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ABSTRACT OF DISSERTATION

EFFECTS OF HOLE TRANSPORTING LAYERS AND SURFACE LIGANDS ON
INTERFACE ENERGETICS AND PHOTOVOLTAIC PERFORMANCE OF
METHYLAMMONIUM LEAD IODIDE PEROVSKITES

Organic metal halide perovskites are promising materials for various optoelectronic
device applications such as light emitting diodes (LED) and photovoltaic (PV) cells.
Perovskite solar cells (PSCs) have shown dramatic increases in power conversion
efficiency over the previous ten years, far exceeding the rate of improvement of all other
PV technologies. PSCs have attracted significant attention due to their strong absorbance
throughout the visible region, high charge carrier mobilities, color tunability, and ability to
make ultralight weight devices. However, organic metal halide perovskites still face several
challenges. For example, their environmental stability issue must be overcome to enable
widespread commercialization. Meeting this challenge involves material and interface
development and optimization throughout the whole PV device stack. Fundamental
understanding of the optical properties, electrical properties, interfacial energetics, and
device physics is key to overcome current challenges with PSCs. In this dissertation, we
report a new family of triarylaminoethynyl silane molecules as hole transport layers
(HTLs), which are in part used to investigate how the PV performance depends on the
ionization energy (IE) of the HTL and provide a new and versatile HTL material platform.
We find that triarylaminoethynyl silane HTLs show comparable PV performance to the
state-of-the art HTLs and demonstrate that different processing conditions can influence
the IE of methylammonium lead iodide (MAPDI3).

Surface ligand treatment provides a promising approach to passivate defect states
and improve the photoluminescence quantum yield (PLQY), charge-carrier mobilities,
material and device stability, and performance of PSCs. Numerous surface treatments have
been applied to perovskite films and shown to passivate defect states and improve the
PLQY and performance of PSCs, but it is not clear which surface ligands bind to the surface



and to what extent. As surface ligands have the potential to passivate defect states, alter
interface energetics, and manipulate material and device stability, it is important to
understand how different functional groups interact with the surfaces of perovskite films.
We investigate a series of ligand binding groups and systematically probe the stability of
the bound surface ligands, how they influence energetics, PLQYS, film stability, and PV
device performance. We further explore ligand penetration and whether surface ligands
prefer to remain on the surface or penetrate into the perovskite. Three variations of tail
groups including aryl groups with varying extents of fluorination, bulky groups of varying
size, and linear alkyl groups of varying length are examined to probe ligand penetration
and the impact on material stability.

KEYWORDS: perovskite solar cells, methylammonium lead iodide, surface ligand,
photoelectron spectroscopy
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CHAPTER 1. INTRODUCTION TO METAL HALIDE PEROVSKITES

1.1 Halide perovskite materials

Metal halide perovskites were first applied to dye-sensitized solar cells (DSSCs) by
the Miyasaka group, where they demonstrated 3.8% power conversion efficiency (PCE) in
2009.* However, this initial work did not receive much attention due to the low PCE and
instability of the liquid electrolyte. The PCE was increased significantly with optimized
perovskite precursor solution and electrolyte composition to 6.5% in 2011,? and an all-
solid-state perovskite thin film photovoltaic (PV) with 9% PCE was reported by the Park
group in 2012.2 Since then, perovskite solar cells (PSCs) have rapidly emerged as the most
competitive third generation PV technology. PCEs of lead-based single junction perovskite
devices over 25% have recently been demonstrated in small, laboratory-scale devices in
2020.* Considering the history of PV research since the 1960s, this PSC improvement is
dramatic. Aside from PCE improvements, these perovskite PV cells have attracted
significant research efforts due to the use of inexpensive materials and low processing cost
combined with the ability to make ultralight weight devices. These advantages hold great
promise for a wide variety of optoelectronic devices such as light emitting diodes (LEDS),

PVs, photodetectors, lasers, etc.

1.1.1 Perovskite crystal structure

Perovskite refers to a class of compounds that share a similar crystal structure and
stoichiometry, such as metal oxide perovskites SrTiOz and BaTiOs. Most recent efforts on
PVs have focused primarily on three dimensional (3D) organic lead-based metal halide

perovskites, APbXs. Methylammonium lead iodide (MAPDI3) consists of
1



methylammonium (CHsNHs*", MA) for the A site organic cation, lead (Pb) for the B site
metal cation, and iodide (I) as X site halides as shown in Figure 1.1. With ABX3
stoichiometry, charges of the cation must satisfy the values A = +1, and B = +2, and anion

must satisfy X = -1 for charge neutrality.

i . ABX3 type

| | +

; | ’ ‘ A: CHNH, (organic cation)
o V@ .

I B :Pb (metal cation)

@ X:I (halides)

Figure 1.1 Perovskite crystal structure of methylammonium lead iodide (MAPDI3)

Typically, three dimensional halide perovskites (HPs) are composed of A-site
organic cations such as methylammonium (CHsNH3", MA), formamidinium (CH(NH>).",
FA), or cesium (Cs), B-site metals such as lead (Pb) or tin (Sn), and X-site halides including
iodide (1), bromide (Br), or chloride (Cl). Recently, mixed cation and mixed halide PSCs
have attracted a lot of research attention due to their improved PV performance and long-
term stability. The Goldschmidt tolerance factor (t) is important to determine if a 3D
perovskite structure will form and predict the stability of the crystal structure as given by
equation (1), where ra is the radius of the A cation, rg is the radius of the B cation, and rx

is the radius of the anions.

_ ratryx
 V2(rptrx) @)



Generally, HP materials have a cubic black phase with the value of 0.8 <t < 1. The
closer the t value is to 1, the more stable the cubic black phase.>” In case of t < 0.8, this
material tends to form a yellow phase, as the BXe octahedral structure becomes less stable,

which leads to tetragonal and orthorhombic phases rather than cubic structure.

1.1.2 Perovskite optical and electronic properties

The absorption coefficient is a vital parameter for photovoltaic materials, as it
determines how much sunlight can be absorbed by a given material thickness. The
absorption spectra of MAPDI3 have very sharp band edges nearly close to gallium arsenide
(GaAs) as shown in Figure 1.2.2 The slope of this exponential part of the curve can be fit
to extract the Urbach energy® and this slope is partly due to the absorption of tail states
within the film. This sharp onset suggests that no optically detectable deep states exist
within the bandgap of the perovskite film, which is beneficial for high performance PSCs.
High absorption coefficient of MAPbIs means this perovskite material can absorb light

more effectively with thinner layers compared to other inorganic materials.
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Figure 1.2 Absorption coefficient comparison between MAPDI3z and other inorganic PV
materials. Reprinted with permission from “Wolf, S. D.; Holovsky, J.; Moon, S. J.; Loper,
P.; Niesen, B.; Ledinsky, M.; Haug, F. J.; Yum, J. H.; Ballif, C. Organometallic Halide
Perovskites: Sharp Optical Absorption Edge and Its Relation to Photovoltaic Performance.
The Journal of Physical Chemistry Letters 2014, 5, 1035-1039” Copyright (2014)
American Chemical Society.

Following the Pauli exclusion principle that multiple electrons are not allowed to
occupy the same state, for solid with many nearby atoms an energy band of electrons will
be formed. In semiconductors the bandgap (Ec) is the difference between valence band
(VB) edge and the conduction band (CB) edge, as shown in Figure 1.3a. The Fermi level
(Er) is the energy of the electronic state that has a 50% of probability of being occupied at
any given time. In semiconductors without any impurities or defects, Er falls in the middle
of the bandgap versus metals where Er is located within the CB. The work function (WF)
is the energy required to remove an electron from the Fermi level to vacuum. The energy
required to remove an electron from the valence band maximum (VBM) to the vacuum

level is called the ionization energy (IE), and the energy gained by adding an electron to



the conduction band minimum (CBM) is called the electron affinity (EA). In a PV cell, Ec
is an important parameter to understand physical properties of the material that enable
prediction of the wavelength of light that will be absorbed by the material. By changing

and mixing the cation and anions in the perovskite structure, Eg can be tuned.
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Figure 1.3 Energy level diagram showing VBM, CBM, WF, IE, EA, EF, and Eg.

1.2 Solar cell device operation

A PV cell is a device that converts light into electrical energy. The schematic of a
PSC showing the operating process is depicted in Figure 1.4. First, when sun light shines
on the PV device the perovskite material will absorb the light and can generate electron
and hole pairs. These excitons are generated in a PV cell when incident photons have
energy greater than the bandgap and are absorbed by the perovskite. These excitons are
separated into holes and electrons, which diffuse to the interface with the electron transport
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layer (ETL) or hole transport layer (HTL). Charges are collected at the electrodes. To
obtain efficient charge extraction without loss from charge recombination, well-aligned
energetic offsets are essential for the device. For example, the optimum CBM of ETL is
about 0.0~0.3 eV lower than the CBM of the light absorber layer.*® If CBM of ETL
becomes higher than the CBM of the perovskite layer, electron transfer path will be

energetically unfavorable, and this will result in charge recombination at the interface.
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Figure 1.4 Schematic of operating processes within a PSC

The PCE of the PV device is calculated by equation (2), which is determined by the

ratio of maximum output power to the incident light power (Pin).

FF X Jsc X Voc

PCE (%) = x100  (2)

The PCE of a device can be characterized from current-voltage (IVV) measurements
recorded while the solar cell is under illumination. All these PV parameters are shown in

the 1V curve in Figure 1.5. Voltage is applied in a range across the PV device and the

current is measured. The open circuit voltage (Vo) is defined as the maximum voltage that



can be generated across the device under illumination when there is zero current. Short
circuit current density (Jsc) is defined as the maximum current that can be extracted from
the solar cell when there is zero voltage between the electrodes. The Jsc depends on the
generation and collection of light-generated carriers, absorption coefficient and thickness
of the light absorber and carrier lifetime. Fill factor (FF) is the ratio of the maximum power

generated by the cell to the product of the Vo and Jsc as described in equation (3).

_ VmaxJmax
FF = Vocsc )

Therefore, maximizing these parameters is key to obtaining highly efficient devices.
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Figure 1.5 IV curve showing PV parameters of PV cell

1.3 Challenges facing halide perovskite research field

There are multiple challenges that need to be solved to enable the commercial
development of PSCs. One of the major challenges is the environmental stability. PSC

materials easily degrade in the presence of moisture, resulting in decreased device



performance. It has been shown that water molecules form weak hydrogen bonds with the
MA cation*? and this decomposes the perovskite crystal structure. With enough moisture,
MAPDI3 can decompose to aqueous MAPDI and Pbl; phase and this aqueous MAPDI is
further separated to methylamine and hydroiodic acid.***° In direct contact with perovskite
and top metal electrode used in device, Zhao et al. have also shown that MAPbI3
completely decompose through the redox reaction between Al and MAPDbI3 in which Pb?*
is reduced to Pb®.*® Methylammonium iodide (MAI) tends to evaporate while thermal
annealing the film due to high volatility and instability of MAI, thus perovskite film forms
Pbl> rich surface and lose the original PV performance. The thermal degradation of
MAPbI; and MAI releases NHz and CHasl as degradation products as low as 80 °C
according to reports based on thermal gravimetric and differential thermal analysis (TG-
DTA) coupled with quadrupole mass spectrometry (MS) instrumentation.” Additionally,
all the most efficient perovskite PVs contain Pb. There are legitimate concerns about
toxicity of Pb in large scale utilization that contaminates soil and water. Researchers are
aware of these possible health problems and raising concerns, but these arguments are still
under debate because many researchers think that the minimal amounts of lead are safe

enough to use. Also, the environmental regulation limits vary between countries.
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Figure 1.6 Schematics of defect types in MAPbIs crystal structure. The red circle represents
methylammonium (MA"), grey circle represents lead (Pb?*), and blue circle represents
iodide (I")

Interfaces and grain boundaries can cause shallow or deep trap states that facilitate charge
recombination. They are easily exposed to moisture or oxygen which eventually lead to
lower performance of the device. In case of MAPDI3, possible trap states include vacancies
such as methylammonium (MA*) vacancy (Vy4), lead vacancy (Vp,,), and iodide vacancy
(V7') with Kroger-Vink notation. Loss of MA™ due to its low thermal stability will cause A-
site MA vacancies (Vy;4). These A-site vacancies leave negatively charged sites, which
attract positive charges due to coulombic force. These negative charges will therefore act
as trap states for positive charges, which leads to charge recombination. In terms of
interstitials, these three can again be MA, Pb;, Ii. For anti-site occupation, examples are
MApb, MA|, Pbma, Pbi, Ima, Ips. Among those, the most common surface defect is under-

coordinated Pb?* metal cations because 1" ions move out under electric field. These positive



charges of Pb?* will act as trap states for negative charge in a similar way. This iodide
vacancy (Vi) will generate sub gap states within the band gap that induce non-radiative
recombination, which lead to a decrease of photoluminescence quantum vyield (PLQY).
These trap states and induced ion migration can cause the thermal and light degradation of
the device, which affects the device operational mechanisms and eventually lead to the

failure of the device.

1.4 Hole transport layers (HTLs) and material energetics

In a typical PV device architecture, the perovskite light absorber layer with a
thickness of 200-300 nanometers is sandwiched between HTL and ETL. To improve
charge extraction and minimize charge recombination, charge transfer processes between
interlayers are very important. Each transport layer needs to have good charge carrier
mobility, as well as well-aligned energy levels with other layers to help charge transfer
efficiently and without energy losses. Especially in PSC research area, HTL plays an
essential role in determining the device performance. A wide range of materials have been
used for the HTL, including inorganic materials such as nickel oxide (NiOx), and copper
iodide (Cul), organic small molecules, and conjugated polymers like poly(3,4-
ethylenedioxythiophene):polystyrene  sulfonate  (PEDOT:PSS) and poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). 2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) is the small molecule that
has been most commonly used as an HTL in PSCs. Spiro-OMeTAD usually requires

additional doping to increase the conductivity, such as can be achieved by introducing 4-
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tert-butylpyridine (TBP) and/or lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI).
Even though using doped Spiro-OMeTAD for HTL showed high-efficient device, this
material has tedious synthesis steps and low stability that eventually lower the device
performance. Recently, many efforts have been introduced to replace Spiro-OMeTAD
while keeping the high PCE. The VBM of HTL is expected to be slightly higher than the
perovskite layer which provides the driving force for charge transfer process. Additionally,

HTL can act as electron blocking layer that prevents electrons from reaching the anode.

