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Figure 3.6 Electronic structure of triple-sublimed PTCBI, obtained via UPS
(blue curve) and IPES (red curve). The optical band gap was measured to be 1.7 eV;
the ionization energy (5.87 eV) is similar to values reported in the literature (6.2
ev).128
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Figure 3.7 UPS spectra of FTO/Cso and (RhCp*Cp)2 modified-FTO/Ceo with
varying thickness of the (RhCp*Cp)2 interlayer.
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Figure 3.8 UPS spectra of FTO/PTCBI and (RhCp*Cp)2 modified-
FTO/PTCBI with varying thickness of the (RhCp*Cp):2 interlayer.

3.4 Interfacial Doping of the ETM

Given the high electron affinities of Ceo and PTCBI and the effective doping strength
of 12 (ca. -2.0 V vs. FeCp2*°, from which an effective ionization energy of ca. 2.8 eV can
be estimated),® it can be expected that upon deposition of these organic semiconductors

on the 12-covered electrode surface, the molecules near the interface will be n-doped by
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unreacted 12 through an electron transfer. Additionally, since the WF of the modified FTO
is lower than the EA of both ETMs, substrate-to-overlayer charge transfer may occur to

establish a common electro-chemical potential.*293

To show that 12 does indeed n-dope these ETMs, 12 was coevaporated with PTCBI
and Ceo (Figure 3.4 and Figure 3.5). Compared to modified FTO/ETM samples,
coevaporation of (RhCp*Cp). with the ETM leads to a further reduction of the WF to 3.9
eV and to broadening of the valence band features of both Ceo and PTCBI, which are typical
signatures of doping.®*1%2 XPS spectra confirm that the Rh 3d signal is mostly due to Rh"!
species (reacted monomer cations, 1*, see section 3.4.1) when (RhCp*Cp.) is coevaporated
with the ETM, and with Rh' species (unreacted dimer 12) when the ETM is deposited on

12-modified FTO, as show in Figure 3.9.
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Figure 3.9 XPS Rh 3d scans of FTO/1-10 nm (RhCp*Cp)/ETM and
FTO/ETM coevaporated with (RhCp*Cp)a.

UV-vis-NIR spectroscopy on 12 coevaporated with Ceo shows the presence of an
absorption peak at 1065 nm (1.16 eV), which is attributable to Ceo™ (Figure 3.10, Figure
3.11 and Figure 3.12).1%® A similar peak (at ca. 1120 nm, 1.11 eV) is observed when 12 is
coevaporated with PTCBI, suggesting doping of the perylene derivative. In contrast, the
NIR absorption peak is barely observed in the (RhCp*Cp).-treated FTO/ETM samples,
although it becomes more pronounced after sequentially heating the same bilayer at 100,
150, 185 and 200 °C (at least 60 min at each temperature). The absorption in the NIR
increases with annealing to final absorbance values that are comparable to those obtained

with a nominal doping concentration of 0.6% in the case of Ceo and 1% for PTCBI,
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calculated assuming that the dopant molecules are homogeneously dispersed throughout
the ETMs. This increase suggests that annealing promotes the reaction of 12 with the

ETMs, perhaps allowing limited diffusion of the bulky 1* into the ETMs.
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3 i 3 P
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§ ~— "“ — annealed 100°C § \\ \\A/\
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Figure 3.10 Smoothed NIR absorption spectra for pure ETM, 12>-modified
FTO/ETM annealed at increasing temperatures and 12 coevaporated with ETM.
The doping concentration for coevaporated ETMs is calculated from the absorption
peak at 1065 nm to be 15% for Ceo (left) and 17% for PTCBI (right).
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Figure 3.11 UV-vis-NIR absorption spectra for pure ETM, (RhCp*Cp):
modified-FTO/ETM annealed at increasing temperatures, and (RhCp*Cp)2
coevaporated with ETM with a doping concentration of around 10%; ETM = Ceo
(left), PTCBI (right).
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Figure 3.12 Raw NIR absorption spectra for pure ETM, 12-modified
FTO/ETM annealed at increasing temperatures, and 12 coevaporated with ETM.
The ETMs used were Ceo (left) and PTCBI (right). The doping concentrations for
coevaporated ETMs are calculated from the deposition rates to be 13% for Cso and
17% for PTCBI.
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Figure 3.13 Absorption of the reference box used to perform UV-vis-NIR
absorption spectroscopy on samples containing (RhCp*Cp)2. Since there are no
absorption features of the reference box in the range of 1.04 eV to 1.44 eV, features
in this range can be assigned to sub-bandgap features of the samples. Abrupt signal
changes at 1.04 eV and 1.44 eV are artifacts of the spectrometer due to detector and
grating changes.

3.4.1 Discussion of the XPS Rh 3d Peak Assignment

The Rh 3d ionization is split into 3ds;2 and 3ds2 peaks by spin-orbit coupling; the
following discussion and the binding energy (Eg) reported in Table 3.1 — Table 3.6 are
focused on the Rh 3ds;2 component but the trends apply equally to the Rh 3dsz. In both the
present study and previous work, two chemically distinct species are often present in
(RhCp*Cp)2-containing samples, differing in Rh 3ds;2 (and 3ds) Es by ca. 1.3 eV.%% 122
These are assigned to the unreacted neutral dimer, (RhCp*Cp)2, and the monomer cation,
RhCp*Cp*, that is known to be formed on oxidation of the dimer,3* with the lower Eg signal
being assigned to the former, which is formally Rh', and the higher Eg signal to the latter,

which is formally Rh""'. However, since this difference in Eg is relatively small (although

80



the formal oxidation states are 1+ and 3+, there is considerable covalency and charge
delocalization onto the ligands in these species), differences in the immediate environment
of the Rh species can have comparable effects on the Eg to the oxidation state; this has

been seen in previous studies® 122 and the present work.

Table 3.1 and Table 3.2 compare data for a dimer solution deposited on FTO,
followed by washing with toluene to remove most of the unreacted (RhCp*Cp)2, which
leaves primarily Rh'"" cations (originated from dopants that have transferred electrons to
the oxide) covering most of the FTO surface, with data for thick evaporated layers of the
dimer, where only a small fraction is expected to be oxidized to the cation. This illustrates
that the Egs depend on the details of the environment with both high- and low- Eg
components, assigned to Rh'"" and Rh' respectively, being seen at lower Eg in the thin film.
Table 3.3 — Table 3.6 indicate that similar Rh' and Rh'"" Eg for thick evaporated films in
the presence of ETM overlayers can be measured as the uncovered thick layers in Table
3.1. On the other hand, for coevaporated dimer:ETM films, where owing to the high EA of
the ETMs (>> 3 eV) most of the dimer is expected to be converted to Rh'' monomer
cations, the Eg for both Rh' and Rh'"" components are similar to, but a little lower than the
corresponding values for the monolayer films on FTO, and considerable lower than those
for the thick films. The differences in Eg for the two components between samples
presumably arise from the large differences in chemical environments: in the monolayers
on FTO the dopant molecules and ions are all in close proximity to the negatively charged
oxide film, in coevaporated films the dopant species will likely be in close proximity to
both neutral and negatively charged ETM molecules, and in the thick-film structures (both

with and without ETM overlayers), most dopant species will be surrounded by neutral

81



dopant molecules. Monolayers of mostly RhCp*Cp* on FTO will be further discussed in

chapter 4.

3.5 PTCBI as ETM in Perovskite Solar Cells and the Impact of FTO Surface

Treatment with (RhCp*Cp):

Perovskite solar cells with n-i-p architecture were fabricated to assess the ability of
PTCBI to act as an ETM for PSCs, and to assess the electrical consequence of introducing
an interlayer between the electrode and the two ETMs. The architecture of the solar cells
consisted of FTO (bare or modified with 10 nm of 12)JETM (Ceo oOr
PTCBI)/CH3sNHsPbls/spiro-OMeTAD/Ag. The average device performance parameters
and stabilized power output (SPO) are shown in Table 3.7 while the current density —
voltage (J — V) curves of the best-performing solar cells with evaporated CH3NH3sPblz are
shown in Figure 3.14 for Ceo as ETM and in Figure 3.15 for PTCBI as ETM. SPO is defined
as the power conversion efficiency (PCE) of devices held at their J — V determined

maximum power point.

Table 3.7 Device performance parameters averaged over five solar cells with
evaporated CHsNHsPDbls.

ETM Je (MACM?) Vo (MV)  FF(%) PCE (%)  SPO (%)

Cso 17.1+0.3 988+6  55+1 9.3+03 95+0.4
(RhCp*Cp)2/Ceo  17.5+0.2 994+5  59+1 10.1+03 10.0+0.3
PTCBI 17.4+0.8 928+21 54+1 8.6+07 6.8+08

(RhCp*Cp)2/PTCBI  19.9+0.2 935+7 56+1 104+01 9.2+0.1
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Figure 3.14 Current density — voltage characteristics for the best-performing
solar cells fabricated using Ceo as ETM before and after deposition of (RhCp*Cp)2
on FTO.
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Figure 3.15 Current density — voltage characteristics for the best-performing
solar cells fabricated using PTCBI as ETM before and after deposition of
(RhCp*Cp)20on FTO.

Interlayer-free solar cells fabricated using PTCBI as ETM exhibit similar short-
circuit current (Js¢) and fill factor (FF), but lower open-circuit voltage (Voc) and SPO,

compared to devices fabricated with Ceo. However, the deposition of the (RhCp*Cp):
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interlayer greatly improves the SPO of devices with PTCBI as ETM from an average of
6.8% to 9.2%. Their J — V determined PCE also increases from an average of 8.6% to
10.4%. The increase in PCE is a result of both higher Jsc and FF, which suggests an
improvement in the charge collection upon introduction of (RhCp*Cp). at the FTO/ETM
contact. Improvements in PCE and FF are also observed for Ceo-based solar cells after the
electrode/ETM interface is modified using 12. However, changes in SPO are negligible
upon interface modification in Ceo devices. Solar cells fabricated with solution processed
CHsNHsPblz were also fabricated. The perovskite layer was processed from a

methylamine/acetonitrile precursor solution,*** as described in section 3.7.3.
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Figure 3.16 Current density — voltage characteristics for the best-performing
solar cells fabricated using Ceo and PTCBI as ETMs (left), and with PTCBI
deposited on (RhCp*Cp)2-modified FTO (right).

Figure 3.16 shows the current density — voltage (J — V) curves for the champion
devices with solution-processed CH3NH3zPDbls. FB stands for forward bias, and SC stands
for short-circuit. Figure 3.17 shows the UV-vis spectra of PTCBI films on glass before and
after sequential spin-coating of acetonitrile and dimethylformamide. Both Ceo*** and

PTCBI are insoluble in methylamine/acetonitrile preventing the formation of pinholes in
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the ETM during active-layer deposition. The perovskite absorber processed from solution
was annealed for 60 min at 100 °C to ensure its full crystallization. Moreover, annealing
promotes more extensive interfacial doping of the ETM in the case of (RhCp*Cp).-
modified FTO, as shown by the absorption spectra in Figure 3.10 (similar to that seen for
other n-doped PDI ETMs).'*® Table 3.8 displays the device performance parameters of
best-performing solar cells fabricated with solution-processed perovskite. With optimized
processing conditions stabilized efficiencies up to 12.7% can be obtained using PTCBI as
ETM, and up to 14.2% when the FTO/PTCBI interface is modified with 12. The fill factor
increases more dramatically (from 61% to 67%) with interface modification, when the
ETM is doped and brought into ohmic contact with the FTO electrode,®* than in the
devices with vacuum-deposited CH3NH3Pblz (Table 3.7); the larger enhancement in FF
may be associated with the increased level of interfacial doping of the ETM (Figure 3.10)
associated with the thermal annealing step used in these devices. However, Jsc is somewhat

decreased with the 12 interlayer.
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Figure 3.17 UV-vis spectra of 15-nm thick PTCBI films on glass before and
after sequential spin-coating of acetonitrile and dimethylformamide.

Table 3.8 Device performance parameters of best-performing solar cells with
solution-processed CH3NHsPbls.

ETM Je(MACmM?) Voo (V) FF(%) PCE (%) SPO (%)
Ceo 22.3 1.07 68 15.7 16
PTCBI 22.2 1.04 61 13.7 12.7
10 nm (RhCp*Cp)2/PTCBI 20.1 1.07 67 14.6 14.2

3.6 Conclusions

The work in this chapter demonstrated that the organometallic dimer (RhCp*Cp)2
can be successfully used to modify the FTO electrode/ETM interface in PSCs, by pinning
the Er of the electrode to the LUMO of the ETM and n-doping the molecules of organic
semiconductor in proximity of the interface. Vacuum-deposition of (RhCp*Cp). leads to a
decrease in the WF of the FTO by more than 1 eV, since the dopant readily transfers

electrons to the electrode and forms monomer cations on the metal oxide surface. However,

86



multilayers of unreacted dopant are present, some of which can react with nearby ETM
molecules and moderately diffuse after sequential hour-long heating cycles at above 100
°C. This is the first time that the perylene derivative PTCBI is employed as an ETM in a
PSC. n-i-p PSCs fabricated using this organic semiconductor on (RhCp*Cp).-modified
FTO lead to some of the highest power conversion efficiencies reported for PSCs with
vacuum-deposited ETMs (up to 14.2%). However, solar cells fabricated using Ceo under
comparable conditions still outperform those fabricated on PTCBI (16% vs. 12.7%).
Nonetheless, the results are consistent with other recent studies**®*?! in indicating that PDI-
type molecules are promising ETMs for PSCs. Specifically, here we show that a vacuum-
processible and essentially insoluble derivative can be useful in n-i-p devices; future

investigations could explore the potential of other derivatives with these properties.

3.7 Experimental

3.7.1 Materials Synthesis and Purification

PTCBI was purchased from Sigma-Aldrich and it was purified in three cycles via
thermal gradient sublimation prior to loading the material into the high-vacuum deposition
system.?*® Triple-sublimed Cgo (purity > 99.9%, HPLC) was purchased from CreaPhys

GmbH. (RhCp*Cp). was synthesized according to methods reported in the literature.3* 37

3.7.2 Photoelectron Spectroscopy

The UPS, XPS and IPES spectra were recorded in a lab system consisting of an
analysis chamber, with a base pressure of 10”° mbar, connected to a load-lock chamber,

with a base pressure of 5 x 10 mbar. UPS was performed using a helium-gas-discharge
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lamp (21.218 eV) with low photon flux (attenuated by an aluminium filter) in order to
avoid radiation damage of the samples. The secondary electron cut-off (SECO) spectra
were measured with a bias of -10 V applied to the sample to clear the analyser work
function. The excitation source for XPS measurements was non-monochromated Al Ko
(1486.7 eV). An Omicron EA125 hemispherical energy analyser was used to collect the
spectra in normal emission geometry (energy resolutions for UPS and XPS measurements,
determined from the Au Fermi edge and the Au 4f7, peak, were 180 meV and 1.2 eV,
respectively). The error of XPS binding energies retrieved from curve fitting is estimated
to be smaller than 50 meV, as obtained from procedures where binding energies were
purposely offset. IPES measurements (incident electron energy range: 5-15 eV, NaCl-
coated photocathode, SrF.-window) were performed in the isochromat mode. All UPS,

XPS and IPES spectra were recorded at room temperature.

3.7.3 Solar Cell Fabrication

Fluorinated tin oxide (FTO) coated glass sheets (Hartford Glass, 15 Q ot) were
etched using a 2 M HCI solution and zinc powder. After initial washing with Hellmanex™
Il detergent, substrates were immersed for 90 min in a H2SO4:H20, 3:1 (v/v) piranha
solution. The FTO substrates were rinsed with deionized water, and dried with compressed
dry air. The substrates were deposited on a mask and loaded on a vacuum deposition
chamber, where (RhCp*Cp)2, Cso or PTCBI were sequentially deposited at 10 mbar at a
rate of 0.1 A s*. The samples were transferred to a different vacuum chamber for the
coevaporation of Pbl, and CHsNHsl at 107° mbar. Alternatively, a CHsNH3Pbls solution
was prepared by bubbling dry methylamine gas into a black dispersion of perovskite

precursors (1.00 CH3NHzsl:1.06 Pbly) in acetonitrile at a concentration of 0.5 M, until the
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dispersion turned into a clear, light yellow solution as described in the literature.’** The
resulting CH3NH3PDbls solution in acetonitrile/methylamine was spin-coated onto the
substrate at 2000 rpm for 45 s in a nitrogen-filled glovebox. The dense perovskite layers
obtained from spin-coating were annealed at 100 °C for 60 min. After the substrates were
cooled down to room temperature, the hole-transporting material 2,2’,7,7'-tetrakis(N, N'-di-
p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) was deposited from
chlorobenzene with additives at a concentration of 30 mM for lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) and of 80 mM for tert-butylpyridine (tBP)
via spin-coating at 2000 rpm for 45 s. 110 nm thick silver electrodes were thermally
evaporated at 1 x 107® mbar through a shadow mask to create solar cells with a total active

area of 0.0919 cm?, as defined by the overlap between FTO and silver.