1.5 Surface modification of halide perovskites

Interfaces and grain boundaries are more prone to trap state formation and
degradation processes, thus recent work has focused on using surface ligands to passivate
these surface states and grain boundaries. Interfaces and boundaries of multi crystalline
grains can cause trap states which will induce charge recombination, decrease film quality,
and decrease efficiency of the devices. Non-stoichiometric defect surfaces often contain
multiple point defects such as vacancies, interstitial, and anti-sites. As mentioned
previously, MA vacancies are one type of surface defects. These A-site vacancies leave

negatively charged sites, which attract positive charge due to coulombic force.

Recently, surface modifications of perovskite layer have been studied to understand
how they passivate the surface trap states and influence interfacial energetics, optical
properties, device performance, and stability. There are two primary classes of surface
ligands that can be applied to modify perovskite thin films. One is ammonium containing

ligands, and the other is ligands that can act as Lewis bases and coordinate with Pb.
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Ammonium containing ligands are not directly passivating electronically harmful defect
states, but they can protect the perovskite layer from harmful degradation reactions with
oxygen, water, or top metal electrodes. On the other hand, coordination of Lewis bases can
eliminate the shallow defect states and reduce the level of non-radiative recombination.
These ligands on the surface also influence the electronic structure of MAPDI3 at the surface
by changing the surface states which effect the charge transfer at the interface. However,
systematic studies on the mechanism of how the surface ligands bind the perovskite sites
and how interfacial energetics impact on optical, electrical, and PV properties are not fully

understood in the community. 1820

1.6 Outline of dissertation

Chapter 2 EXPERIMENTAL TECHNIQUES AND DEVICE OPTIMIZATION

This chapter discusses the materials and perovskite thin film device fabrication used
throughout this dissertation. The chapter discusses the device architecture for PSC and
further experimental optimizations to obtain uniform morphology and high-quality
perovskite thin film. Furthermore, various measurement techniques to characterize the

optical and electrical properties of the perovskite thin films are discussed in this chapter.

Chapter 3 EFFECTS OF HOLE TRANSPORT LAYER IONIZATION ENERGY ON

PEROVSKITE PVS

The performance and stability of PSC can be greatly improved through the
understanding of each layer of the whole PSC device. The hole transport layer (HTL)

influences charge extraction and recombination processes. The ionization energy (IE) of
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the HTL is one important material property that will determine the open-circuit voltage,
fill factor, and short-circuit current. This chapter discusses the influence of the HTL IE on
the PV performance of MAPDIs. We introduce a new family of triarylaminoethynylsilane
molecules with adjustable IEs as efficient HTL materials for MAPbI3 perovskite-based
device. We further study how two different MAPDIs processing methods effect the PV
performance of MAPDIs based perovskite devices with a series of 11 different HTL

materials, with IEs ranging from 4.74 t0 5.84 eV.

Chapter 4 SURFACE LIGANDS FOR PEROVSKITE THIN FILMS: SURFACE

COVERAGE, ENERGETICS, AND PV PERFORMANCE

Interfaces in PSCs exert a massive influence over the PV performance, as these
interfaces dominate charge-carrier recombination and are often where degradation
processes begin. A promising means of reducing interfacial recombination and improving
material and device stability is through appending surface ligands to perovskite layers.
Surface ligand treatment provides an approach to passivate defect states, improve material
and device stability, manipulate interfacial energetics, and increase the performance of
PSCs. To facilitate targeted selection and design of surface ligands for PSCs, it is necessary
to establish relationships between ligand structure and perovskite surface properties. This
chapter discusses the extent of surface coverage of surface ligands with different binding
groups, whether they form a surface monolayer or penetrate the perovskite, how these
surface ligands effect material energetics and PL, and how this combination of factors

influences PV performance.

Chapter 5 DESIGNING AMMONIUM CONTAINING SURFACE LIGANDS TO FORM

SURFACE SEGREGATED MONOLAYERS
13



To investigate whether surface ligands prefer to remain on the surface or penetrate
into MAPbIs, we studied ammonium functionalized surface ligands designed with bulky
substituents and varying extents of fluorination. We vary the surface energy by changing
the extent of fluorination and the positions of fluorine in anilinium iodide derivatives, while
the size is wvaried through introducing branched alkyl groups, adamantane,
cyclohexanemethyl, or tert-butyl substituted aromatic units to the ammonium cation.
Through a combination of XRD and angle-dependent XPS we clearly establish the extent
to which the varying ligands penetrate into the perovskite; thereby, providing helpful

guidelines for the design of surface ligands.
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CHAPTER 2. EXPERIMENTAL TECHNIQUES AND DEVICE OPTIMIZATION

2.1 Materials and perovskite thin film fabrication

The materials used for perovskite device processing is particularly important
because even small amounts of impurities can have a significant effect on the device
performance. Especially for perovskite thin film fabrication, the purity of the chemical,
solvents, and environment, such as vapor of solvents around, temperature, and humidity
are all important factors to make good quality films. It is hard to keep the exact identical
environment for the device fabrication and this relatively sensitive system brings
reproducibility issues. Researchers in the community are aware of these problems and there
are significant efforts to understand the relation between atmosphere and the device

performance.

The most popular form of halide perovskite is fabricated by mixing organic
precursor methylammonium iodide (MAI) and inorganic precursor lead iodide (Pbl.) to

form methylammonium iodide (MAPDI3).

CH3NHzsl + Pbl, — CH3NHsPbls

There are two major perovskite thin film fabrication techniques. The first one is
solution processed spin coating method, which can be divided to one-step and two-step
spin coating. Perovskite precursor solution was usually stirred over 1 h at room temperature
before use. In this process, MAI and Pbl; are both dissolved in an organic solvent like
dimethyl formamide (DMF), and/or dimethyl sulfoxide (DMSO). After spin coating, the
substrate is placed directly on an already heated hot plate and annealed for 10 minutes at

100 °C to induce crystallization of the perovskite. In two-step spin coating, Pbl> solution



is coated first and then separate MAI solution is coated on top sequentially. The second
film fabrication method is a vapor process. Both organic source of MAI and inorganic
source of Pbl; are thermally deposited in the thermal evaporator at the same time with a

constant rate.

Perovskite thin film is usually fabricated in the nitrogen filled glovebox as it
degrades under the presence of moisture. Figure 2.1 shows the degradation process of
MAPDI3 film under 150 °C heating and 50% humidity from black phase of MAPbI3 to
yellow phase of Pbl,. HPs also show self-degradation in an inert environment as well due
to the ionic bonding character of the perovskite material. Chen et al. have shown partial
substitution of MA cation with dimethylammonium (DMA) can inhibit the ion migration
and enhance the moisture stability.?* Encapsulation of the device showed promising result

to eliminate the effect of moisture and enhanced moisture stability.???
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Figure 2.1 Pictures of MAPDbI3 sample degradation process under 150 °C heating

Generally, solvents were purchased from Sigma-Aldrich or Alfa Aeser anhydrous
grade and used without further purification and chemicals were used with high purity grade
as well >98%. Vapor deposited materials including charge transporting layer and top metal
electrodes were fabricated in the thermal evaporator at a pressure of ca. 1 x 107 mbar.
Indium tin oxide (ITO) substrates were purchased from Tinwell Tech and the sheet
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resistance was around 15 Q/o. Pre-patterned ITO substrate was used for PV device

fabrication and non-patterned ITO was selected for characterization usage.

ITO substrates were cleaned with a sodium dodecyl sulfate (SDS) solution,
deionized water, acetone, and isopropanol for 10 minutes each sequentially by the
sonication. After isopropanol cleaning, substrates were removed from solution and blown
with nitrogen to remove the residual solvents. The substrates were then exposed to UV-
ozone treatment for 10 minutes to remove organic contaminants. The cleaning process was

kept as similar as possible for each device set.

Perovskite thin film spin coating was conducted with two different atmospheres
even though precursor solution was always prepared in the nitrogen filled glovebox (<0.1
ppm O2 and H»0). For ambient environment processing, already 1 h stirred precursor was
taken out from the glovebox and transferred to the fume hood for further spin coating
process. The humidity was around 45+5% for summer and 20£5% for the winter. However,
the other fabrication method was conducted in the nitrogen filled glovebox. Prior to using
the glovebox, 20 minutes of nitrogen purging was performed to remove unwanted solvent

vapors and bring down the oxygen and water level to the desired point.

2.2 Device architecture

Generally, for a typical PSC, active perovskite absorber layer is sandwiched
between two charge transporting layers and a cathode and anode. When the device is
illuminated with sun, this light will pass through transparent conductive oxide (TCO) such
as ITO, and fluorine-doped tin oxide (FTO). According to the charge flow direction, the

PSC device architecture can be categorized as one of two types. One type is the n-i-p
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conventional structure, in which ETL is deposited on TCO and HTL is deposited on light
absorber layer. The other type is the p-i-n inverted structure, where HTL is located on TCO

and ETL is deposited on perovskite layer as shown in Figure 2.2.

electrode electrode
HTL ETL
ETL HTL
TCO TCO
n-i-p p-i-n
(conventional) (inverted)

Figure 2.2 Schematic of two typical layered perovskite device architectures

In conventional device architecture, planar and/or mesoporous layer is used as ETL
to facilitate efficient electron collection and transport. In the early generation of the PSC
device, titanium dioxide (TiO2)-based ETL was commonly applied. The high PCEs were
obtained especially with mesoporous TiO- layer by providing larger contact area between
the ETL and perovskite active layer which can allow for more efficient charge transfer.
The reduced hysteresis was reported in 2014 with mesoporous structure which often occurs
in the planar configuration of the device.?* More recently, zinc oxide (Zn0)?>2® or tin oxide
(Sn0,)?"?8 was also applied for ETL due to their efficient charge transport ability from
well-aligned EA of ETL and CBM of perovskite layer, high optical transparency, and

stability in ambient air.
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The last part of the device is the top metal electrode that collects the charge. This
metal electrode layer requires good conductivity, good charge extraction ability, and proper
energy level alignment with neighboring layers. For example, gold (Au), aluminum (Al),
silver (Ag), or copper (Cu) are standard metal top electrodes because of their suitable work

function in PSC.

2.3 Device optimization

As mentioned previously in the challenges of the perovskite device fabrication
section, it takes a lot of effort to obtain uniform film morphologies and efficient working
devices. This requires not only the detailed experimental techniques but also the
reproducible environment as much as possible, such as temperature, humidity, solvent
vapor residue in the air, pressure, and treatment time needs to be controlled precisely. It
has been reported some amount of water in the precursor helps to form a dense perovskite
crystal.?>3° Wu group introduced post H2O treatment that can be used to enlarge the
perovskite grains, which results in improved reproducibility, less hysteresis, and enhanced
PV performance.3! Furthermore, purity of the chemical is important to determine the
quality of the film. Johnston group monitored the impurities of MAI after synthesis since
chemical impurities can vary batch to batch showing proton Nuclear Magnetic Resonance
(*H NMR) peak shift due to rich in MAH2POs, thus they suggested controlled vapor
deposition technique.3 Solvent selection should be considered carefully as they can
participate in the perovskite crystal formation as intermediate phase,®*3* and converted into

a uniform and pin-hole free perovskite film.
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2.4 Measurement techniques
2.4.1 Photoelectron spectroscopy (PES)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used to
characterize the surface composition, including surface stoichiometry and the various

oxidation and binding states present in the sample.

The probing depth of XPS is 1 to 10 nm, depending on the sample and electron
take-off angle. XPS is initiated by irradiating the sample with a high-energy X-ray source,
generally 1253.6 eV for Mg Ko and 1486.6 eV for Al Ko emission. After irradiating the
sample, high energy electrons will be ejected with the kinetic energy (KE) equal to the

difference between the X-ray source (hvy,4,) and the binding energy (BE) of the electron

as shown in equation (4).
KE = hvg,qy —BE - @ (4)

XPS is a powerful measurement technique because it gives information on the
elements in the sample and their bonding state. The strength of the XPS technique comes
from probing core level electrons, the energies of which depend on the specific element
and the bonding state of that element. The shift of binding energy allows us to determine
the bonding state of an analyzed element. In case of carbon, C-C (284.8 eV), C-O-C (~286
eV), O-C=0 (~288.5 e¢V), and C-F (~292 eV) all show different values even though they

are all for the C 1s electron.

XPS analysis was performed with a PHI 5600 system equipped with a
hemispherical electron energy analyzer. The substrate was normally angled at 45° relative

to normal of the sample and the detector. For angle dependent measurement, three different
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electron take-off angles were measured, 0°, 45°, and 75° by rotating the sample stage to
vary the probing depth. Because the mean free paths of photoelectrons are typically 2—4
nm at kinetic energies near 1000 eV, the probing depth is varied from approximately 6—8

nm at 0° to only 1.5-2 nm at 75°.

Ultraviolet photoelectron spectroscopy (UPS) is a surface analysis technique that
examines the energy of valence electronic states and work functions of materials. Photon
energies of UPS are typically 10 — 45 eV to excite the electrons located in the outer shell
in the valence orbitals. Similarly, UPS is based on the photoelectric effect, as is XPS, in
which an incident photon with energy (%v) generates a free electron with kinetic energy

(KE) shown in equation (5).
KE = thV - BE - d) (5)

@ is the work function (WF) of the material and BE is the binding energy of the electrons
within the solid. In most laboratories, He discharge lamp is commonly selected for UPS
light source such as He Io at 58.43 nm (21.22 eV) and He Ila at 30.38 nm (40.81 eV).
However, the background emission from these high energy sources limits the analysis of
band edges such as defect states and tail states of the material and they have shown
significant sample degradation under irradiation on organic materials. In our system a H

Lyman-a lamp with 10.2 eV photon energy is used as the excitation source.®®
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Figure 2.3 Energy schematics of UPS and IPES

Inverse photoelectron spectroscopy (IPES) is a technique that measures the
unoccupied orbitals or conduction band of solid materials. IPES is the inverse of UPS and
XPS measurements, electrons are injected with an electron gun into unoccupied orbitals
and photons are emitted and analyzed in this technique. In our system a low energy IPES
system was designed that employs low energy electrons to generate photons in the near-
ultraviolet range (NUV, 200-400 nm) with electron kinetic energies below 5 eV to
minimize sample degradation. Emitted photons were collected with a bandpass photon
detector consisting of an optical bandpass filter (254 nm wavelength) and a photomultiplier
tube. All photoelectron spectroscopy (PES) measurements including XPS, UPS, and IPES
were performed in a PHI 5600 ultra-high vacuum (UHV) system at a pressure around 5x10°

10 mbar.
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2.4.2 Morphology characterization
Due to the sensitivity of perovskite-based film fabrication, high quality films with
controlled uniform morphology, high surface coverage, and minimum pinholes are key

requirements to obtain high performance of the device.

Scanning electron microscopy (SEM) is a measurement in which images of a
sample are produced by scanning the surface with a focused beam of electrons. SEM is one
of the most versatile instruments that is available for the analysis of the sample
morphology. The electron beam acceleration takes place through the high voltage system
(2 - 20 kV), and secondary and backscattered electrons are used to produce an image. The
SEM images allow us to determine the different particle shapes, surface morphology, and
size distributions from micro (10) to nano (10°) meter scales. The images presented in
this dissertation are generally from a Hitachi S-4300 SEM with an accelerating voltage of
10 kV. This instrument can be used in conjunction with other related techniques of energy-

dispersive X-ray spectroscopy (EDX) for the determination of the chemical compositions.

2.4.3 Crystal structure characterization

X-ray diffraction (XRD) measurement are based on the ability of crystals to diffract
X-rays allowing a precise study of the structure of crystalline phases. XRD is widely used
in material research to identify crystal structure, phase, orientation, crystallinity, and
defects. XRD patterns are presented by constructive interference of a monochromatic beam
of X-rays diffracted at the specific angles from each set of lattice planes in a sample. XRD

is based on Bragg’s law as follows in equation (X).
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nA = 2dsinf X)

From peak position, shift, intensity, broadening, and FWHM, you can get
information about the crystal structure. In here, XRD spectra were collected with a Bruker-
AXS D8 advance diffractometer with Cu Ko radiation (A = 1.5418 A) operating at 40 kV

and 40 mA.
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CHAPTER 3. EFFECTS OF HOLE TRANSPORT LAYER IONIZATION ENERGY ON
PEROVSKITE PVS

This chapter is adapted with permission from “Park, S. M.; Mazza, S. M.; Liang, Z.;
Abtahi, A.; Boehm, A. M.; Parkin, S. R.; Anthony, J. E.; Graham, K. R. Processing
Dependent Influence of the Hole Transport Layer lonization Energy on Methylammonium
Lead lodide Perovskite Photovoltaics. ACS Applied Materials & Interfaces 2018, 10,

15548-15557" Copyright (2018) American Chemical Society.

3.1 Summary

Perovskite solar cells (PSCs) typically contain both electron and hole transport
layers, both of which influence charge extraction and recombination. The ionization energy
(IE) of the hole transport layer (HTL) is one important material property that will influence
the open-circuit voltage, fill factor, and short-circuit current. Herein, we introduce a new
series of triarylaminoethynylsilanes with adjustable IEs as efficient HTL materials for
methylammonium lead iodide (MAPbI3) perovskite-based photovoltaics. The three
triarylaminoethynylsilanes investigated can all be used as HTLs to yield PV performance
on par with the commonly used HTLs PEDOT:PSS and Spiro-OMeTAD in inverted
architectures (i.e., HTL deposited prior to the perovskite layer). We further investigate the
influence of the HTL IE on the photovoltaic performance of MAPbDI; based inverted
devices using two different MAPDI3 processing methods with a series of 11 different HTL
materials, with 1Es ranging from 4.74 to 5.84 eV. The requirements for the HTL IE change
based on whether MAPDI3 is formed from lead acetate, Pb(OAC)., or Pbl> as the Pb source.

The ideal HTL IE range is between 4.8 and 5.3 eV for MAPDI3 processed from Pb(OAC)>,



while with Pbl, the PV performance is relatively insensitive to variations in the HTL IE
between 4.8 and 5.8 eV. Our results suggest that contradictory findings in the literature on
the effect of the HTL IE in perovskite photovoltaics stem partly from the different

processing methods employed.

3.2 Introduction

Organometal and metal halide perovskites have rapidly emerged as the most
competitive third-generation PV technology, with record PCEs of lead based perovskites
increasing from 3.8% in 2009 to 22% in 2017.1%37 With these high PCEs, perovskite PVs
are of increasing interest for commercialization. This push for commercialization and the
development of alternative perovskites, e.g., lead-free perovskites, requires the generation
of robust PV cell architectures and materials that can be processed using inexpensive
solution based methods with inexpensive and stable materials for every component of the
device. One important aspect in meeting the demands for the further development of
perovskite PVs is the development of solution processable, stable, easily prepared charge
transport layers that yield high-performing PV devices. Targeted design of these transport

layers requires an understanding of the properties necessary to yield such PVs.

The most efficient perovskite PV cells to date, based either on methylammonium
lead iodide (MAPDI3) or similar perovskites (e.g., formamidinium lead iodide), rely on the
use of both hole and electron transport layers.®-3 These transport layers typically result
in selective extraction of holes or electrons at the appropriate electrodes. Modifications to
various properties of these transport layers are predicted to lead to improved PV device

performance and are currently a subject of research interest. These transport layer
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modifications include enhancing the ability of the transport layer to passivate interfacial
defect states in the perovskites,3*4° optimizing the energy level alignment between
transport states in the perovskite and charge transport layer,*4? enhancing the charge
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carrier mobility or electronic conductivity of the transport layer, and increasing the

stability of the layer under PV cell operating conditions.*6-%8

The majority of hole transport layers (HTLs) are based on organic
materials, 24347490 with PEDOT:PSS and Spiro-OMeTAD being the most widely used, but
inorganic layers such as NiOx have also demonstrated high performance.®*? All the
commonly used HTLs have their drawbacks. For example, PEDOT:PSS and Spiro-
OMEeTAD can lead to unstable PV cells and many of the organic HTLs are expensive due
to complicated synthetic routes or intensive purification procedures.>>> Furthermore,
optimizing the electronic properties of the HTL is likely to lead to higher PV performance,
further motivating the need to develop new HTLs. A wide range of these materials are
being investigated, including small molecules such as triarylamine derivatives, carbazole
derivatives, and porphyrins®®%° and polymers such as polytriarlyamines and

polyelectrolytes.®*¢°> More extensive reviews of HTLs can be found in the literature.5%5

One parameter of the HTL that is predicted to affect the performance of MAPDI3
based PV cells is the ionization energy (IE). For example, if the IE of the HTL is
significantly higher than the IE of MAPbDIs, then a barrier to hole transfer from the
perovskite to HTL may exist. Alternatively, if the IE of the HTL is significantly lower
than the IE of the active layer, then the achievable open-circuit voltage (Voc) of the PV
cell may be reduced due to a pinning of the quasi-Fermi level of holes to the HTL HOMO

energy. A recent literature review, which compiles results from over 50 HTL materials
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used in MAPDI3 PV cells, shows that efficient PV devices are generally obtained when the
IE or HOMO of the HTL is between 5.0 and 5.35 eV. These results are consistent with
work by Belisle, et al. and Ishida, et al. where HTLs with varying IEs were examined.578
In these reports high PV performance was observed with HTL IEs between 5.0 and 5.35
eV, and significant performance drops were observed when the IE exceeded 5.4 eV. Other
reports suggest a narrower range of IEs is acceptable.*1#2%70 For example, Polander et al.
show that perovskite PV performance drops when the HTL IE is lower than 5.1 eV or
higher than 5.3 eV,* Cho et al. show a drop in PV performance as the IE changes from
5.19 to 5.32 eV,* and Rakstys et al. show higher PV performance for HTLs with IEs of
5.22 and 5.14 than for IEs of 5.09 and 4.96.7° The different reported acceptable HTL IE
ranges found in the literature may arise due to variations in MAPbI3 processing methods,
different device architectures, different techniques for measuring IEs or HOMO energies
(e.g., photoelectron spectroscopy or electrochemistry), differences in the perovskite layer,
or other factors (such as the charge-carrier mobility) of the HTL that may influence PV

performance.

In this work we introduce a novel family of triarylaminoethynylsilyl (TAAES)
derivatives as HTL materials for perovskite PVs and investigate the influence of the HTL
IE, as measured with ultraviolet photoelectron spectroscopy (UPS), on the performance of
MAPDI3z-based PV cells. We expand our investigation of HTL materials from the TAAES
derivatives to a variety of HTL materials with IEs spanning a 1.1 eV range. We find that
the Voc is surprisingly high for HTL IEs down to 4.74 eV, and with Pb(OAc): as the source
of lead the PCE values are maximized for HTL IEs of 4.8 to 5.3 eV due primarily to

changes in the fill factor (FF) and short-circuit current density (Jsc). With a different
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processing procedure using Pbl> as the source of lead the PCE is less sensitive to HTL IE,

with champion PCEs over 10% for a nearly 1 eV range in the HTL IE.

3.3 Experimental section
3.3.1 Materials

Lead acetate trihydrate (Pb(OAcC)2:3H20, 99.0-103.0%) and lead iodide (Pbly,
99.9985%) were purchased from Alfa Aesar. Methylammonium bromide (MABr) was
purchased from Lumtec. Methylammonium iodide (MAI) was bought from Dyesol and
used after recrystallizing twice in ethanol and drying in a vacuum oven overnight at 60 °C.
N,N-dimethylformamide (anhydrous, 99.8%), dimethylsulfoxide (anhydrous, 99.8%), and
ethyl ether (anhydrous, 99.0%) were purchased from EMD Millipore Corp. Chlorobenzene
(anhydrous, 99.8%) was bought from Sigma-Aldrich. Hole transport materials include
Spiro-OMeTAD (Jilin OLED), rubrene (TCI, >99.9%), a-sexithiophene (6T, TCI), N,N'-
di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-diamine (NPD, Sigma-Aldrich, 99%),
and tris-(8-hydroxyquinoline)aluminum (Algs, TCI, 98%) .The electron transporting layers
and electrodes include [6,6]-phenyl C61-butyric acid methyl ester (PCe1BM, Nano-C), Ceo
(Nano-C, 99.5%), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, TCI, >99.0%),
Al (99.99%, Angstrom Engineering), Ag (99.99%, Angstrom Engineering), and MoOs3

(Alfa Aesar, 99.998%).

Synthesis and purification of methylammonium iodide: Methylamine (27.8 mL, 40
wit%, Alfa Aesar) and hydriodic acid (30 mL, 57 wt%, Alfa Aesar) were combined and
allowed to react in an ice bath for 2 h with stirring. The solution was then evaporated at 60

°C with a rotary evaporator, leaving only methylammonium iodide (MAI). The precipitate
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was washed with diethyl ether several times until the color of precipitate was white. The
obtained precipitate was dried under vacuum for 24 h and stored in a nitrogen-filled glove
box (<0.3 ppm H20 and O) until use. Both house synthesized MAI and recrystallized

MAI from Dyesol showed similar performance in photovoltaic devices.

3.3.2 Materials characterization

X-ray diffraction data were collected for the TAAES crystals using either a
NoniusKappa CCD (Mo Ka) or a Bruker X8 Proteum (Cu Ka) diffractometer. UV—vis
absorbance measurements were recorded on thin films in a nitrogen-filled glovebox using
an Ocean Optics fiber-optic spectrometer with a thermoelectric cooled CCD detector
coupled with an integrating sphere. Films for UV—vis measurements were prepared on
clean glass slides. Thin films for ultraviolet photoelectron spectroscopy (UPS) were
prepared with thicknesses of 15—25 nm for the HTLs and ca. 200 nm for the perovskite by
thermal evaporation or spin-coating on nonpatterned ITO-coated glass substrates (Tinwell
Tech., 15 /o), using similar procedures as those reported for the PV device fabrication.
Devices for SCLC measurements were fabricated with the structure
ITO/PEDOT:PSS/HTL/M0Os/Ag. Prior to spincasting the HTL, ITO-coated glass
substrates were cleaned and coated with PEDOT:PSS as detailed in the PV Device
Fabrication section. Films of the TAAES derivatives (30 mg/mL in chlorobenzene) were
prepared by spin-casting at 4000 rpm for 30 s in the nitrogen-filled glovebox without
further annealing. MoOs (7 nm) and Ag (100 nm) were thermally evaporated through
shadow masks to define 8 independently addressable pixels per substrate. Differential

scanning calorimetry (DSC) measurements were measured with a TA Instruments Q20,
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with a heating ramp of 20 °C/min rate under a nitrogen atmosphere. UPS measurements
were taken with an Excitech H Lyman-a photon source (10.2 eV) coupled with a PHI 5600
ultrahigh vacuum system with a hemispherical electron energy analyzer, as detailed in our
previous publication.®® A sample bias of —5 V and a pass energy of 5.85 eV were used for
the UPS measurements. Uncertainties in IEs are typically £0.05 eV based on sample-to-
sample and spot-to-spot variation. X-ray photoelectron spectroscopy (XPS) measurements
were performed with the same PHI 5600 system and analyzer using a Mg Ka source
(1253.6 eV, PHI 04-548 dual anode X-ray source) for excitation and a pass energy of 23.5
eV. The samples for HTL and ITO reactivity studies using XPS were prepared by
depositing the HTL on ITO, as detailed in the PV Device Fabrication section, probing the
HTL with XPS, depositing the perovskite (as detailed in the PV device fabrication section)
onto the HTL or ITO, and rinsing the perovskite off with dimethylformamide. Following
perovskite removal, the HTL or ITO was again probed with XPS. Samples for scanning
electron microscopy (SEM) were prepared on ITO-coated glass and probed with a Hitachi

S-4300 SEM with an accelerating voltage of 2 or 10 kV.