3.7.4 Current Density-Voltage Characterization

The current density—voltage (J-V) curves were measured (2400 Series
SourceMeter, Keithley Instruments) in ambient conditions under simulated AM1.5
sunlight at (100 mW cm™2) irradiance generated by an Abet Class AAB sun 2000 simulator,
with the intensity calibrated with an NREL calibrated KG5 filtered Si reference cell. The
mismatch factor was calculated to be less than 1%. The solar cells were masked with a
metal aperture to expose a 0.0919 cm? active area for testing of both the current—voltage
characteristics and stabilized power conversion efficiency (ywee). The devices were
prebiased at 1.4 V for 5 s before initiating the reverse and forward scans. The scan rate was
0.38 V s1. Immediately after the J-V measurements, the nwep Was measured without

prebiasing. The devices were kept at the voltage defined at maximum power point, which
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was determined from the J-V scans, for 50 s to measure the stabilized power conversion

efficiency and current density.

3.7.5 UV-vis-NIR Absorption Spectroscopy

Absorbance spectra were measured with a Lambda 950 UV-vis-NIR
spectrophotometer (PerkinElmer) in a controlled nitrogen atmosphere. The samples were
prepared by depositing the respective materials onto solvent-cleaned quartz glass substrates
via (co-) evaporation at 10" mbar. A baseline spectrum of clean quartz glass substrate was
subtracted from the spectra before further analysis. To analyze the energy region in the
optical gap of the ETMs, a background (taking into account Rayleigh scattering and
arbitrary linear background) with the form A = a + bE + cE* was subtracted from the
respective spectra; a, b and c are arbitrary fitting parameters, A is the absorbance and E is
the photon energy. Data was smoothed using a 100-point second order Savitzky—Golay

filter.
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CHAPTER 4. INTERFACIAL DOPING OF Ceo AND ITS
IMPLICATION FOR HIGH-PERFORMANCE PEROVSKITE

SOLAR CELLS

4.1 Introduction

Fullerene-based molecules can replace TiO2> and work as electron transporting
materials (ETMSs) in perovskite solar cells (PSCs), as discussed in chapter 3. One advantage
of using organic ETMs is that these semiconductors can be easily doped, either in the bulk
or interfacially, by using n-dopants, via vacuum deposition®” 133 138140 and/or solution
mixing.4143 Via doping it is possible to increase the conductivity of semiconductors, and
to obtain ohmic contact at the interface of semiconductors with metals or metal oxides. For
example, building on previous research on organic photovoltaics, Bolink et al. improved
charge extraction in PSCs by introducing a doped layer of charge selective materials [Ceo
as the electron-transporting material (ETM), and N4,N4,N4 ", N4 "-tetra([1,1°-biphenyl]-4-
yl)-[1,1°:4°,1”-terphenyl]-4,4”-diamine (TaTm as the hole-transporting one (HTL)]
directly in contact with the respective electrodes (electron- or hole- collecting).!® It was
also shown that recombination in solar cells can be reduced by leaving a thin layer of
intrinsic charge selective materials directly in contact with the light-absorbing perovskite.
Although power conversion efficiencies of above 20% were demonstrated using this
double-layer charge-selective layer architecture, these solar cells are likely not to be stable
because of the very high doping concentration (exceeding 30 wt% dopant content relative

to Ceo).2®
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Interfacial doping could therefore be a viable strategy to increase the conductivity of
the ETM close to the electrode, to pin the Fermi level of the electrode to the LUMO of the
ETM, and minimize the introduction of species that could potentially diffuse under device
operation. One approach to obtain interfacial doping of the ETM is to treat the electrode
with a strong reductant that creates a dipole via an electron transfer to the electrode, thus
lowering its WF, as shown in chapters 1 and 3. Depending on the reductant, the molecules
of ETM near the interface can be n-doped through an electron transfer, from the low WF
electrode or from the reductant itself, to the ETM. Chapter 3 highlighted how charge
collection losses at the FTO/ETM interface, where the ETMs used were Cgo and derivatives
of perylene diimides, can be minimized by introducing a thin layer ( < 10 nm) of an
organometallic n-dopant, pentamethylcyclopentadienyl cyclopentadienyl rhodium dimer,
(RhCp*Cp)..12® The latter reacts to form its corresponding monomeric cation, which is
sufficiently bulky to only diffuse to a limited extent, as shown in section 3.4. Nevertheless,
vacuum-deposition of (RhCp*Cp)- results in the deposition of large amounts of unreacted
dimer. In this chapter, in order to optimize the amount of dopant used, to attempt to improve
the surface coverage on FTO, and to reduce the likelihood of dopant migration, solution
processing of (RhCp*Cp). was investigated. The use of the organometallic dimer is
compared to that of a commercially available metal-free ammonium salt,
tetrabutylammonium borohydride (TBABHa4). Non-redox active tetraalkylammonium salts
(i.e., tetrabutylammonium fluoride) can dope fullerenes'**'%° via a nucleophilic attack.!4
Sodium borohydride is known to react with Ceo via hydride transfer forming CeoH",
followed by deprotonation of water or alcohol, forming dihydrofullerenes (CeoHz).147148

Moreover, ammonium salts have been used to lower the work function of metals and metal
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oxides. 149150 Kemerink et al. found that tertiary aliphatic amines and polyelectrolytes (e.g.,
aliphatic quaternary ammonium salts and sulfonic acid based polymers) show a similar
behavior in modifying the WF of metals and metal oxides by formation of an interface
dipole.*™ This surface treatment is governed by the attraction of the positive and negative
part of the dipole towards the interface by an image dipole in the substrate. It was found
that the WF modification depends on the relative size of the anion and cation and their
respective ability to move. The smaller and more mobile ion generally resides closest to
the substrate, with the larger ion forming an outer layer, resulting in a net dipole orientation
away from or towards the surface modifier.®® Among the compounds previously
investigated by Kemerink et al., TBABH; induced the largest WF reduction on the surface
of gold, which was as large as 0.6 eV, measured through scanning Kelvin probe microscopy
in a glovebox. In this chapter, solution-based surface treatments on FTO using (RhCp*Cp)2
and TBABH,are correlated to changes in conductivity of the ETM, Ceo, both laterally and
vertically, and with device performance characteristics of n-i-p PSCs, fabricated using Ceso
as the ETM onto modified FTO as the bottom electrode. The following results were
obtained in collaboration with Berthold Wegner from the Humboldt University of Berlin
(UPS and XPS analysis), Xiaojia Jia from Georgia Tech (assistance with vacuum
deposition for conductivity measurements and diode fabrication), and Dr. Jay B. Patel from
the University of Oxford (assistance with vacuum deposition for perovskite solar cells

fabrication).
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Figure 4.1 Molecular structures of the neutral dimeric dopant (RhCp*Cp)z,
and of TBABH..

4.2  Surface Modification of FTO
4.2.1 Surface Modification of FTO using (RhCp*Cp)2 Solutions

Dipping piranha-cleaned FTO substrates for an increasing amount of time in a 2
mM toluene solution of (RhCp*Cp)., and subsequently rinsing the surface of the metal
oxide with pure toluene to remove unreacted dopant, causes the WF of FTO to decrease
from 4.6 eV for unmodified FTO to 3.3 eV after a 10 min dip, as shown by UPS in Figure
4.2. Upon modification of FTO with solutions of (RhCp*Cp)2, the secondary electron cut-
off (SECO) of FTO shifts by up to 1.3 eV, similarly to what is observed when (RhCp*Cp)-
is vacuum-deposited, and once again confirming the formation of an interface dipole at the
FTO surface. Unlike for FTO covered with vacuum-deposited (RhCp*Cp)., whose Rh 3d
signal was dominated by a Rh' species corresponding to unreacted dimer, XPS spectra of
FTO modified with solutions of (RhCp*Cp)., Figure 4.3, show that the predominant
species on the surface is a Rh'""" species at 310.5 — 311.0 eV. The latter is associated with
the monomer cations (RhCp*Cp)* formed when electrons are donated to the FTO (see

further discussion of XPS Rh 3d core shifts, largely dependent on the environment
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surrounding the dopant molecules, in section 3.4.1). Notably, for one of the FTO samples
modified for 1 min a Rh' species was not detected, indicating that excess unreacted dopant
does not adhere to the surface under these conditions. The ratio between Rh"' and Rh!'
species decreases by more than an order of magnitude with increasing dipping time, as
shown in Table 4.1. This suggests that dipping FTO substrates in dimer solutions for longer
causes an increasing amount of unreacted dopant to be deposited on the surface of the metal
oxide. However, the ratio between the total Rh 3d signal and the Sn 3d signal for solution-
modified FTO does not change remarkably with increasing dipping time, and the ratio is
larger than the one for FTO modified with vacuum-deposited (RhCp*Cp)., Table 3.1. The
higher degree of reaction to form the Rh""' monomer cation may result from uniform
coverage, rather than the island formation noted on evaporation of (RhCp*Cp). on FTO.
Therefore, XPS analysis suggests that solution-processing of the organometallic dimer
leads to a higher coverage of the substrate surface. It seems reasonable to assume that when
FTO is modified with (RhCp*Cp)2, the WF of FTO covered by presumably only a fairly
thin layer of Ceo shifts closer to the LUMO of Ceo (EA = 3.9 eV), as previously shown for

vacuum-deposited (RhCp*Cp)./Ceo in Figure 3.7.
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Figure 4.2 UPS spectra of piranha-cleaned FTO and FTO modified by dipping
in solutions of (RhCp*Cp)2 for 1 min or 10 min, followed by three rinsing cycles

with pure toluene. (Exin = Kinetic energy; Eg = binding energy with respect to the
Fermi level, EF).
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Figure 4.3 XPS spectra of FTO modified by dipping in solutions of

(RhCp*Cp)2 for 1 min (left) or 10 min (right). Spectra for sample 1 are similar to

those for sample 2.

Table 4.1 XPS positions and peak ratios for (RhCp*Cp)2-covered piranha-

cleaned FTO. FTO was modified by dipping in 2 mM solutions of the n-dopant for

different amount of time, followed by three rinsing cycles with pure toluene. All

values are in eV (except ratios). The position of the Rh!"! 3d peaks was fixed to be at
a distance of 1.3 eV from Rh' 3d peaks to allow consistent fitting.?

XPS positions Sn 3dss2 Cls Rh'3dsz Rh"3ds. | RW"/Rh' Rh/Sn
FTO 487.22 285.62 -- -- -- --

FTO 1 min dipped (1) 48716  285.84 - 310.54 - 0.047

FTO 1 min dipped (2) 487.29 286.02  309.38 310.68 100 0.061

FTO 10 min dipped (1) 487.24 286.25  309.59 310.89 16.7 0.069

FTO 10 min dipped (2) 487.23 286.32  309.72 311.02 8.3 0.057

4.2.2 Surface Modification of FTO using TBABH4 solutions

Changes in WF of FTO substrates dipped in TBABH4 solutions in acetonitrile, and

subsequently rinsed with pure CH3CN to remove excess modifier, were not detected using

UPS in ultra-high vacuum (101° mbar), regardless of the concentration of the modifier
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solutions and the dipping time chosen. Moreover, no N 1s or B 1s peaks were detected via
XPS, indicating little or no presence of TBABH4o0n the FTO surface. However, a decrease
in the FTO WF of up to 0.6 eV, similar to what was previously reported for gold,**° was
measured using Kelvin probe in air, Figure 4.4, when the concentration of TBABH4 and
dipping time are increased to 10 mM and 10 min, respectively. To investigate whether the
WF modification induced by treatment with TBABHs4 is stable in vacuum, the
concentration and dipping time were kept constant. TBABHs-modified FTO substrates
were exposed for one hour to progressively lower pressure, resulting in an increase of the
WEF from 4.3 eV to 4.5 eV, as shown in Figure 4.5, suggesting that the WF-modification
can be mostly preserved up to 10°® mbar on the time scale explored. Instead of rinsing three
times the FTO surface with pure acetonitrile, FTO substrates were simply dipped in 10 mM
TBABHq solutions for 10 min (obtaining the so-called “TBABHa4 dropcast” samples), and
analysed via UPS. The SECO of FTO shifted by 1.9 eV upon dropcasting TBABH. on top
of the metal oxide, as reported in Figure 4.6. However, the WF increases from 2.7 eV to
3.2 eV after exposing the dropcast samples to 1071° mbar for two days, and plateaus at 4.2
eV upon air exposure, Figure 4.5. XPS analysis, Table 4.3, confirms the presence of
TBABH;, on the surface of dropcast samples, as can be evidenced from the ca. 1:1 ratio
between N 1s and B 1s, and a ratio of ca. 1:3 between a relatively high-binding energy C
1s signal and a lower-binding energy C 1s signal, consistent with the expected number of
carbon atoms connected to the nitrogen atom in TBABHq, Figure 4.1, and the carbon atoms
connected to only carbon and hydrogen atoms. The ratio between C 1s and N 1s peaks is
calculated to be 18, close enough to the theoretical value of 16. The deviation from the

ideal value may be associated with the presence of adventitious carbon. Storing the
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dropcast sample at 1071° mbar for two days leads to a decrease in the ratio between C 1s
and Sn 3d. These XPS and UPS TBABHq;-related data suggest that the ammonium salt
could desorb, potentially with decomposition, from the FTO surface over time, causing the
WEF to approach pre-modification values. The reversibility of the WF modification of FTO
using TBABH. seems consistent with physisorption, as proposed by Kemerink et al.*>
However, if Cso Were to be deposited on top of the TBABH4-modified FTO, it seems
reasonable to assume that the ammonium salt would not desorb and the induced WF
reduction would be preserved. To do so, in the following sections, Cso Was vacuum
deposited within 1 h from vacuum exposure at 10 mbar. Vacuum deposition of Cgo was
chosen as the preferred processing method on top of solution-treated substrates, instead of
spin-coating, to prevent washing off the surface modifiers, as was discussed for

(RuCp*mes)2 and (IrCp*Cp):2 in section 2.4.
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Figure 4.4 WF of pristine and modified FTO as a function of dipping time and
concentration of TBABHz4 solutions. After dipping, modified substrates were rinsed
three times with pure acetonitrile. WF values were measured via Kelvin probe in air
using gold as a reference. 75% of the sample data lie in the rectangular boxes, and
horizontal lines within the boxes indicate the sample average. A minimum of four
measurements was performed on each sample.
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Figure 4.5 WF of pristine and modified FTO as a function of pressure and
modification protocol (dipping/rinsing vs. dropcasting) using TBABHz4 solutions.
Unless specified otherwise, WF values were measured via Kelvin probe in air using
gold as a reference. 75% of the sample data lie in the rectangular boxes, and
horizontal lines within the boxes indicate the sample average. A minimum of four
(two) measurements was performed on each sample analyzed via Kelvin probe
(UPS).
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Figure 4.6 UPS spectra of piranha-cleaned FTO and FTO modified by dipping
in 10 mM TBABHa solutions for 10 min, without rinsing, measured immediately or
after 2 days. (Exin = Kinetic energy; Eg = binding energy with respect to the Fermi
level, EF). UPS was performed at a base pressure of 10"°mbar.
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Table 4.2 XPS positions for TBABH:z-dropcast FTO immediately analyzed
after modification and analyzed after being stored for two days at 10-*° mbar. FTO
was modified by dipping in 10 mM solutions of the ammonium salt for 10 min,
without rinsing. All values are in eV.

XPS positions Sn3dsz Clscc Clsen Nls B 1s

TBABH, dropcast FTO  487.25  286.81 287.98 403.49 188.05
TBABH4 dropcast FTO
after 2 days 487.24  286.79 287.96 403.93 188.20

Table 4.3 Peak ratios of XPS signals for TBABHs-dropcast FTO immediately
analyzed after modification and analyzed after being stored for two days at 10-1°
mbar. FTO was modified by dipping in 10 mM solutions of the ammonium salt for
10 min, without rinsing.

Sample C-C/IC-N C/IN N/B C/Sn

TBABH4 dropcast FTO 2.8 184 1.0 6.8
TBABH, dropcast FTO
after 2 days 2.6 181 1.1 5.6

4.3 Impact of Surface Treatments on in-Plane Electrical Conductivity of Ceo

In chapter 3 it was shown that the molecules of Ceo at the interface with FTO covered
with vacuum-deposited (RhCp*Cp). are n-doped through electron transfer from the
modifier layer, which predominantly consists of unreacted dopant. Although XPS analysis,
Table 4.1, suggests that there is not a lot of unreacted dopant on the surface of FTO when
(RhCp*Cp): is solution processed, n-doping at the modified FTO/Cgo interface is expected
to take place because the dopant-treated electrode, with a WF much lower than the EA of
the ETM, and Ceo Will establish a common electrochemical potential through substrate-to-
overlayer charge transfer. Analogous considerations are valid when FTO is treated with

TBABH. solutions with or without triple rinsing, and subsequently coated with the
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fullerene, since a WF as low as 2.7 eV can be obtained when TBABHy is dropcast on the
metal oxide, Figure 4.6. If indeed interfacial n-doping were to take place, the lateral
conductivity of Ceo would increase. To test this hypothesis, Ceo (100 nm) was deposited on
detergent/solvent-cleaned (DSC) glass treated with 2 mM solutions of (RhCp*Cp)2 and 10
mM solutions of TBABH4. On top of Ceo, silver electrodes were deposited and transmission
line measurements (discussed in section 4.7.4) were performed to measure the sheet
resistance (Rs) of the ETM, and determine its conductivity (o), its resistivity (p), and the

resistance at the Ceso/Ag contact (Rc), reported in Table 4.4 and Table 4.5.

Table 4.4 Sheet resistance of Ceo and resistance at the Cso/silver contact as a
function of surface treatments on glass.

Surface treatment Rs (Q oY) Re (Q)

None 43x101°+22x10% 3.9x10%+2.1x10°

1 min (RhCp*Cp)2
10 min (RhCp*Cp)2
10 mM TBABH4 10 min
TBABH, dropcast

24x108+1.1x108
8.3 x 108 + 7.3 x 107
1.7 x10°+ 1.1 x 10°
6.3 x 108 +2.3 x 108

8.9 x 10°+6.4 x 10°
3.7x10"+1.9 x 10’
1.1 x 108 + 7.4 x 107
7.4x 10" +1.6 x 107

Table 4.5 Resistivity and conductivity of Ceo as a function of surface

treatments on glass.

Surface treatment

p (£ cm)

o (Scm?)

None
1 min (RhCp*Cp):
10 min (RhCp*Cp):
10 mM TBABH4 10 min
TBABH4 dropcast

22x10°+1.1 x 10°
1.2 x 10° +5.6 x 10°
4.2 x10% +3.6 x 10?
8.7x10°+5.4 x10°
32x10%+1.1 x 10°

55x10°+2.7 x 10
1.0x103%+6.2 x 10
24x10%+2.0x10°
1.4x10%+6.5x 10°
35x10%+1.5x10*
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Figure 4.7 Sheet resistance, resistivity and conductivity of Ceo, and contact
resistance of Ceo with silver electrodes as a function of the surface treatment applied
on DSC glass.

The conductivity of Ceo increases by up to two orders of magnitude when the DSC
glass substrate is dipped for 1 min in a 2 mM solution of (RhCp*Cp)2, Figure 4.7.
Increasing dipping time to 10 min leads to a slight decrease in conductivity, which could
be correlated with an increase in unreacted dimer present on the surface, as shown in the
XPS spectra of dimer modified FTO in Figure 4.3. However, since glass is an insulator,
electron transfer from the dimer to the substrate is unlikely to occur, and the observed

changes in conductivity may be associated to unreacted dimer on glass entirely reacting
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with the ETM; although excess dimer on the surface leads to lower conductivity, as shown
in Figure 4.7. Treating glass with TBABH3 solutions, with or without the rinsing step,
yields similar conductivity values to those obtained when Ceo is deposited on top of glass
dipped for 10 min in dimer solutions, corroborating the hypothesis that interface doping
takes place. The resistance at the Ceo/silver electrode contact decreases as the conductivity

of Ceo increases, Figure 4.8, and contact resistance up to two orders of magnitude lower is

achieved with a 1 min dimer treatment.

No modification

%
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P
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Figure 4.8 Resistance at the Ceso/Ag contact plotted as a function of the
conductivity of Ceo, showing the effect of the surface treatments on both.

4.4  Through-Plane Electrical Behavior of Surface-Modified FTO

Simple sandwich devices were fabricated to assess whether surface-modified FTO
behaves as a low WF material and, therefore, as an electron-injecting electrode to Ceo. The

architecture of the devices consisted of FTO (bare or modified)/Ceo (200
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nm)/bathocuproine (BCP, 10 nm)/Au (80 nm), where BCP is used as a buffer layer to
prevent the diffusion of metal atoms into Cgo and to reduce the leakage current.*! Figure
4.9 and Figure 4.10 show the current density-voltage (J — V) dark characteristics at room
temperature of the sandwich devices. PEIE was used as a reference modifier, as previously
shown in section 392.3 for the investigation of the electrical behavior of dimer-modified
ITO. The J — V curves can be understood in terms of the superimposition of diode and
resistor electrical characteristics, the former describing electron injection and the latter
leakage currents. The J — V plot in the semi-logarithmic scale exhibit a diode behavior in
forward bias for unmodified FTO substrates, Figure 4.9. However, upon treating the FTO
with PEIE, TBABH4, or (RhCp*Cp)2 solutions there is a large increase in the current
density in reverse bias, and devices built on modified electrodes behave as resistors. This
change in electrical behavior could be explained by both an increase in conductivity of Ceo,
discussed in section 4.3 and highlighted by a steeper current density slope around V = 0,
and by the Fermi level of FTO being pinned to the LUMO of Ceo. These two contributions
lead to the formation of good electrical contacts at the FTO/Cgo interface. A similar
observation was made by Zhou et al., who showed how n-channel transistors fabricated
using gold as source and drain electrodes become resistors when more than 1 nm of PEIE

is deposited on the metal.®°

105



-
< -

e o0
(&)
$0.001
-
o 1E-4
-'5' Non modified FTO
> 1E-5 —— PEIE modified FTO
n — - —Rh 1 min modified FTO
2 1E-6 — — TBABH, 10 min modified FTO
====TBABH, 10 min modified FTO
1E-7
1E-8 T T T T T T T T T
2 -1 0 1 2
Voltage [V]

Figure 4.9 Semi-logarithmic plot of J — V characteristics for devices with
structure piranha cleaned-FTO (modified or unmodified)/Ceo (200 nm)/BCP (10
nm)/Au (80 nm). In forward bias FTO acts as the electron-injecting electrode. Note
J -V characteristics for two different devices with TBABH4-modified FTO is
shown.

Interestingly, 70% of the devices fabricated by dipping FTO in 10 mM TBABH.
solutions for 10 min, followed by rinsing with pure acetonitrile, exhibit a similar electrical
behavior to devices with (RhCp*Cp).-modified FTO. The remainder 30% of devices with
TBABHq4 electrodes exhibit J — V characteristics similar to devices with PEIE-modified
FTO, as shown by the two different J — V plots for TBABH4-modified FTO in Figure 4.9.
Increasing the amount of TBABH4 on the FTO surface, by avoiding rinsing the metal oxide
after dipping in 10 mM solutions, causes the devices to behave like those built on PEIE-
modified FTO. Therefore, an explanation for the deviation in electrical behavior of devices
where FTO is rinsed after the modification with TBABHYg, is that PEIE-like behavior is

obtained when an excessively thick TBABHa layer, which is expected to act as an insulator,
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is present between the FTO and Ceo, limiting charge injection and collection. The excess

TBABH;, could stem from accidental non-uniformity in the rinsing protocol.
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Figure 4.10 Semi-logarithmic plot of J — V characteristics for devices with
structure DSC-FTO (modified or unmodified)/Ceo (200 nm)/BCP (10 nm)/Au (80
nm). In forward bias FTO acts as the electron-injecting electrode.

Increasing the dipping time of FTO substrates in 2 mM (RhCp*Cp)2 solutions from

1 min to 10 min does not lead to appreciable differences in current density.
4.5 Impact of FTO Surface Treatments on Perovskite Solar Cells

Perovskite solar cells with n-i-p architecture were fabricated to assess the impact of
work function modification of FTO and interfacial doping of Ceo with (RhCp*Cp). and
TBABHs. The architecture of the solar cells consisted of FTO (bare or
modified)/Ceo/ CH3sNH3sPbls/spiro-OMeTAD/Ag. The average device performance
parameters are shown in Table 4.6, while the current density — voltage (J — V) curves of

the best-performing solar cells with evaporated CHsNH3Pbls are shown in Figure 4.11.
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Solar cells fabricated on top of FTO modified by dipping in (RhCp*Cp)2 solutions for 1
min or 10 min exhibit similar factor (FF) and open-circuit voltage (Voc), but higher short-
circuit current (Jsc) and stabilized power conversion efficiency (SPO), compared to devices
fabricated on unmodified FTO. SPO is defined as the power conversion efficiency (PCE)
of devices held at their J — V determined maximum power point. However, dipping FTO
in rhodium-based dopant solution for 1 min greatly improves the SPO of devices from an
average of 13.9% when FTO is unmodified to 15.6%, which corresponds to a 12% relative
increase. Their J —V determined PCE also increases from an average of 13.6% to 14.7%.
The increase in Jsc, and the associated increase in PCE, suggest an improvement in the
charge collection upon introduction of (RhCp*Cp). at the FTO/Ceo contact, and is
consistent with what previously observed in PSCs where FTO was covered in vacuum-
deposited dimer,'? reported in section 3.5. Increasing the amount of unreacted dopant by
increasing dipping time from 1 min to 10 min does not seem to drastically affect Jsc, FF
and Voc; however, slightly higher SPO and standard deviations are observed. It must be
noted that the device fabrication protocol, section 4.7.5, does not include an annealing step
that could further promote electron transfer from the unreacted dimer to Ceo and perhaps

dopant diffusion through the ETM, since the perovskite is evaporated.

Improvements in Jsc, FF and PCE are also observed after the electrode/Ceo interface
is modified using TBABH4. The highest average PCE and SPO, 15.1% and 15.0%
respectively, were obtained by dipping the electrode in 10 mM solutions for 10 min and
rinsing the surface with pure acetonitrile. In other words, modifying the surface with the
optimized TBABH, conditions leads to an 8% increase in SPO relative to the control solar

cells. Similarly to what was observed for solar cells with (RhCp*Cp).-modified FTO, the
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Voc does not seem to be significantly affected by the TBABH4 modification treatment.

However, the Js, and to a lesser extent the FF, increase when the optimal dipping time and

TBABH4 concentration are used relative to the unmodified devices. These observations are

consistent with an increase in the charge collection at the FTO/Cso contact (higher Jsc), and

suggest that surface modification does not impact recombination within the perovskite

absorber (constant Voc). Dropcasting FTO in 10 mM solutions of TBABH4 leads to solar

cells with a much lower average SPO (3.5%) compared to those fabricated on piranha-

cleaned FTO (13.9%), largely because the perovskite absorber layer did not properly form

on top of the dropcast substrate, yielding brown-yellow films. However, investigation of

the perovskite morphology is beyond of the scope of this chapter.

Table 4.6 Device performance parameters averaged over twelve solar cells

with evaporated CHsNH3sPbls.

Surface treatment Jsc (MA cm2) Voc (V) FF (%) PCE (%) SPO (%)
None 19.2+0.5 1.02+001 70+x1 136x03 139zx0.1

1 min (RhCp*Cp)2 202+04 104001 71+1 147+x04 156zx0.1
10 min (RhCp*Cp)2 20.1+0.3 1.03+0.02 71+1 143x05 147zx08

2 mM TBABH4 1 min 199+0.2 1.02+0.01 704 141+1 149+0.2
2 mM TBABH4 10 min 19.3+04 1.03+001 71+1 140x0.2 143zx0.2
10 mM TBABH4 10 min 20.3+0.2 1.02+001 74+2 151+03 15.0zx03
TBABH, dropcast 7.6+3.7 0.8+£0.2 50x8 36x24 3.5+£3.2

109



N
o

........

—a—Dark-C_,
— CED
1/—* Dark - 1 min (RhCp*Cp),/C,,
—# 1 min (RhCp*Cp),/C,,

—4— Dark - 10 mM TBABH, 10 min/C,;
—4&— 10 mM TBABH, 10 min/C,,

Current density [mA cm™]

00 02 04 06 08 10 12
Voltage [V]

Figure 4.11 Current density — voltage characteristics for the best-performing
solar cells fabricated using Ceo as ETM before and after dipping FTO in 2 mM
(RhCp*Cp)2 solutions, and rinsing three times with pure toluene, or in 10 mM
TBABHz4 solutions, and rinsing three times with pure acetonitrile.

4.6 Conclusions

The work in this chapter demonstrated that the organometallic metallic dimer
(RhCp*Cp). and the ammonium salt TBABH4 can be used to modify the FTO
electrode/ETM interface in PSCs, by n-doping the molecules of the organic semiconductor
in proximity of the interface and by lowering the WF of the metal oxide so that it is similar
or lower than the ETM electron affinity. Solution processing of (RhCp*Cp). leads to a
decrease in the WF of the FTO by up to 1.3 eV, since the dopant readily transfers electrons
to the electrode and forms monomer cations on the metal oxide surface. However, unlike

when (RhCp*Cp) is vacuum deposited and multilayers of unreacted dopant are present,
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the amount of unreacted dopant is minimized by shortening the dipping time to 1 min,
potentially limiting diffusion of this species under device operation. Moreover, with
solution processing of the reductant a higher coverage of the FTO surface is obtained in
contrast to formation of islands of unreacted thermally-evaporated dimer. Work function
reductions of up to 1.9 eV can be obtained by dropcasting multilayers of TBABH4 by
formation of an interface dipole, but the ammonium salt seems to desorb in ultra-high
vacuum. Nevertheless, by limiting exposure of the TBABH4s-modified substrates to high
vacuum for < 1 h, an increase in conductivity of Ceo Of about two orders of magnitude can
be measured, although even larger enhancement in conductivity can be obtained via a 1
min dip in (RhCp*Cp). solutions. n-i-p PSCs and simple Ceo-based sandwich devices
confirm that multilayers of surface modifiers hinder change collection/injection. A 12%
and 8% average increase in stabilized power conversion efficiency can be obtained by
dipping FTO in solutions of (RhCp*Cp). or TBABH4, reaching values as high as 15.7%

and 15.3%, respectively.

4.7 Experimental

4.7.1 Materials Synthesis and Purification

(RhCp*Cp). was synthesized according to methods reported in the literature.3* 137
Tetrabutylammonium borohydride (TBABH4) was purchased from Alfa Aesar and stored
in inert atmosphere. Dry toluene and acetonitrile were obtained from a MBraun solvent
purification system and freeze-pump-thawed to remove any oxygen present. The final
water and oxygen content in the solvents was limited by that in the glovebox atmosphere

(<0.5 ppm water and <50 ppm oxygen).
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4.7.2 Sample Preparation

FTO was cut into 254 cm x 254 cm substrates (or 1 cm x 1 cm for
UPS/XPS/Kelvin Probe studies), partially covered with tape and etched by exposure to a 2
M HCI solution and zinc powder. The FTO substrates were immersed for 90 min in a
H2S04:H20> 3:1 (v/v) piranha solution. The FTO substrates were rinsed with deionized
water, and dried under a nitrogen flow. The non-modified FTO substrates were then
immediately used.