PV device fabrication and characterization: Patterned ITO-coated glass substrates
(Tinwell Tech., 15 Q/o) were sequentially sonicated in aqueous detergent (sodium dodecyl
sulfate, Sigma-Aldrich), deionized water, acetone, and 2-propanol each for 10 min. After
drying with nitrogen the substrates were exposed to UV-o0zone treatment for 10 min to
remove organic contaminants. PEDOT:PSS (Clevios P VP Al 4083) was spun cast at 5000
rpm for 30 s and then annealed on a hotplate at 130 °C for 15 min in air. Rubrene, NPD,
6T, H-ADT, CI-ADT, and Algs (25 nm) were deposited by thermal evaporation to a

thickness of 25 nm with rates of 0.5 or 1 A/s at a typical pressure of 1 x 10”7 mbar. Spiro-
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OMEeTAD and the TAAES derivatives (30 mg/mL chlorobenzene) were spun cast at 4000
rpm for 30s and annealed at 70 °C for 5 min. With the exception of PEDOT:PSS, all HTLs
were prepared inside a N2-purged glove box (<0.1 ppm O and H20). All further processing
was also done in this glovebox for the Pb(OAc). procedure, whereas in the Pbl procedure

the perovskite films were cast in air.

Pb(OACc). based MAPbDI3 preparation: MAI and Pb(OAc)2-3H20 were dissolved in
anhydrous DMF at 3:1 molar ratio. The final concentration of solution was 46 wt% before
adding 1 mol% MABTr to Pb(OACc)2-3H20 in DMF. This solution was spun cast at 4000
rpm for 30 s on top of the different HTLs and then allowed to dry for 15 s. During this 15
s delay the perovskite film started to change from transparent to light brown. Then, the
substrates were put on a hotplate at 70 °C for 10 min. Substrate appearance changed rapidly
to a mirror-like dark brown upon putting on the hotplate. The MAPbI;z film on CI-ADT
was inhomogeneous, resulting in few working cells. To improve MAPDI; film formation,
80 pL of 1-butanol was dripped on the CI-ADT coated substrate and spun cast at 4000 rpm
for 30 s immediately before coating the perovskite layer. The yield of working devices
improved significantly with 1-butanol, but the PV performance with and without 1-butanol

was similar.

Pbl, based MAPbIz preparation: For the perovskites processed using a Pbl»
precursor solution, 461 mg of Pbl,, 159 mg of MAI, and 78 mg of DMSO (1:1:1 molar
ratio) were added to 600 mg of DMF solution and stirred at room temperature for 1 h before
use in the glovebox. This solution and the HTL coated substrates were transferred from the
glovebox to a fume hood in ambient atmosphere (humidity 47+3%) immediately prior to

spin coating. The perovskite precursor solution was spun cast at 4000 rpm for 25 s with a

32



2 s ramp and 0.5 mL of diethyl ether was rapidly injected onto the substrate 5 s into the
spin coating process. Immediately following spin coating the substrates were heated at 65
°C for 1 min and 100 °C for 5 min. After annealing the films were brought back into the

nitrogen-filled glovebox for further processing.

PCe1BM (20 mg/mL chlorobenzene) was spun cast on top of the perovskite thin
films at 4000 rpm for 30 s. The films were transferred to the thermal evaporator without
air exposure and Ceo (20 nm) and BCP (10 nm) were deposited sequentially with a rate of
1 AJs at a pressure of ca. 1 x 107 mbar. Finally, aluminum (100 nm) electrodes were
evaporated through a shadow mask that defined 4 cells of 0.1 cm? area and 4 cells of 0.2
cm? area per substrate. Solar cell performance was measured using a solar simulator
(ABET technologies, 11002) at 100 mW/cm? illumination (AM 1.5G). The intensity was
adjusted to (100 mW/cm?) using a photodiode calibrated with a KG5 filter (ABET
technologies). The PV cell data reported is typically an average of 16 or more cells, with

error bars representing +1 standard deviation.
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3.4 Results and discussions
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Figure 3.1 Chemical structures of the molecules utilized as HTLs in this work

The molecular structures of the HTLs utilized in this work are depicted in Figure

3.1. These molecules include the solution processed TAAES derivatives, the commonly

used PEDOT:PSS (not shown) and Spiro-OMeTAD materials, and a series of thermally

evaporated small organic molecules that were selected to span a wide range of IEs. Within

these materials, there are multiple sets that show similar structural characteristics and thus

are more directly comparable. These include the TAAES family, where the IE is varied by

introducing methoxy groups on the phenyl rings and increasing the number of triarylamine
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groups bound to the central silicon atom. In part, this TAAES family was inspired by
dimeric versions of ethynyl triarylamines, which show reasonable efficiencies when used
as hole transport layers in dye sensitized PVs.”* By building off of a tetrahedral silane-
based scaffolding, we are able to vary both the solubility and geometry of the HTL material
by simple chemistry. The ADT derivatives are also structurally similar molecules with
widely differing IEs. Here, substitution of the reactive thiophene ends with chlorines is

used to alter the IE.

The UV-Vis absorbance measurements for thin films of these TAAES derivatives, as
shown in Figure 3.2, show that these derivatives absorb at wavelengths shorter than ca.

400 nm, thus allowing most visible light to be absorbed by MAPbIs in the PV cells.
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Figure 3.2 UV-Vis absorbance measurements for thin films of the HTLs. Thicknesses are
indicated in parenthesis. PEDOT:PSS (35 nm), Spiro-OMeTAD (35 nm), TAAES-2 (25
nm), TAAES-20Me (35 nm), and TAAES-40Me (35 nm); and the vapor deposited HTLs
6T, rubrene, NPD, Algs, H-ADT and CI-ADT are all at 25 nm thickness. The
measurements were recorded with a CCD based spectrometer using an integrating sphere
and the dip in absorbance for some materials following their absorbance band is due to
photoluminescence
3.4.1 Ultraviolet photoelectron spectroscopy

Films of the MAPDI3 perovskite and varying HTLs were prepared on ITO coated
glass substrates using two different processing methods and examined with UPS to
determine the work functions (WFs) and IEs. Reported IEs (or valence band maxima
energies) for MAPbI; measured with UPS range from 5.2 to 6.6 eV.’>® This massive
variation in reported values may stem from the sample preparation method, an excess of
Pb or MAI, underlying substrate work function, sample damage during measurement, and

the method used to define the IE. Endres, et al. combined DFT calculations with UPS data

and suggested that the most appropriate way to define the IE (or valence band position) of
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MAPDI; is based on the valence band onset as determined from a semi-log plot.” Using a
linear fit to the VB edge on a semi-log plot we measure an IE of 5.80+0.07 eV for MAPDI3
processed using Pb(OAc). and 5.56+0.06 eV for MAPDI3 processed using Pblz, as shown
in Figure 3.3. These IE values are averages (+ standard deviations) from three or four

separately prepared films for each processing method, with all measured IE values and

work functions listed beneath Figure 3.3.
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Figure 3.3 UPS spectra of MAPbI3 showing the secondary electron cut-off region (a) and
the valence band onset region plotted on a linear (b) and logarithmic (c) scale for MAPbI3
films processed from Pb(OAc). and Pblz. The IE (work function) values measured for
separate MAPDI3 films processed from Pb(OAc). were 5.88 (4.66), 5.78 (4.63), and 5.75
(4.42) eV, while separate MAPDI3 films processed from Pbl, yielded IE (work function)
values of 5.61 (5.26), 5.53 (5.10), 5.60 (5.07), and 5.49 (4.99) eV

Ultraviolet photoelectron spectra measured for the various HTLs are shown in
Figure 3.4. The photon source for the UPS measurements emits from the H Lyman-a
transition at 10.2 eV and we previously demonstrated that this lower energy source reduces
sample damage.®® Here, the intersection of a tangent to either the final 50% of the
secondary electron cut-off edge or HOMO edge and the background is used to extract the

work function (WF) and HOMO onset, respectively. The IEs are calculated by adding the

difference between the HOMO onset and Fermi energy (Erermi is at 0 eV) to the WF. Since
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PEDOT:PSS is a highly doped material, the WF is used in place of the IE. These measured

IEs are depicted schematically in Figure 3.5 along with a simplified device energy diagram.
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Figure 3.4 UPS spectra showing the secondary electron cut-off (a) and HOMO onset (b)
regions for the HTLs applied in this work

The UPS measurements of the TAAES derivatives show IEs ranging from 5.26 to
5.76 eV. For these TAAES derivatives, the addition of methoxy groups to TAAES-2
results in a 0.34 eV decrease in the [E. This trend is explained by the m-electron donating
nature of the methoxy groups, and is consistent with the 0.31 eV decrease in IE observed
by Planells, et al.”* upon adding methoxy groups to similar triarylaminoethynes. Adding
two more triarylamine groups to the central silicon atom further lowers the IE by 0.16 eV
to 5.26 eV, which is in the range of other HTL materials that show high performance in
MAPbDI; PV cells.® For the ADT derivatives, substitution of the two terminal hydrogens
with chlorines results in a massive increase in the IE of 1.1 eV, from 4.74 eV for H-ADT
to 5.84 eV for CI-ADT. The IEs of the other materials are in agreement with previously

reported values.577280-82
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Figure 3.5 Simplified device energy level schematic showing the electrodes, HTLs,
MAPbIs, and ETLs (a) and the measured IEs of the various HTLs used in this work (b).
The IEs, electron affinities, and/or work functions for PCs1BM, Ceo, BCP, and Al are taken
from the literature
3.4.2 TAAES derivatives as HTLs in PV devices

Photovoltaic devices were initially fabricated based on previously reported
methods that use lead acetate and methylammonium iodide as precursors in a one-step
perovskite film formation process,® as detailed in the experimental section. The TAAES
derivatives and Spiro-OMeTAD layers were solution processed in a nitrogen-filled
glovebox, while PEDOT:PSS was processed in air. Spiro-OMeTAD was not doped, thus
permitting a more direct comparison to the other undoped HTLs investigated in this

manuscript. Illuminated and dark current-voltage characteristics are displayed for the

solution processed HTL layers in Figure 3.6.
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Figure 3.6 Illuminated and dark current—voltage characteristics for the solution-processed
HTLs with Pb(OAC): as the Pb source precursor. Dotted lines are in the dark, solid lines
are forward scans, and dashed lines are reverse scans

The highest performing TAAES derivative is TAAES-40Me, which shows slightly
lower PV performance than PEDOT:PSS and on par performance with Spiro-OMeTAD.
Here, the Voc of TAAES-40Me (0.98+0.01 V) is similar to Spiro-OMeTAD (1.00+0.01
V) and greater than PEDOT:PSS (0.90£0.02 V). The HTLs all show similar fill factors of
0.62 to 0.66 and short circuit current densities (Jsc) of 15 to 18 mA/cm?. As a result, the
average PCEs for these three devices are 9.45+0.48, 9.50+0.51, and 10.66+0.28 % for
TAAES-40Me, Spiro-OMeTAD, and PEDOT:PSS, respectively. Additionally, there is
minimal hysteresis in the J-V curves, with TAAES-40Me and Spiro-OMeTAD showing
almost none. This data indicates that TAAES-40Me is a suitable alternative to the more
commonly used Spiro-OMeTAD and PEDOT:PSS transport layers. The simple and
scalable route to these TAAES derivatives, although not optimized for this report, make
them attractive as lower-cost replacements for Spiro-OMeTAD. Further, the ease of

synthetic tunability of both the core and periphery of these systems makes them a versatile
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platform for determining structure-function relationships that govern the performance of
HTL materials used in perovskite photovoltaics. Figure 3.6 shows that TAAES-20Me and
TAAES-2 exhibit lower performance than TAAES-40Me, with PCE values of 7.83+0.34
and 4.42+0.74 %, respectively. Multiple properties of the HTL may influence the PV
performance, including the IE, charge-carrier mobility,2*®° and its influence on the

morphology of the perovskite film.%?
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Figure 3.7 Representative J-V data for SCLC devices (filled symbols), fits to equation (6)
(dashed lines), and extracted mobility values through fitting with equation (6). L is the film
thickness and ¢ is the dielectric constant (¢ = 3.1 x 10 C*Vm™ through assuming a
relative permittivity of 3.5 for the TAAES derivatives)

9guv?
J=—% (6

The hole mobilities of the TAAES derivatives were extracted from space-charge
limited current (SCLC) measurements fit with the Mott-Gurney equation, as shown in
Figure 3.7. These hole mobilities are all similar with average values of 4 x 106, 5 x 10,
and 2 x 10 cm?V-is? for TAAES-2, TAAES-20Me, and TAAES-40Me, respectively.

These similar hole mobilities suggest that the mobility of the HTL materials are not
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responsible for the observed performance differences. Scanning electron microscopy
images show that the MAPbIz morphologies are similar on all the TAAES derivatives, with
average grain sizes falling between 108 and 119 nm, as shown in Figures 3.8 and 3.9 and

Table 3.1.

PEDOT:PSS Spiro-OMeTAD

\

 TAAES-20Me-.