Piranha-cleaned substrates were transferred to a nitrogen-filled glovebox, and were treated
with 2 mM solutions of (RhCp*Cp) in anhydrous and deoxygenated toluene for 1 to 10
min, or with 2 mM — 10 mM solutions of TBABH, in anhydrous and deoxygenated
acetonitrile for 1 to 10 min. To remove unreacted modifier, the treated substrates were
rinsed three times with toluene or with acetonitrile — with only the exception of the
TBABHj4-dropcast samples, which were not rinsed in any solvent — dried with a flow of
nitrogen, and immediately transferred under inert atmosphere to the UPS/XPS analysis
chamber or to a vacuum thermal evaporation system for device fabrication. The molarity
of dimer solutions was kept constant at 2 mM, since further dopant additions led the

compound to precipitate.

4.7.3 Surface Characterization

Kelvin Probe analysis (KP Technology Ltd.) was performed in air, using a gold tip
with a diameter of 2 mm. The work function of a gold standard (4.8 eV) was measured at
the beginning of each set of measurements and after analysing 2 samples. Measuring the

work function of gold allows to account for instrumental drift. Four data points were
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collected for each FTO substrate (1 cm x 1 cm) before and after modification, and average
values and standard deviations were calculated. UPS and XPS measurements were carried

as described in section 3.7.2.

4.7.4 Transmission Line Measurements

Glass was cut into 2.54 cm x 2.54 cm substrates, which were then scrubbed and
cleaned in sequential 20 min ultrasonic baths of detergent water, deionized (DI) water,
acetone, and isopropanol at room temperature. The substrates were then rinsed with
isopropanol and dried off with nitrogen. Detergent/solvent-cleaned (DSC) glass was then
modified following the procedure indicated in section 4.7.2. Modified and unmodified
glass was immediately transferred without air exposure to a vacuum thermal evaporation
system (SPECTROS, K. J. Lesker), for the deposition of Ceo (100 nm) and silver metal
(100 nm). The Ag electrodes were deposited through a shadow mask to define fine metal
lines, with a spacing between them linearly increasing from 600 to 2400 um. Equation 31
below describes the relationship between the total resistance (R:), the sheet resistance (Rs)

of the Cgo films and Cgo/silver contact resistance (Rc)™2:

Rgd;
R = 2R, + 2%

31)
where w is length of the Ag electrode and di is the spacing between electrodes. The data
point collected were fitted with a regression line described by equation 31. The fit was
considered valid only if the coefficient of determination (R?) is higher than 0.95. Resistivity
values were calculated by multiplying the sheet resistance by the thickness of the Ceo films,

and conductivity values were calculated as the reciprocal for resistivity values.
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4.7.5 Diode Fabrication

For PEIE control experiments, a PEIE solution (0.4 wt%) was spin-coated on top
of piranha-cleaned FTO substrates at a speed of 5000 rpm for 60 s and an acceleration of
1000 rpm s *; the spin-coated samples then were annealed at 100 °C for 10 min in air, as
previously specified in section 2.6.4 for PEIE on ITO. Moadifications using (RhCp*Cp):
and TBABH; were carried out in the glovebox as described in section 4.7.2; the samples
were then transferred to a vacuum thermal evaporation system (SPECTROS, K. J. Lesker)
without air exposure. Ceo (200 nm), bathocuproine (BCP) (10 nm), and Au (80 nm) were
deposited sequentially through a shadow mask at a base pressure of 2 x 10~ Torr on the
unmodified, PEIE-modified, TBABH4-modified, or dimer-modified FTO substrates. The
effective area of the devices obtained was 11.2 mm?. Current density-voltage (J — V) curves
were measured in a nitrogen-filled glovebox in the dark by using a source meter (2400

SourceMeter, Keithley Instruments Cleveland, OH) controlled by a LabVIEW program.

4.7.6 Solar Cell Fabrication

Modified and piranha-cleaned substrates were deposited on a mask and loaded into
a vacuum deposition chamber, where 10 nm of Ceo Were deposited at 10°® mbar at a rate of
0.1 A s7L. In the same vacuum chamber, the samples were subsequently covered by a 450
nm-thick layer of CH3sNHsPbls, obtained via the coevaporation of Pbl, and CH3NH3l at
10 mbar. After the substrates were cooled down to room temperature, the hole-
transporting material 2,2'7,7"-tetrakis(V, N'-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-OMeTAD) was deposited from chlorobenzene with additives at a

concentration of 30 mM for lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and of
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80 mM for tert-butylpyridine (tBP) via spin-coating at 2000 rpm, 2000 rpm/s for 45 s. 110
nm thick silver electrodes were thermally evaporated at 1 x 10® mbar through a shadow
mask to create solar cells with a total active area of 0.0919 cm?, as defined by the overlap
between FTO and silver. Current density-voltage characterization was carried out as

specified in section 3.7.4.
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CHAPTER 5. N-DOPING OF A FULLERENE THAT CAN BE
THERMALLY INSOLUBILIZED AS AN ELECTRON-
TRANSPORTING MATERIAL FOR METAL HALIDE

PEROVSKITE SOLAR CELLS

5.1 Introduction

Fullerene derivatives are increasingly being used as electron-transporting materials
(ETMs) for perovskite-based devices due to their favorable band alignment with perovskite
absorbers. Additionally, the perovskite/Cego interface has been shown to have a decreased
defect density as compared to conventional oxide-based ETMs such as TiO2.1% Therefore,
fullerene derivatives have been increasingly used as electron-transporting materials
(ETMS). In chapter 3 and chapter 4 the perovskite layer was either vacuum-deposited or
cast onto ETMs using an acetonitrile/methylamine solvent mixture,*3* which does not
dissolve the organic ETMs. However, most fullerene-based materials are soluble in
dimethylformamide (DMF), which is the most commonly employed solvent to process the
perovskite absorbers. Therefore, shunting paths are created when perovskites are solution-
processed from DMF onto fullerene layers, causing an increase in charge recombination.
To circumvent this issue, the thickness of the ETM can be increased to more than 30 nm,
so that only part of the layer is washed away by DMF, but this approach tends to lead to
films containing pinholes.!® 1 Several strategies have been adopted to achieve a
continuous and insoluble fullerene-based electron-transporting material (ETM), for both
perovskite and organic photovoltaics (OPVs), where morphology control of fullerenes is

critical. These strategies include the addition of a small UV-curable bis-amide
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crosslinker,®®  thermally-actived  crosslinking ~ with  commercially  available
poly(allylamine),® as well as grafting crosslinkable groups (e.g., styryl,>® oxetane,’
epoxides’®®) on the fullerene.’ By incorporating a benzocyclobutene moiety (BCB) in
place of the methyl group of [6,6]-phenyl-Ceo-butyric methyl ester (PCBM), a film made
of fullerene oligomers (PCBCB)y is obtained upon spin-coating and heating to 200 °C.
BCBs are known to thermally open to form o-quinodimethane derivatives, which can then
dimerize to form dibenzocycloctanes. Accordingly, reactions of the type shown in Figure
5.1 (top) may be responsible for the insolubilization of PCBCB, leading to (PCBCB)n.*%°
Cycloaddition of quinodimethane intermediates with fullerenes has been observed in the
literature, %! and thus another possible reaction pathway that insolubilizes PCBCB is that
shown in Figure 5.1 (bottom). Experimentally, it was found that dimers of PCBCB (i.e., n
= 2) are the major product of the thermally activated ring-opening reaction.®® However,
since (PCBCB)n films are insoluble in DMF and chlorobenzene, it is reasonable to assume
that larger oligomers can be formed as well.8 (PCBCB), has been used to prevent
aggregation of fullerenes in OPVs under thermal aging at 150 °C,*%° and as an ETM in n-
i-p perovskite solar cells,® reaching stabilized power conversion efficiencies above

17%.197
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Figure 5.1 Thermally activated reaction pathways of PCBCB molecules, where
two benzocyclobutene groups can react together (top), and where a
benzocyclobutene group reacts with the fullerene cage (bottom).

By introducing an n-dopant in organic ETMs, it is possible to fill electronic traps and
increase the number of charge carriers, therefore increasing the conductivity of the ETM. 62
1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl (N-DMBI-H) derivatives have been
used to n-dope Cgo,'>® PCBM, and a perylene diimide,'*° leading to a decrease in the
density of sites where trap-assisted recombination can occur, and to improvements not only
in power conversion efficiency but also in the stability of perovskite solar cells (PSCs)
under illumination.*>* However, while DMBI derivatives are attractive due to their air-
stability, their doping mechanism involves a hydride transfer and the formation of side-
products, which, at best, are species that dilute the semiconductor molecules. Moreover,
N-DMBI derivatives in same cases requires activation by overnight thermal annealing after

film deposition.242 14165 Qrganometallic dimers can dope electron acceptors with electron
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affinities larger than 2.8 eV by transferring electrons to the acceptor and forming monomer
cations, without the formation of any byproducts or needing overnight thermal activation.®’
To date, it has been assumed that, while possible, diffusion of monomer cations is less
likely than, for example, alkali metal ions, given the large size of the former. However,
while diffusion of organometallic p-dopants in organic semiconductors has been
investigated,'%® little experimental data are available regarding the diffusion of
organometallic dimers. Results presented in chapter 3 show that in bilayers made of
organometallic dopant/ETM, (RhCp*Cp)* could potentially diffuse into ETMs such as Ceo
and PTCBI during the annealing process. In light of this, it is worthwhile assessing whether
the network of oligomers formed via the thermal activation of BCB moieties, could be
sufficient to prevent or limit the diffusion of (IrCp*Cp)*. While such a network of
oligomers is sufficiently dense to prevent the dissolution of (PCBCB), in DMF, it may not
be sufficient to prevent monomer cations from diffusing at the temperatures at which the
perovskites are crystallized (up to 185 °C for 90 min). One strategy to increase connectivity
between the oligomers and potentially limit dopant diffusion is to introduce a crosslinker
into the (PCBCB)n layer. This chapter explores solution doping of (PCBCB), using an
iridium-based organometallic dimer, (IrCp*Cp)2, shown in Figure 5.2. The iridium-based
dopant has a similar effective reducing strength to (RuCp*mes), and (RhCp*Cp)2,
previously used to dope Ceo®® and a perylene diimide derivative.!?® The crosslinker
poly(bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl-hexanoyl =~ methacrylate), PMHBCB, was
synthesized, and the effect of its addition as well as that of the iridium dimer on the
conductivity of (PCBCB), films was investigated. Moreover, the stability of doping to

solvent processing and thermal annealing is explored. These results are correlated to the
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device performance parameters of PSCs as well as the stability of the devices. The
following results were obtained in collaboration with Berthold Wegner and Dr. Thorsten
Schultz from the Humboldt University of Berlin (UPS and XPS analysis), Xiaojia Jia from
Georgia Tech (assistance with vacuum deposition for conductivity measurements), Dr.
Raghunath R. Dasari, Dr. Yadong Zhang and Dr. Elena Longhi (synthetic assistance),
Marie-Hélene Tremblay from Georgia Tech and Kelly Schutt from the University of
Oxford (optimization of crosslinker concentration in PSCs, fabrication of p-i-n devices and

solar cell thermal stability studies).

=
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2 : 1 Mixture
(IrCp*Cp), PMHBCB

Figure 5.2 Molecular structures of the iridium dimer dopant (IrCp*Cp)2 and
the crosslinker PMHBCB with the same benzocyclobutene moiety as the fullerene
derivative.

5.2 Doping of PCBCB using (IrCp*Cp)z
5.2.1 Doping of PCBCB Solutions

Since the electron affinity of PCBCB is similar to that of PCBM (EA = 3.7 V),

185 it is expected that (IrCp*Cp). can dope PCBCB given the dopant effective reducing
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strength (ca. -2.0 V vs. FeCp2™° in THF).2 To confirm reduction of the acceptor in
solution, UV-vis-NIR spectroscopy was performed. Figure 5.3 shows that as increasing
molar concentration of dopant, the absorption peak corresponding to the neutral acceptor'®®
at 330 nm decreases in intensity while the presence of a peak at 1070 nm becomes more
evident. The latter corresponds to the fullerene radical anion.'®® 7 Each dimer molecule
donates one electron each to two acceptor molecules, hence the molecular percentages in

the legend and in the rest of the chapter are reported in terms of iridium monomer cations,

(IrCp*Cp)*.
——PCBCB
—— PCBCB 0.4% (IrCp*Cp)'
—PCBCB 3% (IrCp*Cp)*
_ 008 PCBCB 29% (IrCp*Cp)*
S = -
_E- E 0.06 T
m [13]
E. % 0.04
Q £
= 2 0.02
3 g
g 0.00 :
2 1000
< Wavelength [nm]

400 600 800 1000
Wavelength [nm]
Figure 5.3 UV-vis-NIR absorption spectra of solutions of PCBCB as a function
of (IrCp*Cp)* content (molar percentage). The inset shows the appearance of the

PCBCB radical anion at 1070 nm and the disappearance of neutral PCBCB at 330
nm.
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5.2.2 Doping of (PCBCB)n Films

Films of PCBCB were spin-coated on piranha-cleaned FTO from blends of
solutions of the host and (IrCp*Cp)2 in the desired molar ratios. The films were thermally
insolubilized leading to the formation of oligomers (PCBCB)n by heating at 200 °C for 10
min, and were characterized using UPS and XPS. FTO is a transparent conductive metal
oxide used as electron-collecting electrode in PSCs. Figure 5.4 shows how the work
function (WF) of (PCBCB), decreases by up to 0.6 eV and its Fermi level (Ef)
progressively shifts further away from the HOMO of (PCBCB), with increasing addition
of (IrCp*Cp)2, suggesting that the number of occupied states increases. At large dopant
additions [i.e., 29 mol% (IrCp*Cp)*], the HOMO features of the host material at low
binding energy (Eg) become extremely broadened, which is a signature of n-doping in the

solid state.

The Ir 4f ionization is split into 4fs, and 47 peaks by spin-orbit coupling; the
following discussion and the Eg reported in Table 5.1 and in Figure 5.5 are focused on the
Ir 4f7, component but the trends apply equally to the Ir 4fs/2. In both the present study and
previous work, two chemically distinct species are often present in (IrCp*Cp)2-containing
samples, differing in Ir 472 (and 4fs2) Eg by ca. 1.4 — 1.3 eV.** These are assigned to the
unreacted neutral dimer, (IrCp*Cp)2, and the monomer cation, (IrCp*Cp)™, that is known
to be formed on oxidation of the dimer,3* with the lower Eg signal being assigned to the
former, which is formally Ir', and the higher Eg signal to the latter, which is formally Ir'".
As expected, XPS indicates that most of (IrCp*Cp). reacts with (PCBCB), forming
monomer cations, since peak deconvolution of the Ir 4f7,> signal, Table 5.1 and Figure 5.5,

shows large Ir'"" contributions at 63.1 — 63.3 eV, and a small Ir' peak at 61.8 — 61.9 eV. As
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the doping concentration increases, the C 1s signal shifts to higher Eg, consistent with the
expected shift of Er away from the filled valence and core states on n-doping, and with the
reduction of the fullerene-derivative to its radical anion, (PCBCB),". On the other hand the
ratio between Ir''" and Ir' decreases slightly, indicating that more dopant is present in its

unreacted form compared to lower doping concentrations.

— 1 r 1 T T T 1 T
(PCBCB), + (IrCp*Cp)” HOMO, ...
1.54 eV
1.67 eV
157 eV
1.49 eV
1,19 eV

3 2 1 0
29%

Intensity [arb.u.]

4 I 5 I918I7.615I413I2I1IOI-1
E, [eV] E, Wit E, [eV]

Figure 5.4 UPS spectra of neat and doped (PCBCB)n with (IrCp*Cp)2 (Ekin =
kinetic energy; Eg = binding energy with respect to the Fermi level, Er). Dimer
content is reported as a function of molar percentage of monomer cations
(IrCp*Cp)* relative to the host.
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Figure 5.5 XPS spectra of doped (PCBCB)n with (IrCp*Cp)2. Dimer content is
reported as a function of molar percentage of monomer cations (IrCp*Cp)* relative
to the host.

Table 5.1 XPS positions and peak ratios for pristine or doped (PCBCB)n films
on FTO. All values are in eV (except ratios). All XPS signals were normalized to the
one of Sn 3dsp. (IrCp*Cp)2 content is reported as a function of molar percentage of
monomer cations (IrCp*Cp)* relative to the host.