Figure 3.8 Scanning electron microscope images of MAPbI3z films on the various HTLs
with Pb(OAC): lead source. All scale bars are 1 pm
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Figure 3.9 Histograms of MAPDI3 films grain size on the various HTLs with Pb(OAc)
lead source

Table 3.1 Average grain size and standard deviation of MAPDI3 films on the various
HTLs with Pb(OAc): lead source

HTLs Average grain size (hnm) Standard deviation
H-ADT 107 35.95
6T 314 82.25
PEDOT:PSS 17 35.42
Spiro-OMeTAD 126 37.15
TAAES-40Me 119 32.51
NPD 158 47.80
Rubrene 143 31.17
TAAES-20Me 112 4276
TAAES-2 108 30.33
Alg, 102 22.82
CI-ADT 116 26.05
CI-ADT + butanol 117 19.84

Furthermore, the TAAES derivatives all have glass transition temperatures (Ts) of
80+2 °C, as shown by the DSC data presented in Figure 3.10. These Tgs are below the
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annealing temperature of the MAPDI3 film, and thus we do not expect significant
differences in the degree of perovskite precursor diffusion within the HTLs during thermal
annealing. With similar hole mobility and perovskite morphology, the most apparent
difference in the measured and expected physical properties of the three TAAES
derivatives is the IE, which varies from 5.26 to 5.76 eV. Neglecting changes in material
energetics at the interface, TAAES-2 has an IE that is nearly identical to that of the
perovskite, whereas TAAES-20Me and TAAES-40Me have IEs that are 0.34 and 0.50 eV
lower than that of the perovskite. However, TAAES-2 shows the lowest performance. To
determine whether these differences in IEs are a major reason for the variation in PV

performance, we extended our HTL study to include six more materials spanning a larger

range of IEs.
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Figure 3.10 Differential scanning calorimetry data of TAAES-2 (a, Ty 80 °C), TAAES-
20Me (b, T4 80 °C), and TAAES-40Me (c, T4 78 °C)

3.4.3 HTL IE influence on PV performance
The additional HTL materials selected to further probe how the IE effects the PV
performance of MAPbDIz devices include H-ADT (IE=4.74 eV), 6T (IE=4.82 eV), NPD

(IE=5.35 eV), rubrene (IE=5.44 eV), Algs (IE=5.81 eV), and CI-ADT (IE=5.84 eV). One
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of the goals is to determine if HTLs with low IEs (i.e. 6T and H-ADT) result in Voc losses,
as has been previously observed and suggested to account for lower Voc values in
perovskite PVs. Another goal is to determine if HTLs with higher IEs result in Voc, FF, or

Jsc losses due to a barrier to hole extraction.

Figure 3.11 shows the average PV performance parameters for the MAPbIz PV
cells as a function of HTL IE. First, we analyse the trends with Pb(OAc): as the Pb source.
Surprisingly, the Voc remains high (>0.92 V) even when the HTL IE drops to 4.74 eV.
The Jsc plateaus at ca. 15 mA/cm? when the IE is between 5.06 and 5.41, but drops off as
the IE ventures outside of this range. The FF stays above 0.62 with HTL IEs of 4.74 to
5.26 eV, and decreases steadily as the IE climbs above 5.26 eV. As a result, the PCE is

greatest for HTL materials with IEs between 4.82 and 5.26 eV with Pb(OAc)z.
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Figure 3.11 Average Vo (), Jsc (b), FF (c), and PCE (d) for MAPbI3 PV cells as a function
of HTL IE. The error bars correspond to * the standard deviations from typically 16 or
more individual PV cells for each HTL

To determine if these trends were generally applicable, we tested many of the HTLs
using a different method to process the MAPDIs films. When the processing method is
altered to include Pbl, as the Pb source, as shown in Figure 3.6, the Jsc, FF, and PCE
become less sensitive to the HTL IE, as indicated by champion PCEs of above 10% for
HTL IEsat 4.82 and 5.76. The reduced sensitivity of the HTL IE using this Pbl, processing
method may potentially arise due to the dependence of the interfacial chemistry and
associated energetics on the lead precursor and processing environment. Additionally, the
significantly lower concentrations of MAI needed with the Pbl. source (a 1:1 MAI:Pbl;

molar ratio, as opposed to a 3:1 MAI:Pb(OAC)2 ratio) may influence material and interface
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energetics. These hypotheses are in part supported by the processing method dependent IE
and work function for MAPDIs, as well as the IE dependence on the MAI:Pb ratio used in
the precursor solution, as reported in the literature and evidenced by our UPS data in Figure

3.3.

Both MAPDI3 processing methods show that the Voc does not correlate with the
HTL IE for materials with IEs below 5.8 eV. This trend indicates that the quasi Fermi level
of holes is not primarily limited by the HTL IE, as some previous observations suggested.
Our observation is consistent with previous reports that show a nearly constant Voc over
the 5.0 to 5.35 eV IE range, but to the best of our knowledge this is the first report of high
Voc values extending to HTLs with IEs significantly outside of this range. Notably, the
Voc does fluctuate within a 0.15 V window for HTLs with IEs less than 5.8 eV for devices
processed with either Pb precursor. However, these fluctuations in Voc do not correspond

with the HTL IE.
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Figure 3.12 Average grain size vs PCE of both Pb(OAc)2 and Pbl> lead source cells
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Figure 3.13 Scanning electron microscope images of MAPDbI3 films on the various HTLs
with Pbl> lead source. All scale bars are 1 um
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Figure 3.14 Histograms of MAPbI3 films grain size on the various HTLs with Pbl> lead
source
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Table 3.2 Average grain size and standard deviation of MAPbI3 films on the various Pbl>
lead source

HTLs Average grain size (nm) Standard deviation
6T 197 54.92
PEDOT:PSS 233 88.12
Spiro-OMeTAD 130 16.08
NPD 182 4563
TAAES-20Me 136 19.87
Rubrene 194 42.78
TAAES-2 133 26.89
Alg, 160 33.21

Other properties of the HTL, such as the charge-carrier mobility, are also likely to
influence the PV performance. However, it does not appear that there is a large correlation
with the HTL mobility over this series. For example, the charge-carrier mobilities in these
HTLs span over two orders of magnitude, with no correlation with the IE. Furthermore,
the low-mobility material Spiro-OMeTAD is one of the best performing HTLs. Differences
in MAPDI3 film morphology brought about by processing on the different HTLs may also
contribute to the observed PV performance differences. For the Pb(OAc). procedure,
scanning electron microscopy (SEM) images indicate that the morphologies of MAPDI3
are similar on all the HTLs with the exception of 6T, as shown in Figures 3.8 and 3.9. For
most HTLs the average grain size ranges from 100 to 160 nm, and these differences in
grain size do not correlate with device performance as evident in Figure 3.12. 6T shows an
average grain size of 300 nm, which likely explains the larger fill factor. For the Pbl;
procedure, the grain sizes are slightly larger with averages between 130 and 230 nm, as
shown in Figures 3.13 and 3.14. Again, over this range of grain sizes there does not appear

to be a strong correlation with PCE, as shown in Figure 3.12. Overall, the minimal
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correlation between grain size and PCE for the observed grain sizes, combined with a lack
of correlation between PCE and mobility, leads us to conclude that much of the observed
performance differences are due to the IE and the range of acceptable HTL IEs is strongly

dependent on the MAPDI3 processing method.
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Figure 3.15 XPS spectra showing the S 2p region for 6T (a), S 2p region for CI-ADT (b),
and CI 2p region for CI-ADT (c). The bottom traces are the HTL materials prior to
perovskite deposition, and the middle and top traces are of the HTL after MAPbIz was
deposited and rinsed off with DMF for films processed from Pbl> and Pb(OAcC)2,
respectively. The black lines are the measured data and the colored lines are fits to the
individual components

Recently it was observed that diffusion of perovskite precursors into or through
organic transport layers can lead to degradation of the HTL or to chemical reactions with
metal electrodes. It is also possible that diffusion of the perovskite precursors through
these HTLs may lead to reactions with the indium tin oxide bottom electrode or the HTLs
themselves; which may alter the energetics, introduce trap states, and influence
recombination dynamics. To probe whether reactions with ITO or the HTL are influencing
the PV performance, we recorded XPS spectra of the ITO, 6T, and CI-ADT films prior to
perovskite deposition and after perovskite deposition and removal (i.e., after the perovskite

film was rinsed off of the HTL). XPS analysis of the sulfur 2p and chlorine 2p regions of
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the HTLs shows no evidence of reactions between either HTL and the perovskite for

perovskites processed with Pb(OAc)2 or Pbl; as the Pb source, as shown in Figure 3.15.
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Figure 3.16 XPS spectra showing the In 3d (a), Sn 3d (b), and O 1s (c) regions. Bottom
traces are from ITO prior to perovskite deposition, and middle and top traces are from ITO
after MAPbI3z was deposited and rinsed off with DMF for films processed from Pbl; and
Pb(OAC),, respectively. The black lines are the measured data and the colored lines are fits
to the individual components

Furthermore, the S 2p peaks from 6T do not change after perovskite deposition and
removal for either Pb source. Both the Cl 2p and S 2p peaks for CI-ADT shift by ca. 0.25
eV after perovskite deposition and removal from Pb(OAc)2 and Pbly, but the similarity for
both precursors indicates that the energetic shifts are equivalent for the perovskites
processed from both precursors. Additionally, to probe if the different perovskite precursor
solutions lead to reactions with ITO, we recorded XPS measurements of ITO before
perovskite coating and after perovskite coating and removal, as shown in Figure 3.16. All
XPS peaks from ITO fall at nearly identical positions before and after perovskite exposure
and removal. Thus, our data suggests that the observed differences in device performance
for the different HTLs are not due to various extents of HTL degradation or reactions

between the perovskite precursors and ITO.
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3.5 Conclusions

With appropriate IEs, the TAAES derivatives investigated as HTLs show
comparable PV performance to the state-of-the art HTLs PEDOT:PSS and Spiro-
OMEeTAD. Further investigations into the stability of these derivatives will determine if
they may provide suitable replacements for PEDOT:PSS or Spiro-OMeTAD. It is well
known that the performance of MAPbIz perovskite photovoltaics are highly sensitive to
MAPbIs; processing conditions, and our work demonstrates that these processing
conditions even influence the optimum IE range of the HTL materials. Moving forward it
will be important to identify why this range depends on MAPbI3 processing conditions,

and why the IE of MAPbI3 varies with processing conditions.

52



CHAPTER 4. SURFACE LIGANDS FOR PEROVSKITE THIN FILMS: SURFACE
COVERAGE, ENERGETICS, AND PV PERFORMANCE

Most of the content of this chapter is adapted with permission from “Park, S. M.; Abtahi,
A.; Boehm. A. M.; Graham, K. R. Surface Ligands for Methylammonium Lead lodide
Films: Surface Coverage, Energetics, and Photovoltaic Performance ACS Energy Lett.

2020, 5, 799-806" Copyright (2020) American Chemical Society.

4.1 Summary

Surface ligand treatment provides a promising approach to passivate defect states,
improve material and device stability, manipulate interfacial energetics, and increase the
performance of perovskite solar cells (PSCs). To facilitate targeted selection and design
of surface ligands for PSCs, it is necessary to establish relationships between ligand
structure and perovskite surface properties. Herein, surface ligands with different binding
groups are investigated to determine their extent of surface coverage, whether they form a
surface monolayer or penetrate the perovskite, how they influence material energetics and
photoluminescence, and how this combination of factors affects PSC performance.
Ultraviolet and inverse photoelectron spectroscopy measurements show that surface
ligands can significantly shift the ionization energy and electron affinity. These changes in
surface energetics substantially impact PSC performance, with the performance decreasing
for ligands that create less favorable energy landscapes for electron transfer from MAPDI3

to the electron transport layer, Ceo.



4.2 Introduction

Interfaces and grain boundaries are major focal points for improving PV
performance and stability, as these areas are more prone to trap state formation and are
typically where degradation processes begin.2®’ Furthermore, recombination in PSCs
predominantly occurs at interfaces.® To reduce interfacial recombination and improve
material and device stability, surface ligands are increasingly being applied to halide
perovskites (HPs).%4% These surface ligands have been applied through both direct
incorporation into the precursor solution®®*®* and through post-synthetic treatment of HP
films.18% Although many surface ligands have been observed to improve PSC performance
and stability, it is not yet clear how different surface ligands interact with the HPs to
influence material and interfacial properties. Particularly in the case of incorporation into
the HP precursor solution, these surface ligands can influence the film morphology,®
crystalline structure and orientation,®” defect density,® and material and interface
energetics.®® Even in the more controlled method of post-synthesis modification, many
critical parameters are not commonly measured, including the extent of surface ligand

coverage or whether the surface ligands remain confined to the surface.

Surface ligands that have been applied to PSCs can be lumped into two primary
classes, ammonium containing ligands and ligands®"1% that can act as Lewis bases and
coordinate with Pb.1%%1% |ewis base passivation was first demonstrated by the Snaith
group, where thiophene was applied to passivate under-coordinated Pb.%* Following this
initial publication, later reports have examined Lewis bases such as pyridine,*% dimethyl
sulfoxide (DMSO0),'% and N-methyl-2-pyrrolidone (NMP),% with this treatment typically

increasing the photoluminescence lifetime and improving PV performance. Coordination
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of these Lewis bases eliminates the shallow defect states previously present from under-
coordinated Pb atoms, i.e., iodide vacancies, and helps to reduce non-radiative
recombination.®>!%” On the other hand, ammonium containing ligands are not directly
passivating electronically harmful defect states. However, these ammonium ligands can
stabilize the surface by protecting the underlying PSC from harmful degradation reactions

with oxygen, water, or the metal electrodes in a device,%®

and impact the electronic
properties through disruption of the 3D perovskite structure.'®1% In a best-of-both-worlds
approach, bifunctional additives including a group that can act as a Lewis base and an
ammonium group have been incorporated into HPs to result in defect state passivation and
improved stability.®"197110.111 From the perspective of defect state passivation, Lewis base
treatment of MAPDI3 films with tri-n-octylphosphine oxide was shown to increase the
photoluminescence (PL) lifetime of MAPbI; to several microseconds,!*? while thiocyanate
treatment of CsPbBr3 nanocrystals was shown to increase the PL quantum yield to nearly
100%.*2 In both cases, these surface ligands are filling halide vacancies through
coordinating with Pb. In the nanocrystal literature a host of surface ligands that can fill
surface halide vacancies have been applied and shown to result in drastic increases in the
PL quantum yield, including alkyltrichlorosilanes,'** trialkylphosphines,*® thiols,*®
tetrafluoroborates,''’ phosphonates,**® and carboxylates.!'® From the aspect of stability,
surface ligands with hydrophobic tails and carboxylic acids (CAs),*?%!2! thiols,®*1%? and
ammonium salts®”'?2 as binding groups have all been shown to improve the stability of
HPs and PSCs. However, it is not known whether these ligands form a thick surface layer,

a surface monolayer, sparsely decorate the film surface, or penetrate the HP crystal.