XPS positions Sn 3ds/2 Cls Ir' 4f7) Ir' 4f7 ety
(PCBCB)n 487.27 284.64 -- -- --
(PCBCB), 0.2% (IrCp*Cp)*  487.30  285.03 - 63.09 -

(PCBCB), 3% (IrCp*Cp)*  487.28 28529  61.86 63.26 34.5

(PCBCB), 29% (IrCp*Cp)*  487.23 28534  61.84 63.24 24.4

5.3 Electrical Conductivity Measurements

5.3.1 Impact of Doping on in-Plane Electrical Conductivity of (PCBCB)n

Since UV-vis-NIR absorption spectroscopy, UPS and XPS suggest that n-doping of

PCBCB takes place in solution and in the solid state, transmission line measurements
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(discussed in section 4.7.4) were performed to quantify the impact of dopant addition on
the in-plane electrical conductivity of the thermally insolubilized fullerene product. Films
of (PCBCB), or PCBM (50 nm) were spin-coated on detergent/solvent-cleaned (DSC)
glass followed by annealing at 200 °C or 70 °C for 10 min, respectively. On top of the
ETMs, silver electrodes were vacuum-deposited and the sheet resistance (Rs) of the ETMs
was measured to determine their conductivity (o), their resistivity (), and the resistance at
the ETM/Ag contact (R¢), which are reported in Table 5.2 and Table 5.3.
Table 5.2 Sheet resistance of (PCBCB)n and resistance at the (PCBCB)n/silver

contact as a function of (IrCp*Cp)* content (molar percentage). The sheet resistance
of PCBM and resistance at the PCBM/Ag contact are reported for comparison.

Material Rs (Q oY) Re (Q)
PCBM 28x10%+44%x10% 8.2x100+6.9x 10
(PCBCB)n 6.7 x 10! + 3.1 x 10! 5.4 x 10°+ 3.8 x 10°

(PCBCB), 0.2% (IrCp*Cp)* 5.3 x10°9+2.9x10°  2.9x 107 +2.4 x 107
(PCBCB), 3% (IrCp*Cp)*  1.0x10°+9.4x10° 1.6 x 107 + 1.3 x 10
(PCBCB), 29% (IrCp*Cp)*  1.5x108+3.7x 107 1.4 x 10°+ 1.0 x 10°

Table 5.3 Resistivity and conductivity of (PCBCB)n as a function of
(IrCp*Cp)* content (molar percentage). The resistivity and conductivity of PCBM
are reported for comparison.

Material p (Q cm) o (Scm?)
PCBM 1.4 x 10" +2.2 x 107 56x107+5.0x 107
(PCBCB), 3.4x100+15x10° 3.7 x 107 +2.2 x 107

(PCBCB), 0.2% (IrCp*Cp)* 2.6 x10°+1.4x10°  45x10%+1.9 x 10
(PCBCB)y 3% (IrCp*Cp)*  51x103+4.7x10°  3.3x10*+2.3x10*
(PCBCB), 29% (IrCp*Cp)* 7.6 x102+19x102 1.4 x10%+3.8 x 10*
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Figure 5.6 Sheet resistance, resistivity and conductivity of (PCBCB)n, and
contact resistance of (PCBCB)n with silver electrodes as a function of (IrCp*Cp)*
content (molar percentage). The sheet resistance of PCBM and resistance at the
PCBM/Ag contact are reported for comparison.

Figure 5.6 indicates that thermally insolubilized (PCBCB), has an in-plane
conductivity comparable to that of PCBM; however, a slightly lower resistance at the
(PCBCB)n/silver contact is observed compared to that at the PCBM/Ag contact. Upon
addition of the organometallic dimer the conductivity of (PCBCB), increases by up to four
orders of magnitude, and the resistance at the (PCBCB)n/Ag contact decreases by a similar
extent. The increase in conductivity is consistent with the Er shift away from the HOMO

of the organic semiconductor, Figure 5.4, confirming n-doping.?’
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5.3.2 Impact of Crosslinking on in-Plane Conductivity of Doped (PCBCB)n

The crosslinker PMHBCB was synthesized via polymerization of a methacrylate
monomer containing a BCB moiety using the radical initiator azobisisobutyronitrile
(AIBN). To assess whether the introduction of the PMHBCB affects the in-plane electrical
conductivity of doped (PCBCB), films, transmission line measurements were performed.
The concentration of iridium monomer cations, (IrCp*Cp)*, was kept constant at 3 mol%
to be able to measure values in conductivity larger than those of undoped (PCBCB), and
reliably determine the effect of PMHBCB addition, the concentration of which was
increased up to 30 mol%. Figure 5.7 shows a ten-fold increase in the conductivity of doped
(PCBCB)n upon the addition of crosslinker. Further, increasing the crosslinker loading in
(PCBCB)n films from 1 mol% to 30 mol% does not lead to a significant increase in
conductivity. However, when the concentration of PMHBCB is 20 mol%, the resistance at
the fullerene-derivative/silver electrode contact seems to be the lowest; further addition of
crosslinker leads to a large increase in R¢, approaching values close to those of doped
(PCBCB)n with no crosslinker.

Table 5.4 Sheet resistance of doped (PCBCB)n and resistance at the doped

(PCBCB)n/silver contact as a function of crosslinker concentration. The (IrCp*Cp)*
concentration was fixed to 3 mol%o.

Material Rs (Q o) Re (Q)

Doped (PCBCB)» 1.0x10°+9.4x10% 1.6x10"+1.3x 10’
Doped (PCBCB)n + 1% crosslinker 3.7 x 10’ £3.6 x 10° 9.6 x 10°+ 4.9 x 10°
Doped (PCBCB)n + 10% crosslinker 4.3 x 10" #5.8 x 105 7.7 x 10° + 1.8 x 10°
Doped (PCBCB), + 20% crosslinker 4.3 x 10" +7.1x10° 28 x10°+2.2 x 10°
Doped (PCBCB), + 30% crosslinker 4.4 x 10" +2.9x 10" 2.7 x 10 + 6.4 x 10°
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Table 5.5 Resistivity and conductivity of (PCBCB)n as a function of crosslinker
concentration. The (IrCp*Cp)* concentration was fixed to 3 mol %.

Material p (Q cm) o (Scmt)

Doped (PCBCB), 51x10°+47x10° 3.3x10%+2.3x10*
Doped (PCBCB), + 1% crosslinker  1.9x102+1.8x 10! 55x10°+5.4 x 10*
Doped (PCBCB)n + 10% crosslinker 2.2 x 10 +2.9x 10* 4.7 x10°%+6.8 x 10*
Doped (PCBCB)n + 20% crosslinker 2.1 x 10 +3.5x 10* 4.8x10°%+8.8 x 10*
Doped (PCBCB), + 30% crosslinker 2.2 x 102+ 15x 102 59x10%+3.4x10°
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Figure 5.7 Sheet resistance, resistivity and conductivity of doped (PCBCB)n,
and contact resistance of doped (PCBCB)n with silver electrodes as a function of
crosslinker (molar) concentration. The concentration of (IrCp*Cp)* in the fullerene
derivative was kept constant at 3 mol %.

Previously reported 2D-GIWAXS analysis on PCBM, PCBCB and (PCBCB)n

films shows that upon formation of the oligomers via annealing, the crystallinity of the
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films increases and the spacing between fullerene groups decreases slightly, leading to
larger mobility values in (PCBCB), compared to PCBCB and PCBM.'®° Noting that
pristine materials with high mobility do not always exhibit high conductivity,%817 it is
possible that the addition of crosslinker PMHBCB may lead to larger conductivity by
leading to a more monodisperse array of inter-fullerene spacings. However, further

experimental evidence is needed to validate this hypothesis.

5.4  Stability of Doping of (PCBCB)n Films to Solvent Washing

Results presented in chapter 2 suggest that monomer cations (IrCpCp*)*,
physisorbed on a negatively charged metal oxide surface, are washed away when an
organic semiconductor is spin-coated on top of the metal oxide. Therefore, it is plausible
to assume that (IrCpCp*)* in bulk (PCBCB)» could be washed away with low-molecular
weight reduced fullerene oligomers by solvent processing on top of the doped ETM. To
test this hypothesis films of doped (PCBCB). containing 3 mol% (IrCp*Cp)* were
prepared and analyzed by XPS before and after spin-coating solvents commonly used in
device fabrication, such as chlorobenzene and DMF. Figure 5.8 shows the iridium
elemental contribution — calculated from the area under the Ir 4f peaks — in the films washed
with chlorobenzene is not significantly different from the iridium content in non-washed
samples. However, films washed with DMF contain less iridium than in the as-prepared
ones. To assess whether the addition of the crosslinker PMHBCB could prevent the loss of
iridium cations by possibly increasing the linkage between fullerene oligomers, XPS was
performed on (PCBCB). films containing 10 mol% crosslinker and 3 mol% of (IrCp*Cp)*.
Figure 5.9 shows that the elemental contribution of iridium does not significantly change

upon washing when PMHBCB is present in the films. The small variations in iridium
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content in the samples containing PMHBCB can be accounted for by accidental coverage
variations, as shown by the slight increase (decrease) in indium and tin (carbon) elemental

contribution for the non-washed samples, Figure 5.10.
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Figure 5.8 Iridium elemental contribution in doped (PCBCB)n films with 3
mol% (IrCp*Cp)2 as prepared, and after spin-coating chlorobenzene or DMF on
top of it. The elemental contribution of iridium is calculated from the area under the
Ir 4f peaks in XPS spectra. The carbon elemental contribution in the same films is
constant at around 70%o, regardless of washing.
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Figure 5.9 Iridium elemental contribution in doped (PCBCB)n films with 3
mol% (IrCp*Cp)2 and 10 mol% PMHBCB, as prepared, and after spin-coating
chlorobenzene or DMF on top of it. The elemental contribution of iridium is
calculated from the area under the Ir 4f peaks in XPS spectra. The carbon
elemental contribution in the same films is constant at around 60%, regardless of
washing.
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Figure 5.10 Elemental contributions in doped (PCBCB)n films with 3 mol%
(IrCp*Cp)2 and 10 mol% PMHBCB, as prepared, and after spin-coating
chlorobenzene or DMF on top of it. The elemental contribution of carbon, oxygen,
indium, tin and iridium are calculated from the area under the C 1s, O 1s, In 3d, Sn
3d and Ir 4f peaks in XPS spectra.

5.5 Diffusion Studies of (IrCp*Cp)* in (PCBCB)n upon Thermal Annealing

To assess whether the network of oligomers, formed via the thermal activation of
BCB moieties, could potentially be sufficient to prevent or limit the diffusion of iridium
monomer cations, films of (PCBCB)» containing 29 mol% of (IrCp*Cp)* were deposited
on ITO substrates. The latter was chosen over FTO because of its lower root mean square
surface roughness (Rrms = 0.1 nm vs. 15 nm), which allows relatively easy monitoring of
the concentration profile of iridium throughout the film thickness via XPS depth profiling.
Ce0 (20 nm) was vacuum-deposited on top of (PCBCB)n, to prevent washing of the dopant,

and to prevent the introduction of energy barriers for the dopants to diffuse, since Ceo and
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(PCBCB); have similar EA " 1% and only differ little in their structure. Figure 5.11 shows
the concentration profile of iridium throughout the as-made bilayer (no annealing). Most

of the iridium present in the bilayer is located in the (PCBCB)n.

Sputter depth [nm]

0.0 40 80 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0 44.0
2T T T
C

60

— T T 1T T T T T T
(PCBCB), +29 rol%(IrCp*Cp)’

0.04

oAl

0.02

Ir atomic concentration [%]

0 = | | 1 | I ' | I | I B | - 000
0 20 40 60 80 100 120 140 160 180 200 220

Sputter time [s]

Figure 5.11 Atomic concentration of iridium and ratio between Ir 4f and
carbon C 1s peaks as a function of sputter depth and sputter time for (PCBCB)n
films containing 29 mol% (IrCp*Cp)*, deposited on ITO and covered by 20 nm of
vacuum-deposited Ceo. XPS depth profiling was performed on the samples as-
prepared.

Annealing the bilayer of doped (PCBCB)n/Ceo at 185 °C for 90 min, which is the
same annealing protocol used to crystallize the most stable perovskite material reported in
the literature, formamidinium-cesium lead mixed halide perovskite®” 5 previously
deposited on pristine (PCBCB)n,*%" leads to a redistribution of the iridium content in the
bilayer, as shown in Figure 5.12. There is clearly diffusion from the doped (PCBCB)x layer

into the Ceo Overlayer.
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Figure 5.12 Atomic concentration of iridium and ratio between Ir 4f and
carbon C 1s peaks as a function of sputter depth and sputter time for (PCBCB)n
films containing 29 mol% (IrCp*Cp)*, deposited on ITO and covered by 20 nm of
vacuum-deposited Ceo. XPS depth profiling was performed on the samples after
annealing at 185 °C for 90 min.

56 The Effect of Dopant and Crosslinker Addition to (PCBCB)n ETMs in

Perovskite Solar Cells (PSCs)

Perovskite solar cells with the n-i-p architecture were fabricated to assess the impact
of n-doping and crosslinking between insoluble oligomers in (PCBCB),. The architecture
of the solar cells consisted of FTO/ETM/(HC(NH2)2)0.83Cs0.17Pb(lo.sBro.2)s/spiro-
OMeTAD/Ag, where (HC(NH2)2)0.83Cs0.17Pb(lo.sBro2)s is a thermally stable
formamidinium cesium lead mixed-halide perovskite,®” 17153 processed from solutions of
DMF and dimethylsulfoxide (DMSO) in a ratio of 4:1. Since PCBCB is a derivative of

PCBM, reference solar cells were fabricated using the latter as the organic ETM. However,
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PCBM alone is largely washed away when the perovskite is solution-processed on top of
it, which can be attributed to a higher solubility in DMF for PCBM than for Ceo. Therefore,
tin oxide nanoparticles (SnO2 NPs) were introduced to prevent the formation of pinholes
in the ETM, when the PCBM is washed. Nevertheless, previous work shows that when
formamidinium cesium lead mixed-halide is chosen as the light-absorbing perovskite,
SnO2 NPs work as a buffer layer to improve the electronic contact between fullerenes and
FTO.' To single out the impact of n-doping on device performance, SnO2 NPs were used
in all solar cells, even though (PCBCB), itself is insoluble. The light-absorbing perovskite
was deposited using a protocol that requires annealing at 100 °C,'"* instead of at 185 °C,
in a trade off between attempting to limit dopant diffusion and thermal stability. However
diffusion studies at 100 °C need to be performed. The device performance parameters
averaged over thirteen solar cells per each type of ETM are shown in Table 5.6, and the
current density — voltage (J — V) curves of the best-performing solar cells are shown in
Figure 5.14. At the lowest doping concentration explored [0.2 mol% IrCp*Cp)*], there is
a small average increase in open-circuit voltage (Voc) and in stabilized power output (SPO)
compared to devices with pristine (PCBCB)n. Once again, SPO is defined as the power
conversion efficiency (PCE) of devices held at their J — V determined maximum power
point. On average, the Vo increases from 1.08 V to 1.11 V, and the SPO increases from
11.9% to 12.5%, for PSCs fabricated with (PCBCB)» and doped (PCBCB)n, respectively.
The increase in Vo, shown in Figure 5.13, suggests a reduction in the non-radiative
recombination at the interface takes place, possibly because of faster charge extraction
associated with an increased conductivity of the organic ETM. Variations in fill factor (FF)

across devices with n-doped (PCBCB), are smaller compared to those in devices with
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unmodified (PCBCB)n, although a large increase in FF is not observed, possibly because
some of the dopant is washed away by DMF, as shown in section 5.4. Further increasing
the dopant content to 3 mol% (IrCp*Cp)* leads to lower Vo, short-circuit current (Jsc) and
PCE compared to solar cells with unmodified (PCBCB)n. Therefore, a low doping level
[0.2 mol% IrCp*Cp)*] seems optimal to maximize device efficiency. From a practical
standpoint, difficulties in controlling low concentrations of dopants and sensitivity of
fullerene radical anions to moisture and oxygen levels can minimize the improvements in
PCE. It must also be noted that solar cells fabricated with pristine and doped (PCBCB)n
exhibit on average higher PCE compared to devices containing PCBM (11.5%), when
SnO2 NPs are used as a buffer layer between the ETM and the FTO. Replacing SnO2 NPs
with a compact layer of tin oxide (c-SnO2) covered with a very thin layer of PCBM leads
to solar cells with J — V determined PCE of 15.5%, considerably higher than the average
PCE of solar cells using (PCBCB)n with no buffer layer between FTO and the organic ETM
(12.2%), as shown in Table 5.7. However, unlike SnO2 NPs, ¢c-SnO; functions well as an
ETM even without PCBM.1"2 Hence, the reference solar cells with c-SnO2/PCBM are not
meant to provide a comparison between various fullerene-derivatives as ETMs; they rather
provide an indication of the quality of the perovskite and other layers in the device

architecture.
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Table 5.6 Device performance parameters averaged over thirteen solar cells
with solution-processed (HC(NHz2)2)o.s3Cso.17Pb(lo.sBro.2)s as a function of the dopant
concentration in (PCBCB)n films. Reference devices were made with PCBM as the
organic ETM. All solar cells were made using tin oxide nanoparticles as a buffer
layer between the fullerene derivative and FTO.

mol% (IrCp*Cp)* Jsc (MA cm™2) Voc (V) FF (%) PCE (%) SPO (%)
0 20.2+0.9 1.08+£0.02 58+5 125+13 11.9x0.8
0.2 205x0.7 111+0.01 622 13.7x£0.7 125x0.6
3 194+£17 1.10£0.01 62+2 131+13 12.0x0.8
PCBM 193+14 1.07+£0.03 577 115+£16 111x03
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Figure 5.13 Open-circuit voltage (Voc) and fill factor (FF) for solar cells

fabricated using as ETMs (PCBCB)n, (PCBCB)n containing 0.2 mol% of (IrCp*Cp)*
and PCBM. All solar cells were made using tin oxide nanoparticles as a buffer layer
between the fullerene derivative and FTO.
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Figure 5.14 Current density — voltage characteristics for the best-performing
solar cells fabricated using as ETMs (PCBCB)n, (PCBCB)n containing 0.2 mol%o of
(IrCp*Cp)* and PCBM. All solar cells were made using tin oxide nanoparticles as a
buffer layer between the fullerene derivative and FTO.

The concentration of crosslinker PMHBCB in (PCBCB), was varied and its impact
on the electrical behavior of PSCs was assessed. The device performance parameters
averaged over five solar cells for each type of ETM are shown in Table 5.7, and the J -V
curves of the best-performing solar cells are shown in Figure 5.15. Adding 1 mol% of
crosslinker in films of (PCBCB), leads to an increase in FF, and in PCE from an average
of 12.2% for pristine (PCBCB)n to 13.7% for crosslinked (PCBCB)n. The increase in FF
seems to be consistent with the increase in conductivity, shown in Figure 5.7, upon addition
of PMHBCB in doped films of (PCBCB)n. Increasing the concentration of crosslinker
above 1 mol% induces rapid degradation of device performance parameters, probably

because the crosslinker dilutes out the concentration of conducting PCBCB oligomers.
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Table 5.7 Device performance parameters averaged over five solar cells with
solution-processed (HC(NH2)2)o.83Cs0.17Pb(lo.sBro.2)3 as a function of the PMHBCB
crosslinker concentration in (PCBCB)n films. The reference solar cell was made
using compact-layer SnO2 covered with PCBM as the ETM.

mol% crosslinker Jse (MA cm™?) Voc (V) FF (%) PCE (%)

0 17.3+0.2 1.08+£0.03 653 12.2+0.3
1 179+0.3 1.09+003 71+2 13.7%+0.3
10 153+1.2 1.10+0.03 66+2 11.1+1.2
20 142 +0.8 1.05+£0.07 695 10.2+0.9
30 112+13 1.11+004 643 8009
50 140+0.6 1.11+0.03 67+2 104%0.1
c-Sn0,/PCBM 18.1+0.4 113+0.01 75+1 155+0.3
20 - -
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Figure 5.15 Current density — voltage characteristics for the best-performing
solar cells fabricated using as ETMs (PCBCB)n, (PCBCB)n containing 1 mol% of
crosslinker and a compact layer of SnO2 covered with PCBM (reference).
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PSCs solar cells containing (PCBCB), with both the optimal concentration of dopant
[0.2 mol% (IrCp*Cp)*] and the optimal concentration of crosslinker (1 mol% PMHBCB)
were fabricated, and compared to solar cells with undoped (PCBCB),, doped (PCBCB)n,
and crosslinked (PCBCB)n as ETM. The device performance parameters averaged over
seven solar cells per each type of ETM are shown in Table 5.8, and the J —V curves of the
best-performing solar cells are shown in Figure 5.16. Adding both dopant and crosslinker
to (PCBCB), leads to devices that exhibit lower FF, Vo, Jsc and SPO compared to those
with pristine (PCBCB),, doped (PCBCB)s, and (PCBCB), containing only crosslinker.
Conductivity measurements in section 5.3.2 show that the simultaneous addition of both
(IrCp*Cp)2 and PMHBCB is not detrimental to the in-plane conductivity of (PCBCB)x;
therefore, it is possible that the crystallization of the perovskite on this ETM is sub-optimal.
Indeed, this hypothesis is supported by preliminary results showing that p-i-n solar cells
fabricated using doped and crosslinked (PCBCB), exhibit PCEs above 16% and
outperform those fabricated with undoped (PCBCB),, doped (PCBCB)» and crosslinked

(PCBCB)n.
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Table 5.8 Device performance parameters averaged over seven solar cells with
solution-processed (HC(NHz2)2)0.83Cs0.17Pb(lo.sBro.2)3 and different ETMs. The
reference solar cells were made using compact-layer SnO2 covered with PCBM as
ETM. 0.2 mol% (IrCp*Cp)* and 1 mol% PMHBCB were used in the films of
(PCBCB)n that were doped, crosslinked or both.

ETM Jse (MA cm™) Voc (V) FF (%) PCE (%) SPO (%)
(PCBCB)n 20.0+0.5 1.03+003 61+4 127+11 11.2+23
Doped (PCBCB)» 19.6 +0.7 1.04+001 633 128+08 123+11
(PCBCB)n + crosslinker 19.8+0.7 1.03+0.04 62+2 126+11 134+10
Doped (PCBCB), +
crosslinker 19.0+05 099+003 b54+5 103+10 10904
¢c-SnO,/PCBM 202+0.4 097+003 71+2 140#+06 14.1+0.3
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Figure 5.16 Current density — voltage characteristics for the best-performing
solar cells fabricated with (PCBCB)n, (PCBCB)n + 0.2 mol% (IrCp*Cp)*, (PCBCB)n
+ 1 mol% of crosslinker, and (PCBCB)n containing both dopant and crosslinker as

ETMs.
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5.6.1 Stability of Perovskite Solar Cells upon the Introduction of n-Dopant and

Crosslinker

Perovskite solar cells with the n-i-p architecture were aged in inert atmosphere at
85 °C in the dark, to investigate the impact on the device thermal stability of the choice of
ETM, and of the introduction of (IrCp*Cp)2 and crosslinker in (PCBCB)x films. The solar
cell architecture was FTO/ETM/(HC(NH2)2)0.83Cs0.17Pb(lo.sBro.2)s/spiro-OMeTAD/Cr/Au.
Generally, it is possible to distinguish two regions in the degradation pattern of solar cells
containing organic semiconductors: a first burn-in period, characterized by an exponential
loss in efficiency whose magnitude and duration is dependent on the materials system,*”
followed by a linear decay. It is possible to define the device lifetime as the time at which

the power conversion efficiency has reached 80% of its value post burn-in (tso).

Burn-in Linear decay

20% loss L

Lifetime

Power Conversion Efficiency

|
A 4

Aging time tso

Figure 5.17 Schematic of a typical degradation pattern of a solar cell
containing organic semiconductors (hence representative of PSCs as well as OPVs),
showing the burn-in and linear decay regimes. The lifetime of a solar cell is defined
by the point at which the efficiency is 80% of what it originally was after the burn-in
period. Adapted from the literature.1’®

142



The solar cells fabricated using organic ETMs exhibited a burn-in period over the
first 200 h of aging. Figure 5.18 shows that solar cells fabricated using (PCBCB)n as ETM
exhibit a much severe burn-in compared to devices fabricated with a compact layer of SnO-
covered with PCBM, the efficiency of which does not seem to decrease at all over the first
200 h. However, the lifetimes of (PCBCB)s- and c-SnO2/PCBM-based devices are very
similar (tso = 716 h and 701 h respectively). These lifetime values are comparable to those
reported in the literature for devices containing a similar perovskite absorbing layer,'*3 and
were obtained using linear regression fitting with a coefficient of determination (R?) above

0.85.
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Figure 5.18 Stability comparison of non-encapsulated perovskite solar cells
(PSCs) fabricated using as ETMs (PCBCB)n or compact-layer SnO2 coated with
PCBM. PSCs were aged for 1800 h at 85 °C in the dark in inert atmosphere, and
brought to atmosphere and room temperature for PCE measurement. An average of
four devices per each data point is reported. The vertical line at 200 h marks the
transition from burn-in to linear decay.
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Figure 5.19 shows that doping (PCBCB), does not negatively affect device
stability, which could point out that the dopant may not extensively diffuse at 85 °C, which
is @ much lower temperature than the one used for diffusion studies in vacuum-deposited
Ceo insection 5.5, 185°C. Figure 5.20 shows that promoting connectivity among (PCBCB)
oligomers with the addition of PMHBCB does not lead to improvements in thermal
stability. However, the addition of the crosslinker in doped (PCBCB)x films reduces the
degradation in device performance during burn-in, although it does not seem to affect long-
term degradation. It was not possible to confidently determine the lifetime of solar cells
containing doped (PCBCB)n, crosslinked (PCBCB)n, and doped and crosslinked (PCBCB)n

given the poor R? (< 0.5) of the linear regression fit in the post burn-in regime.
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Figure 5.19 Stability comparison of non-encapsulated perovskite solar cells
(PSCs) fabricated using (PCBCB)n and doped (PCBCB)n as ETMs. PSCs were aged
for 1800 h at 85 °C in the dark in inert atmosphere, and brought to atmosphere and
room temperature for PCE measurement. An average of four devices per each data
point is reported. The vertical line at 200 h marks the transition from burn-in to
linear decay.
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Figure 5.20 Stability comparison of non-encapsulated perovskite solar cells
(PSCs) fabricated using as ETMs (PCBCB)n and (PCBCB)n containing 1 mol% of
PMHBCB crosslinker. PSCs were aged for 1800 h at 85 °C in the dark in inert
atmosphere, and brought to atmosphere and room temperature for PCE
measurement. An average of four devices per each data point is reported. The
vertical line at 200 h marks the transition from burn-in to linear decay.
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Figure 5.21 Stability comparison of non-encapsulated perovskite solar cells
(PSCs) fabricated using as ETMs doped (PCBCB)n and doped (PCBCB)n containing
1 mol% of PMHBCB crosslinker. PSCs were aged for 1800 h at 85 °C in the dark in
inert atmosphere, and brought to atmosphere and room temperature for PCE
measurement. An average of four devices per each data point is reported. The
vertical line at 200 h marks the transition from burn-in to linear decay.

5.7 Conclusions

(PCBCB)s is an insoluble ETM compatible with solution-processing of perovskite
from solvents like DMF. The work in this chapter demonstrated that (IrCp*Cp)2 dopes the
fullerene derivative by forming fullerene radical anions, PCBCB™, and iridium monomer
cations, (IrCp*Cp)*. Doping insoluble films of (PCBCB)» oligomers leads to an increase
of the in-plane conductivity of the host material by four orders of magnitude. However,
(IrCp*Cp)* can be washed away — together with low-molecular weight PCBCB™ — by DMF
spin-coated on top of the doped layer. Adding a crosslinker, PMHBCB, prevents washing

of (IrCp*Cp)* and slightly increases the in-plane conductivity of the doped (PCBCB)x.
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This is the first time that diffusion of (IrCp*Cp)* is clearly shown to take place in
(PCBCB)n/Ceo bilayers heated at 185 °C. Adding the crosslinker to (PCBCB)n may prevent
the diffusion of the dopant, but further experimental evidence is needed to validate this
hypothesis. Fabricating solar cells with low-doped (PCBCB), leads to an improvement in
PCE associated with a small increase in Vo, suggesting that the upward shift of the EF upon
doping leads a reduction in non-radiative recombination, possibly due to faster charge
extraction in ETMs of increased conductivity. Fabricating solar cells using (PCBCB), with
PMHBCB leads also to an improvement in PCE associated with an increase in FF. The
latter suggests a possible increase in through-plane conductivity, which although not
directly validated, seems consistent with in-plane conductivity studies. However,
simultaneous incorporation of (IrCp*Cp). and PMHBCB leads to a degradation of all
device performance parameters. This electrical behavior could be associated with poor
perovskite film formation, supported by fabrication of p-i-n solar cells exhibiting higher
PCE when (PCBCB), is crosslinked and doped, as compared to pristine, doped or
crosslinked (PCBCB)n. Unlike PCBCB)n-based PSCs, solar cells fabricated with ¢c-SnO-
covered with PCBM do not exhibit burn-in when aged at 85 °C in inert atmosphere.
However, solar cells built with c-SnO2/PCBM or (PCBCB)n show very similar lifetimes
(tso ~ 700 h). The burn-in of (PCBCB)x devices is reduced by introducing (IrCp*Cp)2 and

PMHBCB.
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5.8 Experimental

5.8.1 Materials Synthesis

PCBCB and its precursors were synthesized following literature methods by the
author and by Dr. Raghunath R. Dasari.'®® "4 PCBM (Argos organics), 2.2',7,7'-
tetrakis(N, N'-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD, Lumtec),
formamidinium iodide ((HC(NH2)2)I, GreatCell Solar), cesium iodide (Csl, Sigma-
Aldrich), lead iodide (Pblz, TCI Chemicals), lead bromide (PbBrz, Alfa Aesar), and
anhydrous solvents [DMF, DMSO, chlorobenzene, dichlorobenzene, anisole, toluene

(Sigma-Aldrich)] were purchased.

5.8.1.1 Pentamethylcyclopentadienyl cyclopentadienyl iridium dimer®!

=

Ir

paas
ity

Ir Ir

<

2 : 1 Mixture
(IrCp*Cp);

To a suspension of sodium-potassium alloy absorbed onto silica gel (K2Na-SG, 35%,
Sigma Aldrich, 0.7 g, 2.45 mmol) in anhydrous and degassed tetrahydrofuran (60 mL),
pentamethylcyclopentadienyl cyclopentadienyl iridium hexafluorophosphate (0.5 g, 0.93
mmol, synthesized following a previously reported procedure),®* was added in inert

atmosphere. The reaction mixture was stirred for 1 h at room temperature. The obtained
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solution was cannulated into a Schlenk flask, through a frit containing celite, without
oxygen exposure. After removal of THF under reduced pressure, the crude solid was
extracted into dry and degassed toluene (20 mL). The solution was once again cannulated
into a Schlenk flask, through a frit containing celite, without oxygen exposure. The solvent
was removed under reduced pressure, and the solid was washed three times in dry, cold
and oxygen-free hexanes to obtain a brown-yellow solid (0.3 g, 90%). K2Na-SG was
quenched by careful addition of isopropanol and ethanol until no hydrogen evolution is
recorded. The *H NMR shifts were consistent with the literature.’ The compound was

synthesized by the author and Dr. Elena Longhi.