Furthermore, it is not yet known how different surface ligands influence the ionization

55



energy (IE) and electron affinity (EA) of HPs, where the IE and EA can be equated with
the valence band maximum and the conduction band minima, respectively. These energetic
effects are important to understand, as interfacial energetics can have a large impact on

electronic processes within PV devices.?%%

In this work we use x-ray photoelectron spectroscopy (XPS) to probe the adsorption
of various surface ligands on MAPbIs as a function of ligand binding group and ligand tail,
with angle dependent XPS measurements used to determine whether the ligands remain on
the surface or penetrate the MAPbDIs films. Ultraviolet and inverse photoelectron
spectroscopy (UPS and IPES, respectively) are then applied to determine how the varying
surface ligands influence the IE and EA of the MAPbIs films. Additionally, we show how
these surface ligands influence the optical properties and PV performance of MAPbI3 thin
films and devices. Both phosphonic acids (PAs) and ammonium containing ligands are
shown to penetrate into the MAPbIs film, resulting in large changes in surface energetics
with certain ligands. Carboxylic acids (CAs) and thiols show lower surface coverage and
do not penetrate into MAPbIs, yet both lead to increased PL intensity and improved
MAPbDI; stability. Additionally, CAs lead to the most reproducible improvements in PV
device performance. Overall, we show that changes in the IE and EA of MAPbI; play a

major role in determining how surface ligands influence PV performance.

4.3 Experimental section
4.3.1 Materials
Methylammonium iodide (MAI) was purchased from Great Cell Solar and used

after recrystallizing twice in ethanol and drying in a vacuum oven overnight at 60 °C. Lead

56



iodide (Pblz, 99.99%, TCI), poly(triaryl amine) (PTAA, Sigma Aldrich), PEDOT:PSS
(Clevios P VP Al 4083), Ceo (Nano-C, 99.5%), bathocuproine (BCP, TCI, >99%),
aluminum (Al, 99.99%, Angstrom Engineering) were used as received. Anhydrous
solvents including N,N-dimethylformamide (DMF, Drisolv, anhydrous, 99.8%), dimethyl
sulfoxide (DMSO, Millipore SeccoSolv, 99.9%), 2-propanol (IPA, Alfa Aesar, 99.5%),
and toluene (Alfa Aesar, 99.8%) were used as received. The surface ligands
phenyltrichlorosilane (TCI, 98%), phenylphosphonic acid (Sigma-Aldrich, 98%), 4-
bromobenzoic acid (Alfa  Aesar, 98%), p-toluic acid (TCI, 98%),
trimethylphenylammonium chloride (TCI, 98%), anilinium chloride (Alfa Aesar, 99%),
phenylethylammonium iodide (Great Cell Solar), hydroiodic acid (Alfa Aesar, 55-58%),
thiophenol (Alfa Aesar, 99%), 1-octylphosphonic acid (Alfa Aesar, 99%), octanoic acid
(Alfa Aesar, 98%), 1-octanethiol (TCI, 95%), (1H,1H,2H,2H-tridecafluorooct-1-
yl)phosphonic acid (FOPA, SynQuest Labs, Inc, 98%), 4,4,55,6,6,7,7,8,8,9,9,9-
tridecafluorononanoic acid (FNCA, Sigma-Adrich, 96%), and
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanethiol (FDT, Sigma-Aldrich,

96%) were used as received.

Octylammonium iodide (OAIl): OAI was synthesized by reacting octylamine (12.6
mL, 0.076 mol, Alfa Aesar, 99%) and hydroiodic acid (10 mL, 0.076 mol) in 20 mL of
ethanol at 0 °C for 2 h with stirring. The resulting solution was dried at 50 °C with a rotary
evaporator to remove the solvents. The product was dissolved in ethanol and recrystallized
from diethyl ether. The product was rinsed three times with diethyl ether and dried in a

vacuum oven at 60 °C overnight before use.
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4.3.2 Materials characterization

X-ray photoelectron spectroscopy (XPS) measurements were performed with a PHI
5600 ultrahigh vacuum system (UHV) with a hemispherical electron energy analyzer. Al
Ka source (1486.6 eV, PHI 04-548 dual anode X-ray source) for excitation and a pass
energy of 23.5 eV were used for XPS acquisition. For XPS analysis of the samples that
were prepared with the toluene solution soaking method, the Mg anode (1253.6 eV) was
used to avoid a satellite peak in the C region that appears with the Al Ka source. Ultraviolet
photoelectron spectroscopy (UPS) measurements were taken with an Excitech H Lyman-
a photon source (10.2 ¢V) with an oxygen-filled beam path coupled with the same PHI
5600 UHV and analyzer system. A sample bias of -5 V and a pass energy of 5.85 eV were
used for UPS acquisition. IPES measurements were performed in the Bremsstrahlung
isochromat mode with electron kinetic energies below 5 eV and an emission current of 2
UA to minimize sample damage. A Kimball Physics ELG-2 electron gun with a BaO
cathode was used to generate the electron beam. Emitted photons were collected with a
bandpass photon detector consisting of an optical bandpass filter (254 nm, Semrock) and a
photomultiplier tube (R585, Hamamatsu Photonics). Samples were held at a -20 V bias
during all IPES measurements and the UHV chamber was blacked-out to exclude external

light.

Samples for scanning electron microscopy (SEM) were prepared on ITO-coated
glass substrates in an identical manner as the PV cells (through surface ligand treatment)
and probed with a Hitachi S-4300 SEM with an accelerating voltage of 10 kV. UV-Vis
absorbance and PL measurements were recorded on thin films in a nitrogen-filled glovebox

using an Ocean Optics fiber-optic spectrometer with a thermoelectric cooled CCD detector.
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Films for UV-Vis, PL, and XRD measurements were prepared directly on ITO substrates
without either PEDOT:PSS or PTAA. XRD spectra were collected with a Bruker-AXS D8
advance diffractometer with Cu Ko radiation (A = 1.5418 A) operating at 40 kV and 40
mA. External quantum efficiency (EQE) measurements were conducted as detailed

previously.'?®

MAPDI3 film preparation: Non-patterned ITO coated glass substrates (15 Q/o) were
sequentially sonicated in aqueous detergent (sodium dodecyl sulfate, Sigma-Aldrich),
deionized water, acetone, and 2-propanol each for 10 min. After drying with nitrogen the
substrates were exposed to UV-ozone treatment for 10 min to remove organic
contaminants. PEDOT:PSS or PTAA was the spun cast. PEDOT:PSS was spun cast at
5000 rpm for 30 s and then annealed on a hotplate at 130 °C for 15 min in air, with these
PEDOT:PSS coated substrates being used for the toluene soaking surface ligand treatment
process. In the case of the IPA spin-coating procedure, 100 uL of PTAA (2.5 mg/mL in
toluene) was spun-cast at 4000 rpm for 35 s with a 2 s ramp inside the nitrogen-filled
glovebox (<0.1 ppm of Oz and H20). For the MAPbI; films, 461 mg of Pbl,, 159 mg of
MAI, and 78 mg of DMSO (1:1:1 molar ratio) were dissolved in 600 mg of DMF and

stirred at room temperature for 1 h before use in the nitrogen-filled glovebox.

MAPbI; film preparation for toluene solution soaking method: After the
PEDOT:PSS coated substrates cooled back to room temperature, 100 pL of filtered (0.45
pm Nylon membrane filter) HP solution was spin-coated on top of the PEDOT:PSS layer
in ambient atmosphere (humidity 25 £ 3%). The MAPbIs precursor solution was spun-cast
at 4000 rpm for 25 s with a 2 s ramp, and 0.5 mL of diethyl ether was rapidly injected onto

the substrate 5 s into the spin-coating process. Immediately following spin-coating, the
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substrates were heated at 65 °C for 1 min and 100 °C for 5 min. After annealing, the films

were brought into the nitrogen-filled glovebox for further processing.

For surface modification, MAPbIs films were submerged in 1 mg/mL solutions of
the surface ligands in toluene in covered petri dishes for 1 hour at room temperature inside
of the nitrogen-filled glovebox. After 1 hour, the substrates were dried through spin coating
off the remaining solution at 4000 rpm for 30 s with a 2 s ramp. To remove excess unbound
surface ligands, 200 puL of toluene was dripped three times in the beginning stage of spin-

coating. No additional heating was applied.

MAPbDIs film preparation for IPA spin-coating method: Following PTAA coating,
80 uL of MAPDI3 solution (prepared as detailed above) was deposited and spun-cast at
1000 rpm for 5 s followed by 3000 rpm for 80 s. 100 puL of toluene was dropped on the
spinning substrate after 10 s of reaching 3000 rpm, resulting in the formation of transparent
films that were then annealed on a hot plate at 100 °C for 10 min. 100 pL of surface ligand
solution in IPA was then deposited on the dark MAPbI3 films and left to sit for 10 s before
spinning at 4000 rpm for 30 s with a 2 s ramp. To remove excess unbound ligands, the

substrates were rinsed with toluene (3 x 200 pL aliquots during spinning).

PV device fabrication and characterization: MAPbIs films were prepared on
patterned ITO coated glass substrates (15 Q/0) and treated with surface ligands following
the above procedure for the IPA spin-coating method. The treated films were then
transferred to the thermal evaporator without air exposure and Ceo (30 nm) and BCP (8 nm)
were deposited sequentially with a rate of 1 A/s and 0.5 A/s, respectively, at a pressure of
ca. 2 x 10 mbar. Finally, aluminum (100 nm) electrodes were evaporated through a

shadow mask that defined 12 cells of 0.1 cm? area per substrate. Solar cell performance
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was measured using a solar simulator (ABET technologies, 11002) at 100 mW/cm?
illumination (AM 1.5G). The intensity was adjusted to (100 mW/cm?) using a photodiode

calibrated with a KG5 filter (ABET technologies).

4.4 Results and discussions

4.4.1 Surface modification of MAPDI3 films
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Figure 4.1 Schematic illustration of the toluene solution soaking (a) and IPA solution spin
coating (b) surface modification processes. Surface ligands used to treat the MAPbI3 films
(c) and XPS of the C 1s region highlighting the MA C (red) and the non-MA C (blue) peaks
(d) for MAPbIs films treated with ligand solutions using the toluene solution soaking
method

The MAPDI3 thin films were treated with the surface ligands shown in Figure 4.1

to determine the relative binding ability of the different functional groups. As illustrated in
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Figure 4.1a, surface treatment was initially performed through soaking MAPDI3 films in a
toluene solution of the surface ligand followed by rinsing to remove unbound ligands. A
control MAPDIs film was treated in the same way without any surface ligand in the toluene
solution. Following this initial investigation of surface ligand adsorption, the treatment
method was modified to consist of spin coating surface ligand solutions on the MAPbI3
films from an isopropanol (IPA) solution, as shown in Figure 4.1b. The modified procedure
was adopted because all surface ligands examined display adequate solubility in IPA,
whereas only some are soluble in toluene. Both treatment procedures yield similar results
with respect to surface ligand binding. The use of IPA as a solvent for post-synthetic
treatment of HP films is comparable with previous reports, where IPA and 2-butanol have
been used.'®1?4125 The surface ligand treatment based on spin coating an IPA solution
containing the surface ligand of interest was not found to influence the morphology of the
underlying MAPDI3 film, as indicated in the scanning electron microscope (SEM) images

shown in Figure 4.2.
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Figure 4.2 Scanning electron microscope images of control and surface ligand treated
MAPDI3 films on PTAA hole transport layers. Surface ligand treatment was applied
through spin coating solutions of the surface ligands in isopropanol. The scale bar is 1um
and applies to all images

The surface ligands shown in Figure 4.1c were selected for this work to allow for
common binding groups to be analyzed, while also enabling the influence of the ligand tail
to be probed. The binding groups are expected to bind to the HP surface either through
occupying the A-site position or binding to Pb in the X-site position. Previous literature
contains reports of each of these binding groups being used to improve the performance of
Pb-based PSCs.”710L103121 The tails selected consist of phenyl groups, alkyl groups, and
flourinated alkyl groups. The idea being that the aromatic tail groups favor charge transport
due to the m-electrons and compact size, while the alkyl and fluorinated alkyl groups are
hydrophobic and can therefore potentially enhance stability. Additionally, the differing
ligand tails may also alter the adsorption of the ligands through electronic (e.g., pKa or

halide-r interactions)'?®!?7 and steric effects.!?® The series of phenyl derivatives include
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phenyltrichlorosilane (PTS), phenyl phosphonic acid (PPA), 4-bromobenzoic acid (BrBA),
p-toluic acid (p-TA), thiophenol (TP), trimethylphenylammonium chloride (TMPACI),
anilinium chloride (AnCl), phenylethylammonium iodide (PEAI), while the octyl
derivatives include octylphosphonic acid (OPA), octanoic acid (OCA), octanethiol (OT),
and octylammonium iodide (OAI), and fluorinated alkyl derivatives include
(1H,1H,2H,2H-tridecafluorooct-1-yl)phosphonic acid (FOPA), 4,4,5,5,6,6,7,7,8,8,9,9,9-
tridecafluorononanoic  acid (FNCA), and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-1-decanethiol (FDT).