5.8.1.2 Bicyclo[4.2.0]octa-1,3,5-trien-7-yl acetate!”

O\(
AN
o)

To refluxing (75 °C) and degassed vinyl acetate (0.80 L) were added dropwise a
suspension of anthranilic acid (21.8 g, 159 mmol) in warm vinyl acetate (0.20 L) and amyl
nitrite (186 mmol, 25 mL) under N and stirring. The reaction was carried out for 30 min.
The solvent was removed and the viscous brown oil was distilled to obtain a pale yellow

liquid (2 g, 8%). 'H NMR shifts were consistent with the literature.1”

5.8.1.3 Bicyclo[4.2.0]octa-1,3,5-trien-7-0l*"®

OH
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To a solution of bicyclo[4.2.0]octa-1,3,5-trien-7-yl acetate (1.3 g, 8 mmol) in
methanol (8 mL) was added sodium carbonate (0.8 g, 7.7 mmol) in water (16.0 mL). The
reaction mixture was stirred for 20 h at room temperature. The product was extracted in
ether, the extracts were washed with water several times and dried over sodium sulphate.
The solvent was removed, and a white solid product was obtained (1.24 g, 80%). *H NMR

shifts were consistent with the literature.1’
5.8.1.4 Bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl 6-bromohexanoate

Br/\/\/ﬁ(O\éj>

O

To a solution of bicyclo[4.2.0]octa-1,3,5-trien-7-0l (0.65 g, 5.4 mmol) and 6-
bromohexanoic acid (1.11 g, 5.7 mmol) in dry dichloromethane (20.0 mL) were added
N,N'-dicyclohexylcarbodiimide (1.23 g, 6 mmol) and 4-dimethylaminopyridine (0.05g, 0.4
mmol) at room temperature under stirring. The reaction was carried out at room
temperature for 2 h. The reaction mixture was filtered, and the solvent was removed. A
yellow oil was obtained (2.45 g, 91%) after column chromatography using CHCIs and
ethanol (100:1) as eluent. *H NMR (300 MHz, CDCls): § 7.32 (m, 2H), 7.24 (m, 1H), 7.15
(d, Jn-H = 6 Hz, 1H), 5.92 (dd, Ju-+ = 3.0, 1.5 Hz, 1H), 3.66 (dd, Ju.+ = 15.0 Hz, 3.0 Hz,
1H), 3.40 (t, Ju.n = 6.0 Hz, 2H), 3.22 (dd, Ju-n = 15.0 Hz, 1.5 Hz, 1H), 2.38 (t, Ju-n = 6 Hz,
2H), 1.88 (p, Jn-+ = 9.0 Hz, 2H), 1.69 (p, Ju-+ = 6.0 Hz, 2H), 1.49 (m, 2H). *C(*H) NMR
(100.62 MHz, dimethyl sulfoxide-de): & 172.88, 144.05, 142.51, 130.00, 127.52, 123.33,
123.30, 71.02, 38.55, 34.97, 33.19, 31.86, 26.99, 23.55. Anal. Calcd. for C14H17BrO>: C,

56.58; H 5.77; found: C, 56.44; H, 5.68. MS (ESI) m/z 319.03 [C14H170,BrNa (M+Na)*].
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5.8.1.5 Bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl 6-(methacryloyloxy)hexanoate

To a solution of methacrylic acid (1.05 g, 12.2 mmol) in dry DMF (10.0 mL) at
room temperature, potassium carbonate (1.03 g, 18.3 mmol) and a solution of
bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl 6-bromohexanoate (0.9 g, 3.1 mmol) in DMF (2.0
mL) were added under nitrogen, and by preventing light exposure by wrapping the flask in
aluminum foil. The reaction was monitored by thin layer chromatrography. After 72 h the
reaction was halted, the product was extracted in ether, and the extracts were washed with
water at least three times. The organic residue was dried on Na;SOs, and the solvent was
removed. A column was performed using a Biotage flash purification system (70% hexanes
: 30% ethylacetate) without exposing the crude to light or heating. The organic phase was
collected and the product exacted in water. The solvent was removed under reduced
pressure. The product (0.46 g, 50% vyield) and the starting material (250 mg, 0.86 mmol)
bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl 6-bromohexanoate were isolated. *H NMR (500
MHz, CDCls): & 7.32 (td, Ju-.+ = 6.0, 0.5 Hz, 1H), 7.24 (m, 2H), 7.15 (d, Ju-+ = 6.0 Hz,
1H), 6.09 (m, 1H), 5.92 (dd, Ju-+ = 3.0, 1.5 Hz, 1H), 5.54 (m, 1H), 4.14 (t, Ju.n = 6.0 Hz,
2H), 3.66 (dd, Ju-+ = 15.0 Hz, 3.0 Hz, 1H diastereotopic), 3.21 (d, Ju-+ = 15.0 Hz, 1H
diastereotopic), 2.38 (t, Ju-n = 6 Hz, 2H), 1.93 (s, 3H), 1.71 (m, 4H), 1.44 (m, 2H). *C(*H)
NMR (125.81 MHz, CDClz): 6 173.54, 167.48, 144.26, 142.72, 136.45, 129.98, 127.54,

125.28, 123.53, 123.22, 71.51, 64.46, 38.95, 34.09, 28.33, 25.61, 24.56, 18.34. Anal.
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Calcd. for C1gH2204: C, 71.50; H 7.33; found: C, 71.46; H, 7.51. MS (ESI) m/z 303.15

[C18H2304 (M+H)].

5.8.1.6 Poly(bicyclo[4.2.0]octa-1(6), 2, 4-trien-7-yl-hexanoyl metacrylate)

Bicyclo[4.2.0]octa-1(6),2,4-trien-7-yl 6-(methacryloyloxy)hexanoate (0.40 g, 1.32
mmol) and AIBN (2.0 mg, 0.012 mmol) were dissolved in dry benzene (6 ml) under
nitrogen. The polymerization mixture was deoxygenated and was then heated up at 60 °C
for 7 days without light exposure. The polymer was precipitated into methanol three times.
After drying under vacuum, a white polymer was obtained in (0.32 g, 80%). *H NMR (500
MHz, CDCls): § 7.28 (m, 1H), 7.20 (m, 2H), 7.11 (d, Ju.+ = 10 Hz, 1H), 5.87 (s, 1H), 3.89
(s, br, 2H), 3.61 (dd, Ju-+ = 15.0 Hz, 5.0 Hz, 1H diastereotopic), 3.17 (d, Ju-+ = 15.0 Hz,
1H diastereotopic), 2.34 (s, br, 2H), 1.77 (m, br, 2H), 1.65 (m, br, 2H), 1.58 (s, 3H), 1.36
(s, br, 2H), 0.99 (s, br, 2H). 3C(*H) NMR (125.81 MHz, CDCls): § 177.45, 173.54, 144.43,
142.81, 130.07, 127.65, 123.69, 123.33, 71.60, 64.87, 54.24, 45.02, 39.05, 34.08, 27.99,

25.70, 24.62, 16.86. Anal. Calcd. for C1gH2204: C, 71.50; H 7.33; found: C, 71.41; H, 7.36.
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MS (MALDI) 302.53 g/mol. [C1gH2204]. Mw = 581.4 kg/mol, PDI = 1.99 (determined via
GPC in CHCIlz at 35 °C). Tq = -10 °C, Tqg= 210 °C. This reaction step was performed by
Dr. Yadong Zhang, while the characterization of the compound was performed by the

author.

5.8.2 UV-vis-NIR Absorption Spectroscopy

Absorbance spectra were measured with a Lambda 1050 UV-vis-NIR
spectrophotometer (PerkinElmer) in a controlled nitrogen atmosphere. The solutions were
prepared and sealed in the cuvettes in a glovebox. A baseline spectrum of dichlorobenzene

was subtracted from the spectra before further analysis.

5.8.3 Photoelectron Spectroscopy

UPS and XPS measurements were carried as described in section 3.7.2. Depth
profiling XPS measurements were performed using a JEOL JPS-9030 system with a
monochromated Al Ka x-ray source (hv = 1486.6 eV). Argon with a pressure of 3 x 10
mbar was used as sputter gas, with low acceleration voltage and ion current (300 V and 3.5
mA) to minimize sputter damage. The resulting sputter rate was ~ 0.2 nm/s, as determined
by measuring the step edge to the covered sample area by AFM after sputtering. For
determination of atomic concentrations, sensitivity factors listed in the JEOL system were

used.

5.8.4 Transmission Line Measurements

Transmission line measurements were carried out as specified in section 4.7.4. All

films of the electron transporting materials [i.e., PCBM, (PCBCB), with and without
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addition of dopant or crosslinker] had a thickness of 50 nm, measured via ellipsometry.
To keep the thickness of the ETM constant, the final concentration of all fullerene
derivative solutions, with and without the addition of n-dopant and/or crosslinker, was set
to 30 mg/mL. For doping concentrations > 1 mol%, the concentration of (IrCp*Cp). and
PCBCB solutions was fixed to 17 mg/mL in chlorobenzene and 50 mg/mL in
dichlorobenzene, respectively; for doping concentrations < 1 mol%, the concentration of
(IrCp*Cp)2 and PCBCB solutions was fixed to 2 mg/mL in chlorobenzene and 31 mg/mL
in dichlorobenzene, respectively. 5 mg of crosslinker were dissolved in 1 mL of
dichlorobenzene. All solutions were prepared, stirred for at least six hours, and spin-coated
at 2000 rpm, 2000 rpm/s, for 45 s onto detergent/solvent-cleaned (DSC) glass substrates in
a glovebox (<0.5 ppm water and <50 ppm oxygen), using degassed and anhydrous solvents.
PCBM films — obtained from 30 mg/mL solutions in chlorobenzene — were annealed at 70
°C for 10 min, while PCBCB-based films were annealed at 200 °C for 10 min to promote
crosslinking, yielding the fullerene insolubilized product (PCBCB)..° All films were
immediately transferred without air exposure to a vacuum thermal evaporation system

(SPECTROS, K. J. Lesker), for the deposition of silver metal (100 nm).

5.8.5 Solar Cell Fabrication

5.8.5.1 n-i-p Solar Cells for Optimization of Dopant Concentration

Fluorinated tin oxide (FTO) coated glass sheets (Hartford Glass, 15 Q o!) were
etched using a 2 M HCl solution and zinc powder. After initial washing with Hellmanex™
Il detergent, substrates were immersed for 90 min in a H2SO4:H20> 3:1 (v/v) piranha

solution. The FTO substrates were rinsed with deionized water, dried with compressed dry
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air, and transferred into a nitrogen-filled glovebox for the deposition of the subsequent
layers of the device. SnO2 NPs were synthesized according to literature methods.t® 176 A
solution of PCBM (7.5 mg/mL) in chlorobenzene was prepared, stirred for 12 h, filtered
and spin-coated on top of the SnO2 NPs for 45 s at 2000 rpm, 2000 rpm/s. PCBM was then
annealed at 70 °C for 10 min. PCBCB (3 mg/mL) was dissolved in dichlorobenzene, while
(IrCp*Cp)2 (1.6 mg/mL) was dissolved in chlorobenzene. Both solvents were degassed.
All solutions were stirred for 12 h, mixed in desired ratios prior to deposition, spin-coated
onto SnO2 NPs for 45 s at 2000 rpm/s, 2000 rpm/s, and heated at 200 °C for 10 min. The
perovskite layer was deposited using a 1.3 M precursor solution in anhydrous DMF:DMSO
(4:1) of various salts [(HC(NH2)2)I, Csl, PbBrs, Pblz], stirred overnight at room
temperature. 100 uL of the precursor solution were spin-coated on the ETMs at 1000 rpm
for 10 s, followed by a step at 6000 rpm for 35 s, at 2000 rpm/s. After 40 s from the
beginning of the spinning program, 80 plL of anisole were dropped on the spinning
substrates. The perovskite films were annealed at 100 °C for 1 h. The hole-transporting
material spiro-OMeTAD was deposited from chlorobenzene with additives at a
concentration of 30 mM for lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and of
80 mM for tert-butylpyridine (tBP) via spin-coating at 2000 rpm, 2000 rpm/s for 45 s. The
hole-transporting layer was oxidized for 18 h prior to the electrode deposition. 110 nm
thick silver electrodes were thermally evaporated at 1 x 10° mbar through a shadow mask
to create solar cells with a total active area of 0.0919 cm?, as defined by the overlap between
FTO and silver. Current density-voltage characterization was carried out as specified in

section 3.7.4.
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5.8.5.2 n-i-p Solar Cells for the Optimization of Crosslinker Concentration in (PCBCB)n

and for Stability Studies

Fluorine doped tin oxide (FTO) coated glass substrates (Pilkington, TEC7) were
etched in selected regions using a 2 M HCI solution and zinc powder. Substrates were
cleaned with water, sequentially sonicated for 5 min in water, acetone and isopropyl
alcohol, and then dried with a compressed nitrogen gun. The substrates were exposed to
UV-ozone cleaning for 15 min. The SnO2 compact layer was deposited as reported in the
literature,'"? and subsequently UV-ozone cleaned. All substrates (i.e., clean FTO and clean
FTO/c-SnO.) were transferred to a nitrogen-filled glovebox for the deposition of the other
layers. A solution of PCBM (4.0 mg/mL) in chlorobenzene and dichlorobenzene in a ratio
of 3:1 was prepared, stirred for 12 h and filtered. PCBM was spin-coated on top of the
metal oxide for 20 s at 2000 rpm, 2000 rpm/s, and annealed at 100 °C for 10 min. PCBCB
(30 mg/mL) and PMHBCB (12 mg/mL) were dissolved in dichlorobenzene, while
(IrCp*Cp)2 (2.4 mg/mL) was dissolved in chlorobenzene. All solutions were stirred for 12
h, filtered, and mixed in desired ratios prior to deposition, to yield a final concentration of
PCBCB of 4.0 mg/mL. The prepared solutions were spin-coated for 20s at 2000 rpm/s,
2000 rpm/s, and heated at 200 °C for 10 min. The perovskite layer was deposited using a
1.3 M precursor solution in anhydrous DMF:DMSO (4:1) of various salts [(HC(NH2)2)I,
Csl, PbBr», Pbly], stirred overnight at room temperature and filtered using a 0.45 um PTFE
filter. 150 uL of the precursor solution were spin-coated on the ETMs at 1000 rpm for 10
s, followed by a step at 6000 rpm for 35 s, at 2000 rpm/s. After 30 s from the beginning of
the spinning program, 400 pL of toluene were dropped on the spinning substrates. The

perovskite films were annealed at 100 °C for 1 h. The hole-transporting material spiro-
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OMeTAD was deposited and oxidized as reported in section 5.8.5.1. For the optimization
of the crosslinker concentration, 110 nm thick silver electrodes were thermally evaporated
at 1 x 10°® mbar through a shadow mask to create solar cells with a total active area of
0.0919 cm?, as defined by the overlap between FTO and silver. For stability studies, the
silver electrode was replaced by 3 nm of chromium, followed by 80 nm of gold. Current
density-voltage characterization was carried out as specified in section 3.7.4. Stability
studies were carried out by storing the solar cells at 85 °C in inert atmosphere in the dark
at open circuit conditions, and then bringing them to ambient temperature for current

density-voltage characterization.
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CHAPTER 6. CONCLUSIONS AND OUTLOOK

This dissertation focused on the use of the dimers formed by some 19-electron
organometallic sandwich compounds to tune the electronic properties of transparent
conductive oxides, particularly ITO and FTO, and organic electron-transporting materials
(ETMs), specifically fullerene and perylene diimide derivatives. Whether deposited on an
electrically conducting surface or in contact with an organic semiconductor with electron
affinity (EA) larger than ca. 2.8 eV, these organometallic dimers transfer electrons and
form stable 18-electron monomer cations. On a conducting surface this translates into the
formation of an interface dipole from the electrostatic adsorption of the monomer cations
on the reduced substrate. Although homolytic cleavage of the C-C bond in rhodium
pentamethylcyclopentadienyl cyclopentadienyl dimer requires less energy compared to
homolytic cleavage in the iridium- and ruthenium-based compounds, the three dimers
explored in this work (IrCp*Cp)., (RuCp*mes). and (RhCp*Cp)2) have similar effective
reducing strength [i.e., E(M*/0.5 M2 ~ -2.0 V vs. FeCp,*®]. Sub-monolayers of their
monomer cations on the surface of metal oxides are found to result in large changes (> 1
eV) in work function (WF) (chapter 4 and previous reports*®: 8% 122) ‘which are maintained
not only after heating to at least 150 °C, but also after solvent washing, showing potential
for application in device fabrication (chapter 2). Indeed, WF reduction leads to a lower
electron-injection barrier in simple sandwich devices, ITO/modifier/Ceo/M0oOx/Ag, where
dimer-modified ITO behaves as the electron-injecting electrode in forward bias and Ceo is
the vacuum-deposited ETM, as shown in chapter 2. The monomer cations present on the

surface do not form a substantial insulating barrier to the flow of electrons into the device,
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as demonstrated by the similar electrical behavior of dimer-modified ITO and ITO
modified with polyethylenimine ethoxylated (PEIE). The latter is a polymer processed
from aqueous solutions that can decrease the WF of various transparent conducting
electrodes relevant to optoelectronics,®® and that was used here as a reference surface
modifier. Spectroscopic studies in chapter 3 reveal that the use of the dimer at the interface
between the metal oxide (in this case, FTO) and ETMs with an EA of ca. 4.0 eV (i.e., Ceo),
pins the Fermi level of the electrode to the LUMO of the ETM and n-dopes the molecules
of organic semiconductor in proximity of the interface (chapter 3); interfacial n-doping of
the ETM leads to changes in in-plane conductivity of Ceo up to three orders of magnitude
(chapter 4). Therefore, surface modification with the redox-active organometallic dimers
IS a promising strategy to obtain low-WF electrodes and compatibilize the inorganic
materials with the organic overlayer in optoelectronic devices, as further corroborated by
observations of similar WF reductions and electrical behaviors obtained in several
laboratories.*® 8. 122123 However, processing of the organometallic n-dopants on the
electrode surface and processing of the organic semiconductor on the modified electrode
are two factors to consider for optimizing electrical behavior in solar cells. These factors

are discussed in the next two paragraphs.