To identify the extent of ligand binding, the ratio of the C 1s peak area from non-
MA carbon to MA carbon was probed with XPS for the phenyl substituted ligands, as sho
wn in Figure 4.1d. As methylammonium is positively charged, the MA C appears at a bin
ding energy of ca. 287 eV, whereas non-MA C appears at ca. 285.5 eV. The XPS data pre
sented in Figure 4.1d show that all phenyl substituted ligands, except for TP, adsorb to the
MAPbIs surface to varying extents. Following TP, BrBA shows the weakest adsorption, b
oth TMPACI and PPA show moderate adsorption, and PTS forms the thickest surface lay
er. Although some ligands may serve their intended function of forming a surface layer, th
ey can also introduce potential complications. For example, PTS adsorption can be difficu
It to control, commonly leading to thick surface layers. Here, PTS is likely reacting with t
race amounts of water in the glovebox atmosphere and nominally anhydrous solvents to f
orm a siloxane layer,!'* as supported by the 17% O and 8% Si elemental composition that
we measured with XPS following PTS treatment of MAPDbI3. On the other hand, TMPACI
can disrupt the crystalline structure of MAPDI3 over longer exposure times, as evident in t

he SEM images shown in Figure 4.3. For ligands that are not limited to a surface monolay

64



er, such as PTS and TMPACI, ligand deposition conditions are likely to have a larger effe

ct on surface properties.

‘% MAPDI3"

pu

=

Figure 4.3 Scanning electron microscope images of control and TMPACI treated MAPDI3
films with varying soaking times (toluene soaking surface ligand treatment procedure). All
scale bars are 1um

The influence of surface ligands on optical, electronic, and PV properties is
determined in part by the extent of surface coverage and whether the ligands remain on the
surface or penetrate the HP. We performed angle dependent XPS measurements, as
illustrated in Figure 4.4a, to quantify the degree of surface coverage and probe ligand
penetration. Three different electron take-off angles were measured, 0, 45, and 75°, to vary
the probing depth. Since the mean free path of photoelectrons are typically two to four
nanometers at kinetic energies of near 1000 eV,213! the probing depth is varied from
approximately 6 to 8 nm at 0° to only 1.5 to 2 nm at 75°. The surface coverage of the
ligands on the MAPbI; films are calculated based on work by Gao, et al.**? and Carl, et
al.’*® Briefly, the substrate overlayer model is used to convert peak area ratios measured
with XPS (e.g., the O 1s peak) to a fractional monolayer coverage based upon the surface

ligand structure.®13 As shown in equation (7), the ratio of XPS peak areas arising from

the overlayer (I%,) and the substrate (12

<up) are related to the fractional coverage (®) of the

overlayer, where the overlayer is the surface ligand layer and the substrate is MAPDIz.
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Here, 1%, and I

Su

, correspond to XPS peaks from elements that are unique to the overlayer

or substrate, respectively.

ov
¢ (1—exp ——]
I(’)CV _ SF¥ Pg,OV )L)év )%V,selfcos(e) 7
Iy - SFY y ly ( )
Sub Pasub “sub 1-¢+6 exp|— doy+D
PI= Cos(6
Sub,0v€0s®)

In equation (2), p; ; is the atomic density of an element (x or y) from the overlayer
(ov) or substrate (Sub), Aix is the attenuation length of an element x in an infinitely thick
layer i, SF* is the sensitivity factor of an element X, d,y is the thickness of the layer from
which photoelectrons of element x are passing, D is the thickness of the region where the

photoemitted electrons of interest from the overlayer are emitted from, Agy ¢ is the
attenuation length of element x passing through the overlayer itself, 3, ,, is the

attenuation length of element y passing through the surface ligand layer with length of
doy + D, and the electron takeoff angle (6) is the angle between the detector and the
substrate surface normal. These parameters are shown for PPA in Figure 4.4b and have
been substituted as shown in equation (8). Here, g indicates the tilt angle of the ligand with
respect to the surface normal, which shortens d,,, and D by their product with Cos(5). In
our calculations of the PAs and CAs we examined the intensity ratio between oxygen (O)

and iodide (I), where O is from the surface ligand and I is from MAPDIs.

d Cos(B)
o o .0 o ¢<1—exp g ——— D
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Figure 4.4 Schematics of the a) angle-dependent XPS measurements with dashed lines
indicating the relative photoelectron probing depth and b) PPA binding showing the
parameters in equations (7) and (8). Calculated lo/l; vs surface coverage (®) for varying tilt
angles (f) and takeoff angles () for c) PPA and e) OPA. O 1s region of the XPS spectra
of d) PPA- and f) OPA- treated MAPbIs films at three different takeoff angles. The peak
fitting represents O in different binding states (e.g., P-O and P=0)

Figure 4.4c shows the calculated O:l ratio as a function of PPA surface coverage
on MAPbI; at three different ¢ and g values. The experimentally measured O 1s intensity
for the PPA-modified MAPDIs film shows only a small change with 6, as shown in Figure
4.4d, and results in O:1 ratios ranging from 0.52 to 0.78. The minimal dependence of the
O:l ratio on @ indicates that PPA is likely penetrating into MAPDI3 as opposed to forming
a surface layer. In contrast with PPA modification, Figure 4.4f illustrates that the OPA-
modified MAPbIs film does show the predicted variation in the O 1s region with @ for an
overlayer that remains above the MAPbDIs surface. At a 75° takeoff angle, the O:1 ratio is
0.6+0.1, which indicates that the surface coverage is 96 + 4% with a $8 between 0° and 30°

(Figure 4.4¢). At small 0 values of 0° and 45°, the O:I ratio should be ~0.1, which is below

our limit of detection. These measurements show that the tail group attached to the PA
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binding group significantly influences whether the ligand is confined to the surface

penetrates the MAPbDI; film.
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Figure 4.5 Calculated ratios of O 1s and | 3ds2 signal intensity vs. surface coverage for
OCA (a) and BrBA (d) at 3 different angles between sample and detector (0°, 45° and 75°)
and 3 different molecular tilt angles (0°, 30° and 60°). Angle dependent XPS of the O 1s
(b) and 1 3ds2 (c) regions at 8= 0°, 45° and 75° for OCA (b,c) and BrBA (e,f) treated

MAPbDI3

Surface ligands containing CAs as the binding group were investigated with both

phenyl and heptyl tails. The XPS O 1s region for BrBA- and OCA-modified MAPbIs, as

well as the calculated O:1 ratios, is shown for three different angles in Figures 4.5. The

experimental results indicate that these CA- containing surface ligands are both confined

to the surface. Comparison between the measured and calculated O to | ratios indicate

incomplete surface coverages of 71 + 10% for OCA and 69 * 10% for BrBA.
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Figure 4.6 Angle dependent XPS of the C 1s region at 6= 0°, 45° and 75° for (a) untreated
MAPbI3, (b) with PPA treatment and (c) and with OPA treatment. The red peak is fit to the
MA carbon and the blue peak is fit to the non-MA carbon. (d) Ratio of Non-MA carbon to
MA carbon for all the films at all measured angles

Ammonium containing ligands, which have been shown to result in improved
performance and stability in PSCs, were also investigated with varying tail groups. Since
the ammonium containing surface ligands do not have unique elements to detect in XPS,
we compare the MA C and non-MA C in the C 1s region. As shown in Figure 4.7, AnClI
shows the smallest amount of additional non-MA C, with ratios ranging from 1.5 to 3.0 as
the takeoff angle is varied. These ratios at varying takeoff angles are similar to those of
PPA-modified MAPbI3, as shown in Figure 4.7d, which supports the idea that AnCl also
penetrates into the MAPDI3 film. The other ammonium containing surface ligands, PEAI

and OALM, show further increased non-MA C:MA C ratios at all angles. This data indicates

that all ammonium-containing ligands penetrate the MAPDIs films, which is consistent with
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previous X-ray diffraction (XRD) data that show the formation of a two-dimensional (2D)
perovskite phase upon treatment of FA1xMAPbls with PEAL®® Notably, based on
previous results,'® the penetration of ammonium groups into the MAPDIs film can have a
positive influence on PV performance in conventional architecture (n-i-p) devices and

improve material and device stability.
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Figure 4.7 Angle dependent XPS of the C 1s region at 6= 0°, 45° and 75° for (a) AnCl, (b)
treated film with PEAI and (c) treated film with OAL. The red peak is fit to the MA carbon
and blue is the fit to the non-MA carbon. (d) Ratio of non-MA C to MA C for the films as
a function of the electron take-off angle

The I:Pb ratio as determined by XPS for the ammonium-treated films indicates that
the region near the surface consists of a perovskite phase that is closer to the 3D perovskite

than the n = 1 2D perovskite, i.e., AmM2MA,-1Pbnlsn+1, where Am is the ammonium-

functionalized ligand. Here, the I:Pb ratio is between 2.8 and 3.0 for the control film and
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between 2.9 and 3.2 for the AnCl- and OAl-treated films at all measured electron takeoff
angles. Considering that an I:Pb ratio of 3.2 corresponds with n =5, we can conclude that
the average n value in the near surface region is >5 for the MAPDI3 films treated with the

ammonium-containing surface ligands.

4.4.2 Surface energetics

Surface energetics are known to vary based upon surface modification,'3"1% with
the addition of a surface ligand typically resulting in a shift in the work function based on
the orientation and magnitude of the dipole moment of the surface ligand and the bond
dipole with the underlying material.**¢4° Furthermore, the surface ligand may also perturb
the electronic structure of MAPDI3z near the film surface, e.g., by distorting the MAPDI3
crystalline lattice through the penetration of bulky ligands into the film or though altering
the surface states and the electrostatic environment.%®41142 Thereby, it is important to
understand how the different surface ligands impact the energetics of MAPDI3 in the region
near the surface. The UPS and IPES measurements reported herein were collected with
lower photon and electron energies than typical UPS and IPES systems,4314 which has
been shown to minimize sample damage. All IE and EA values are assigned based on a

Gaussian fit to the UPS and IPES onset region performed on a logarithmic scale.”

Ultraviolet and inverse photoelectron spectroscopy measurements, as displayed in
Figure 4.8, show that treatment with PAs results in the largest changes to the spectral shape,
EA, and IE; the CAs result in minimal changes to the IE and EA; and the ammonium-
substituted ligands result in changes that are highly dependent on the tail group. Both PPA

and OPA lead to broader onsets to the occupied and unoccupied states, decreased EAs, and
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decreased IEs. As Figure 4.8 shows, PPA and OPA treatment result in decreases of 0.45-
0.69 eV in the EA and 0.57-0.39 eV in the IE. On the other hand, both p-TA and OCA
show IEs that are within 0.16 eV of the control film and EAs that are within 0.02 eV of the
control. AnCl also results in more minimal changes to the UPS and IPES spectra, as shown
in Figure 4.8c, with only small shifts of 0.13 and 0.17 eV in the EA and IE, respectively.
However, OAI treatment results in larger shifts in both the EA and IE of 0.37 and 0.27,
respectively. Treatment with AnCl results in a minimal increase in the transport gap as
compared to the control film, while treatment with OAI results in a small increase of 0.10
eV, which is consistent with the formation of a high n phase of OA2MA,-1Pbnlsn+1 near the
interface. These UPS and IPES results show that the MAPDbI3 surface energetics are

sensitive to both the ligand binding group and the ligand tail.
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Figure 4.8 Ultraviolet and Inverse photoelectron spectroscopy spectra of MAPDI3 films
treated with PA containing ligands, PPA and OPA (a), carboxylic acid (CA) containing
ligands, p-TA and OCA (b), and ammonium containing ligands, AnCl and OAI (c). Energy
level diagrams determined from the UPS and IPES spectra of the MAPDIs films (d)

The photoelectron spectroscopy data can in part be rationalized by considering how
the surface ligands interact with the MAPbIs films. The CAs result in only partial surface
coverage and do not penetrate into MAPbIs, and thereby, minimal changes in the IE and
EA are observed. On the other hand, the PA- and ammonium-containing ligands form near
complete surface coverage or penetrate into the MAPbDIs, thus resulting in more drastic
changes to the MAPDIs electronic structure and the EA and IE. Furthermore, the
ammonium ligands can change the surface stoichiometry from being iodide rich to

ammonium rich, which has previously been demonstrated to result in changes to the

IE.109142 We suspect that the larger changes upon OAI treatment as compared to AnCl
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treatment may result from the increased amount of OAI incorporated into the MAPDIs film
in the near-surface region, as indicated by the XPS data in Figure 4.7. Additionally, the
larger size of OAI and the different interactions between MAPDI3 and the alkyl group on
OAI as compared to the phenyl group on AnCl may also be contributing to the observed

differences between the two ammonium-containing surface ligands.