Similar WF modifications (AWF < 1.3 eV) can be obtained by tuning the thickness
of (RhCp*Cp). vacuum-deposited on FTO between 1 and 10 nm and by varying the
dipping time of the metal oxide in solutions of the same organometallic dimer between 1
and 10 min. Nevertheless, perovskite solar cells (PSCs) with CHsNHzlz and Ceo evaporated
on top of vacuum-deposited (RhCp*Cp)2, chapter 3, seem to perform poorly compared to

PSCs where FTO is modified with (RhCp*Cp)2 solutions, chapter 4. The former exhibit an
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average stabilized power output (SPO) of 10%, while the latter exhibit a SPO of 14.7%.
One of the reasons for such difference in stabilized efficiency could arise from the chemical
state of the n-dopant on the surface of FTO. When it is vacuum-deposited, (RhCp*Cp)2
forms multilayers on the metal oxide and is present predominantly in his unreacted form.
In contrast, solution processing of (RhCp*Cp): induces the formation of rhodium monomer
cations, almost exclusively. The multilayers of unreacted dimer on FTO could slow down
electron extraction and possibly lead to an increase in charge recombination. This
hypothesis seems supported by two observations. First, increasing the dipping time of FTO
in solutions of (RhCp*Cp)2, increases the amount of unreacted dopant present on the metal
oxide surface by at least one order of magnitude, and solar cells fabricated with electrodes
dipped longer show lower average SPO (14.7%) than those fabricated with FTO modified
for shorter periods of time (15.6%). Second, by annealing bilayers of vacuum-deposited
(RhCp*Cp). and fullerene or perylene diimide at progressively higher temperatures up to
220 °C, growth of the absorption peaks of the ETMs radical anions is observed, reaching
values comparable to the absorption of ETMs at a nominal doping concentration of ca. 1%.
This suggests that n-doping can be thermally activated, so that unreacted dimers in the
multilayers transfer electrons to the ETMs, forming monomer cations and ETM radical
anions. When an annealing step is included in the device fabrication, and as a consequence
less unreacted dimer is present at the FTO/ETM interface, the stabilized efficiency of solar
cells using PTCBI as ETM reaches up to 14.2%. As a comparison, the solar cells with
PTCBI and vacuum-deposited dopant only reached 9.2% SPO. To establish definitively
whether the presence of large quantities of unreacted dimer at the surface is detrimental to

charge extraction, and leads to poorer stabilized efficiency than in solar cells with FTO
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treated with (RhCp*Cp)2 solutions, the latter would have to be fabricated in the same batch
with PSCs using FTO modified with vacuum-deposited (RhCp*Cp).. Moreover, charge
extraction and recombination studies using these modified electrodes, Ceso or PTCBI, and

CH3NHzsls would prove to be useful to understand the device data.

As previously mentioned, a second factor to be considered when optimizing
electrical behavior in solar cells is the processing of the organic semiconductor on the
dimer-modified electrode. ITO treated with (IrCp*Cp)2 or (RuCp*mes)2 solutions does not
work as a low-WF electrode in simple sandwich devices in which the ETM is solution
processed, instead of being vacuum deposited, as shown in chapter 2. In contrast, PEIE-
modified ITO still behaves as an electron-injecting electrode in forward bias. It was
initially assumed that the organometallic monomer cations were washed away during spin-
coating with reduced molecules of the ETM, resulting in a smaller WF reduction of the
metal oxide and poor-electron injection in diodes with solution-processed ETMs. Chapter
5 supports this assumption. Although iridium monomer cations (IrCp*Cp)" are not
electrostatically bound to a surface as in chapter 2, they are dispersed within the bulk of
phenylCeibutyric acid benzocyclobutene ester (PCBCB). Washing doped films of
thermally-insolubilized PCBCB, denoted here as (PCBCB)n, resulted in a 25% relative
decrease in (IrCp*Cp)* content. Given the reactivity of the benzocyclobutene (BCB)
moiety, the insoluble (PCBCB)x is composed of oligomers of varying molecular weight;
the iridium monomer cations are likely to be washed away with low-molecular weight
(PCBCB)n" oligomers. In the following paragraphs, strategies are discussed that might help

address the limitations described above: one to preserve the WF reduction of metal oxide
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surfaces, and the other to prevent or at least limit the washing of organometallic monomer

cations.

A combination of covalent tethering of phosphonic acids (PAs) and reduction of ITO
with the redox-active n-dopants is proposed as a robust WF modification strategy in chapter
2. This approach entails tethering a monolayer of PA with a cationic moiety to metal oxides
via condensation, and then treating the surface of the electrode with organometallic dimers.
The n-dopants reduce the surface, and the monomer cations thereby formed would be
washed away with the counter ion of the cationic moiety on the PA. As a result, the charge
of the reduced surface is electrostatically balanced by the cationic PA bound on the
electrode. Surface analysis highlights the need for a revision of PA processing routes
explored so far on ITO, to preserve the cationic moiety from degradation. Future work
should explore replacing vacuum annealing with dipping in PA solutions followed by
sequential sonication in clean solvents, which was proven to be an effective way to obtain
PA monolayers. "8 Alternatively, PAs with alkylammonium groups could be replaced
with more stables ones, cationic species such as those containing a substituted-pyridinium
moiety and perhaps a tetraphenylphosphonium one. This combined surface modifier/dimer
modification approach can potentially also be applied to other electrode materials relevant
to optoelectronics; for example, gold, the WF of which has also been shown to be modified
by redox-active dimers,®® could be modified using a cationic thiol or cationic N-

heterocyclic carbene, which bind well to the metal.>7°-181

A second strategy to prevent or at least limit the washing of organometallic monomer
cations consists of adding a polymeric crosslinker to organic semiconductors. Chapter 5

explores the use of a crosslinker PMHBCB, containing a BCB moiety in its repeating unit
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since the host material PCBCB has the same group. By increasing the number of BCB units
available, oligomers of the fullerene derivative seem to become connected, forming a
network that prevents or at least significantly reduces washing of (IrCp*Cp)* in doped
(PCBCB)n films. Additionally, it was found that the crosslinker increases the in-plane
conductivity of the doped (PCBCB)n by an order of magnitude, possibly because the dense
fullerene network formed upon addition of the crosslinker is characterized by a more
monodisperse array of inter-fullerene spacings. This hypothesis is in line with a previous
study on the crystallinity of PCBM and of PCBCB before and after thermal activation of
BCBs;1% 2D-GIWAXS analysis would be required on (PCBCB), films before and after
the addition of the crosslinker to draw any further conclusions. It should be noted that the
use of PMHBCB is specific to organic semiconductors bearing similar BCB moieties or
that can react with the thermally activated BCB-derived diene.®* Another limitation of
PMHBCB, as well as of PCBCB, is the high temperature required to activate crosslinking
(200 °C for 10 min), which may not be compatible with materials that start degrading at or
below 200 °C [i.e., (RhCp*Cp)2, although (RhCp*Cp)* would be stable at these
temperatures]. Nevertheless, it is possible to decrease the activation temperature to form o-
quinodimethane intermediates by adding electron-donating groups to the cyclobutene
ring.182-184 In alternative to the use of a crosslinker, BCB units can be incorporated into
organometallic dimers, which can then be heated to react with organic semiconductors
containing BCB units.’® Instead of using heat as an activation source, UV-curable
additives containing aryl azides or benzophenones could be used to prevent washing of
organometallic dimers in a broader library of materials, without degrading the

semiconductor properties.'8-18" Crosslinking may not only be able to prevent washing of
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monomeric cations, but could also prevent their diffusion. Chapter 5 clearly shows that
(IrCp*Cp)* diffuses from (PCBCB)x into a Ceo Overlayer upon heating at 185 °C for 90
min. The latter is the annealing protocol used to deposit the most stable perovskite material
reported in the literature, a formamidinium cesium lead mixed-halide perovskite,
characterized by highly ordered and textured crystals.®” 197 153 |t needs to be verified
whether dopant diffusion would take place from (PCBCB), to the perovskite itself, and the
threshold temperature for appreciable diffusion. Establishing correlations between
diffusion, processing temperature and materials selection will help inform the development
and use of the organometallic dimers not only in perovskite solar cells, where they could
be compatibilized with the most stable perovskite absorbers, but in general in other

optoelectronic applications, such as organic-light emitting diodes.

Redox-active n-dopants were used in the context of this dissertation to modify the
WEF of metal oxides by physisorption to the surface without the formation of a covalent
linkage. Redox-active p-dopants [i.e., Mo(tfd)s and its soluble analogues] can increase the
WF of metals and metal oxides in a similar way.?’ Therefore, leveraging previously
screened modification conditions for metal oxides and metals shown here and elsewhere,®
80,188 fyture research efforts could focus on expanding WF tuning with both n- and p-type
redox-active species, as well as polymers like PEIE and small molecules like Magic Blue,
to other electrode-relevant materials, such as silver nanowires (AgNWs) networks. The
latter combine high electrical conductivity, optical transparency and flexibility,
representing an attractive alternative to commonly used opaque and scarce metals or brittle
metal oxides.!81% High-quality non-modified AgNW transparent conductive electrodes

can be deposited and have been used in high-efficiency perovskite solar cells.3” Solution-
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processed flexible polymer solar cells were fabricated using AgNWs instead of ITO.
However, due to the lower WF of AgNWSs anodes compared to ITO, flexible solar cells
suffer from losses in open circuit voltage relative to those for analogous rigid cells as large
as 0.3 V.38 Reports of surface modification methods for AgNWs are available, but they
often require multistep processing and they generally involve accepting a compromise
between electrical conductivity and transmittance.'®* Other surface modification methods
have not yet been shown to lead to long-term stability of the modified-AgNWs, and do not
establish robust methods to easily increase or decrease the WF.*%? Hence, there is an
interesting opportunity for redox-active organometallic compounds and other established

surface modification methods® to bridge this gap.

The former are not the only surface modifiers explored in this work. Chapter 4 offers
a comparison between (RhCp*Cp). and commercially available, metal-free
tetrabutylammonium borohydride, (TBABH4) as WF-modification layer on FTO.
Dropcasting multilayers of TBABH4 on the metal oxide leads to WF reductions up to 1.9
eV, which are reversible in ultra-high vacuum. This behavior is consistent with
physisorption on FTO and formation of an interface dipole at its surface, as suggested by
Kemerink et al.*> Moreover, conductivity measurements show that the ammonium salt can
lead to an increase in the in-plane conductivity of Ceo 0of more than an order of magnitude.
It is known that sodium borohydride reacts with fullerenes via hydride transfer forming
CeoH", which would be protonated to dihydrofullerene (CeoH2).147-148 It may be possible
that two separate phenomena take place when TBABHS, is deposited at the interface
between a conducting electrode and a fullerene. First, an interface dipole is formed upon

physisorption of TBABH4 on the substrate surface. Then, if more than a monolayer of the
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ammonium salt is present on the surface, upon vacuum-deposition of Ceo, a hydride transfer

from excess (tetrabutylammonium) borohydride could lead to n-doping of the fullerene as

follows:
® 0o ® C . _
TBABH, + Cg TBA” + CHo+ BH, — 2> TBA + Cu ' + Cg

Figure 6.1 Proposed mechanism of n-doping of Ceo with tetrabutylammonium
borohydride.

The proposed doping mechanism could be verified by detecting the formation of Ceo
radical anions via UV-vis-NIR absorption spectroscopy in anhydrous chlorobenzene
solutions of the organic semiconductor and TBABHa. If the mechanism shown in Figure
6.1 were to be correct, n-doping of fullerenes using tetrabutylammonium borohydride
would proceed similarly to n-doping with DMBI-H, and form CeoHx byproducts, which
can be detected via mass spectrometry. On the other hand, borohydride could potentially
react not only with Ceo, but also with any hydroxyl moieties on the surface of FTO, causing
evolution of hydrogen and borane, and leaving behind negatively charged tin oxide,
compensated by the tetrabutylammonium cations. Surface-sensitive infrared spectroscopy
may be a useful tool to investigate attenuation of the SnO-H bond stretching-mode. Given
that a relative increase in PSCs power conversion efficiencies of 8% [vs 12% with a
(RhCp*Cp). treatment] can be obtained by simply treating the surface of FTO with
TBABHs and subsequently vacuum-depositing Ceo, it is worthwhile attempting to
investigate the origin of the reactivity of this ammonium salt with the ETM and the metal
oxide surface. Such investigation will further inform the design or direct application of
readily available metal-free surface modifiers and dopants for highly efficient and stable

optoelectronic devices.
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Surface modifiers and n-dopants were used in this dissertation to improve electrical
contact at the interface between the electron-collecting electrode and the ETM in PSCs.
Specifically, Ceo, PTCBI and (PCBCB), were chosen as the hole-blocking layers in solar
cells with n-i-p architecture. PSCs fabricated with Ceo outperformed solar cells fabricated
with PTCBI in terms of power conversion efficiency. However, this may not hold true if
the growth of the organic semiconductors were to be controlled. By replacing vacuum
deposition on room temperature FTO with organic molecular beam deposition on
temperature controlled substrates, crystalline films could be obtained.'®31%** Growing
crystalline organic semiconductors may not only result in improved charge extraction, but
also in improved light- and thermal stability of the solar cell, leading to reduced burn-in
losses.1®1% Unlike ETMs which tend to photo-dimerize (i.e., Ce0)°°%% or are prone to
bond disruption of the solubilizing side groups (i.e., PC7:BM),'%® perylene diimides show
excellent photo-stability and weather fastness.?* Therefore, future studies of organic
ETMs within the context of PSCs should compare the stability of the devices upon light
exposure and thermal stress. Additionally, investigation of the use of PTCBI, (PCBCB),
and the redox-active organometallic species should be extended not only to PSCs
fabricated in the n-i-p architecture but also to solar cells fabricated in the p-i-n
configuration, where the perovskite is deposited on top of the hole-transporting material
[i.e., poly(4-butylphenyldiphenylamine), also called poly-TPD]. For reasons that are not
yet well understood, p-i-n perovskite solar cells seem to be more operationally stable than
n-i-p ones; so far it seems that ion migration within the perovskite has a milder impact on
the device performance in the planar p-i-n configuration.?’? Therefore, moving forward it

is interesting to understand how organic (e.g., PEDOT:PSS, poly-TPD, fullerenes,
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perylenes) and inorganic (e.g., TiO2, SnO-) charge-selective layers affect the accumulation
of ions at the interfaces with the perovskite in the long term. Finally, the hydrophobic
nature of (PCBCB)n could be of advantage in protecting the perovskite layer from moisture

ingress in the p-i-n configuration,?®

while it could play a detrimental effect on the
crystallization of the perovskite in the n-i-p architecture, leading to the formation of smaller

crystals.

Overall, the aim of this dissertation was to further our understanding of
organometallic dimers as surface modifiers of electrode materials and as n-dopants for
electron-transporting materials used in efficient and stable PSCs. Chapter 2 investigated
the stability of the WF reduction induced by dimer treatment and the electrical behavior of
the modified electrodes. Chapters 3 and 4 explored the relationship between processing of
the organometallic dimer and charge collection in PSCs using organic ETMs. Chapter 5
focused on bulk doping of a fullerene derivative, washing and diffusion of dopant monomer
cations. It has been shown that these dopants can play a variety of roles in improving
overall device performance and/or stability in PSCs. Moreover, despite the focus on the
applications of dimeric dopants to PSCs, many of the findings may also be relevant to other

applications of transparent conducting electrodes and organic semiconductors.
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