4.4.3 Photoluminescence and photovoltaic characteristics

The PL intensity of MAPDIz thin films are one indicator of the potential PV
performance.®*%1% Figure 4.9a displays the PL spectra of surface ligand treated MAPbI3
films recorded within 2 hours of surface ligand treatment in a nitrogen filled glovebox with
<0.1 ppm Oz and H20. The CA substituted ligands show the greatest increase in PL
intensity, with both p-TA and BrBA showing a doubling of the PL intensity relative to the
untreated film. Surprisingly, even though thiols are not observed to bind to the surface at a
concentration that can be detected in the XPS measurements, they result in the second
highest PL intensity. This is likely due to limited adsorption of thiols to under-coordinated
Pb atoms at the surface that can serve to passivate the shallow traps that result from iodide
vacancies.%21% The ammonium and PA-containing surface ligands show less drastic

changes to the PL intensity, with changes of +30% relative to the untreated MAPbI3 film.
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Figure 4.9 Photoluminescence spectra of MAPbIs films treated with varying surface
ligands. Solid and dashed lines correspond with aryl and alkyl containing ligands (a).
Relative PL intensity as a function of time after surface ligand treatment for untreated and
surface ligand treated MAPDI3 films (b)

All ligands improve the PL stability of MAPbIs, with the stability depending both
on the tail group and the binding group. Figure 4.9b shows that the fluorinated ligands with
CA and thiol binding groups result in the highest stability, retaining over 95% of the
original PL intensity after 6 days of storage in the glovebox. The phenyl substituted thiols
and CAs show the next highest stability, followed by the PA and ammonium substituted
ligands. The PL stability measurements shed light on degradation mechanisms, and
interestingly ligands with lower surface coverage result in the greatest PL stability. We
suspect that this trend arises as the CA and thiol containing ligands likely bind to under-
coordinated Pb at the surface, thereby prohibiting degradation processes that begin at these
sites, without disrupting the MAPDI3 crystalline structure near the surface. The UV-vis
absorbance, as shown in Figure 4.10, shows minimal change upon surface ligand treatment.

X-ray diffraction data, as shown in Figure 4.11, also shows minimal change in MAPDI3

crystalline structure upon surface ligand treatment. In general, the UV-Vis and XRD data
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indicate that the ligands are primarily influencing the MAPbDI3 surface and near-surface

region, with the properties of the bulk remaining largely unchanged.
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Figure 4.10 UV-Vis absorbance spectra of thin films of untreated and surface ligand treated
MAPDI3 films
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Figure 4.11 XRD spectra of untreated and surface ligand treated MAPbI; films

Inverted architecture (p-i-n) planar PSCs were used to examine the effect of surface

ligands on the performance of MAPDIs-based devices. The device architecture is
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ITO/PTAA/MAPDIs/surface ligand/Ceo/BCP/Al, as shown in the inset in Figure 4.12, with
the PV performance parameters summarized. Device fabrication was carried out with the
surface ligands being spun-cast from IPA on top of the annealed MAPDI; film and rinsed
with toluene. The control devices were treated the same way using pure IPA for

comparison, which did not negatively influence the PV performance.
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Figure 4.12 PV performance parameters as measured under exposure to AM 1.5 solar
simulated irradiation

The control devices yield an average PCE of 15.3+0.7%, with these results
compiled from 23 individual PV cells made on multiple days. Phenyltrichlorosilane (PTS),
CAs, and thiols result in small changes in performance, with PTS showing no change in
PCE, CAs showing increased PCEs, and thiols showing slightly decreased PCEs. The PV
performance with the ammonium-containing ligands depends strongly on the tail group,
with AnCl displaying a similar PCE as the control and both PEAI and OAI showing greatly
reduced PCEs in the 9% range. Both PA containing ligands tested yield lower PCEs in the
range of 11 and 12%. The predicted short circuit current density, Jsc, from the integrated

EQE spectra recorded for selected ligands agree to within 6% of the Jsc measured from the
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illuminated current-voltage curves, as shown in Figure 4.14. Additionally, no devices

showed significant hysteresis.
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Figure 4.13 PCE distribution of PV devices with untreated, BrBA treated, and p-TA treated
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Figure 4.14 External quantum efficiency and integrated current densities for PV devices
with untreated, BrBA treated, and p-TA treated MAPbI3

The improvements in PV performance observed for the CA-containing ligands

agree with the increased PL intensity in Figure 4.9a and indicate the CA-containing ligands

are helping to passivate surface traps. On the other hand, the ammonium-containing ligands
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yield similar PL intensities yet result in large differences in PV performance. To explain
why the PV performance drops significantly for OAI and PEAI but remains at the same
level as that of the control for AnCl, we turn to the surface energetics as measured with
IPES and UPS. On the basis of the lack of change in the XRD spectra observed upon
surface modification, we expect that the ammonium-containing ligands do not penetrate
past the near surface region of the film. Thus, we expect that the energetics in the bulk of
the MAPDI3 films remain similar to those of the unmodified film and only the region near
the surface displays the altered EA and IE, which leads to the energy diagrams displayed
in Figure 4.15. Here, the OAl-treated film presents an energetic barrier for electron transfer
from the bulk of MAPDI; through the surface region to Ceo. Treatment with AnCl presents

no such barrier.

The attribution of decreased PV performance to an unfavorable energetic landscape
is supported through the observation that both phosphonic acid derivatives, which also
result in an unfavorable energetic landscape for electron transfer to Ceo in Figures 4.8d and
4.15b, show significantly decreased PV performance. As with the ammonium salts, these
PA-treated MAPDI3 films show a PL intensity similar to that of the control MAPDI3 films
in Figure 4.9, and neither the SEM images nor the XRD spectra show significant
differences with the control MAPDIz in Figure 4.2 and 4.11. Further support for the idea
that surface energetics play a major role in determining the PV performance is offered by
the p-TA and OCA-treated MAPDI3 films. Both p-TA and OCA result in minimal shifts in
the EA of the MAPDI3 surface region, thereby maintaining a favorable energy landscape
for electron transfer from the MAPbDI3 bulk to Ceo, as depicted in Figure 4.15b, and yielding

relatively high PV performance. Therefore, all ligands that result in a favorable energy
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landscape for electron transfer to occur from the MAPDI3 bulk through the MAPbI3 surface

region to Ceo result in PV performance that equals or exceeds that of the control device.
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Figure 4.15 Energetic landscape of MAPDIs in the bulk of the film and at the interface with
Ceo for AnCl and OAI treatment (a) and for PPA and p-TA treatment (b)

Notably, our results differ from some previous reports, as all these functional
groups have been shown to yield increased PCEs.%1:96.97.107.121,145,146 Lg\wever, we note that
these differences are not unexpected and may arise due to differences in the method of
ligand deposition, the surface of the MAPbIs films, the device architecture, ligand
concentration,'19%147 or processing conditions. For example, PEAI has been used as a
surface treatment in high performing PVs and applied through an IPA treatment;®4
however, in these examples, the devices were made in the conventional architecture with
the HTL in contact with the top surface of the HP. Previous reports have indicated that
PEAI treatment results in a decreased IE of MAPbI3,1% which agrees with the observation
that PEAI treatment of the HP can improve PV performance through facilitating hole
extraction when applied at the MAPbIs/HTL interface in an n-i-p architecture.'®4’ By
contrast, we are applying PEAI treatment to the MAPDIs/ETL interface, this upward shift
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in the IE and EA hinders electron transfer from MAPDI3 to Cso and decrease the

performance in our p-i-n devices.

The improvements in PV performance observed for the CA containing ligands
agree with the increased PL intensity and suggest that indeed the CA containing ligands
are helping to passivate surface traps and reduce non-radiative recombination. On the other
hand, the ammonium containing ligands yield similar PL intensities, yet result in large
differences in PV performance. To explain why the PV performance drops significantly
for OAI and PEAI, but remains at the same level as the control for AnCl, we turn to the
surface energetics as measured with IPES and UPS. As we see no change in the XRD
spectra upon surface modification, we expect that the ammonium containing ligands do not
penetrate past the near surface region of the film. Thus, we expect that the energetics in the
bulk of the MAPDI3 films remain similar to the unmodified film and only the region near
the surface displays the altered EA and IE. This assumption leads to the energy diagrams
displayed in Figure 4.6a. Here, the OAI treated film presents an energetic barrier at the
MAPbIs surface region (i.e., the electrons must pass through higher energy states), which
is likely to impede electron transfer to Ceo. Treatment with AnClI presents no such barrier.
The presence of an energetic barrier for electron transfer to Ceo observed with OAI, and
the lack of an energetic barrier with AnCl, is the most likely explanation for the

significantly higher PV performance observed for the AnCl treated device.

4.5 Conclusions
This work clearly shows that many surface ligands will penetrate into MAPbI3

when fully formed MAPDIs films are exposed to solutions of surface ligands for short
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times, a finding that is often unaccounted for and which can have large implications on
device performance. Ammonium containing ligands, which have been widely applied as
surface ligands on HP films, are all shown to penetrate into the film with our deposition
method. Importantly, the degree of ligand penetration into the HP depends on both the
ligand tail group and binding group, both of which provide a useful handle for manipulating
whether the ligand will remain confined to the surface. The observation that surface ligands
greatly impact surface energetics has significant implications for PSC performance. These
energetic changes upon ligand application are likely to result in a need to select different
surface ligands based on whether the treatment will be carried out at the HP/ETL interface
or HP/HTL interface. For example, ligand treatment may lead to a favorable energy
landscape for hole transfer at the HP/HTL interface and an unfavorable energy landscape
for electron transfer at the HP/ETL interface. Our work suggests that energetic changes
upon surface ligand treatment are one of the primary reasons for the differences in PV
performance observed with the different ligands. Moving forward, it will be important to
identify how the ligand deposition method influences the resulting energetics, ligand
penetration, optical properties and device performance. Furthermore, identifying how the
ligand binding group and ligand tail work to influence the electronic structure of the treated

films will help to enable more predictive control of interfacial energetics.
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CHAPTER 5. DESIGNING AMMONIUM CONTAINING SURFACE LIGANDS TO
FORM SURFACE SEGREGATED MONOLAYERS

5.1 Introduction

Organic metal halide perovskite solar cells (PSCs) have developed significantly
over the past decade, and now PSCs are the most competitive class of emerging materials
for photovoltaics (PVs).1*® However, these materials have serious environmental stability
issues that must be addressed, include phase separation in mixed halide perovskites,'4°
light-induced degradation,** low tolerance to temperatures over 80 °C,*! and halide ion
migration.'®? Various strategies have been applied to improve the efficiency and stability
of PSCs, such as including an additional antisolvent treatment step during processing,*>
applying nontoxic and bifunctional antisolvents,*>**® including additives in the perovskite

precursor solution,*%®1%:157 and applying surface treatments to passivate defects and

manipulate interface energetics. %8160

Surface passivation approaches have been applied widely to reduce defect
states, %161 increase the charge-carrier recombination lifetime,'621 and improve
stability.’* Many types of surface passivating ligand layers have been introduced,
including ionic liquids,'®>'% polymers,*®” small molecules,'®*'% and quantum dots
(QDs).169170 Fyrthermore, these ligands have been applied using various methods, such as
post-film formation treatment or incorporation of ligands into the antisolvent solution or
perovskite precursor solution. Ammonium containing ligands are widely used to improve
environmental stability, and numerous tail groups on the ammonium binding group have
been investigated. Ammonium groups fill the A-site vacancies in the perovskite and

stabilize the film surface by protecting the underlying perovskite layer from harmful



degradation reactions with oxygen, water, or the metal electrodes in the device.'®4517! For
example, You group showed that phenylethylammonium iodide (PEAI) surface treatment
reduced the surface defect density and suppressed non-radiative recombination to result in
higher efficiency devices.'® Hou group introduced p-phenyl dimethylammonium iodide
(PDMA) surface treatment to passivate crystallographic defects at the perovskite surface
and the PDMAI treated perovskite film showed higher resistance to humidity and heat due

to hydrophobic aryl core.'’?

Some reports have shown that ammonium containing surface ligands can penetrate
into the perovskite, thereby converting the top layer of the 3D perovskite film into a 2D
layer.1”3"  This 3D/2D hybrid perovskite structure can be more stable owing to the
moisture and ionic diffusion barrier presented by the hydrophobic nature of the tail groups
on the ammonium containing ligands.1® In our previous work, we showed that all of the
ammonium containing surface ligands tested penetrated into the MAPDbI; thin films, albeit
to varying extents.'®® Additionally, the Sargent group reported that surface treatment with
ammonium containing ligands can change the dimensionality on the surface and alter the
band alignment depending on the structure of the ligands.' The variables determining the
extent of ligand penetration are important to understand to create controlled interfacial
structures, for example with no, minimal, or significant ligand penetration into the
perovskite. However, currently the variables impacting ligand penetration have not been
thoroughly addressed. The ligand structure itself is likely to play the primary role in
determining the extent of ligand penetration. For example, the size of the surface ligand
and the surface energy of the ligand-capped films should help determine the extent of

ligand penetration into the perovskite film. Highlighting the expected influence of ligand
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size, the Gratzel group reported that bulky tert-butyl substitution on PEAI showed better
device stability from moisture, and enhanced the charge extraction from the perovskite
absorber to hole transport layer (HTL).1” In addition, other variables are likely to influence
ligand penetration, such as the surface roughness of the underneath film,'® ligand

concentrations,63

solvent, exposure time, and different processing conditions. Despite the
increased use of surface ligands, the degree of penetration into grain boundaries and
crystalline grains, and the influence on surface energetics remain relatively unexplored and

many questions remain.

In this work we show that ammonium functionalized surface ligands can be
designed with bulky substituents and varying extents of fluorination to control whether
they prefer to remain on the surface or penetrate into the perovskite. Namely, ammonium
derivatives with bulky tails groups or fluorinated tail groups often form monolayers on
MAPbDI3, as opposed to penetrating into the perovskite, due to size and surface energy
effects, respectively. Here, we vary the surface energy by changing the extent of
fluorination and the position(s) of fluorine in anilinium iodide derviatives, while the size
is varied through introducing branched alkyl groups, adamantane, cyclohexanemethyl, or
tert-butyl substituted aromatic units to the ammonium cation. Through a combination of
XRD and angle-dependent XPS we clearly establish the extent to which the varying ligands
penetrate into the perovskite; thereby, providing helpful guidelines for the design of surface

ligands.
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5.2 Experimental section
5.2.1 Materials

Methylammonium iodide (MAI) was purchased from Great Cell Solar and lead
iodide (Pbl2, 99.99%) was purchased from TCI and both were used as received. Anhydrous
solvents including N,N-dimethylformamide (DMF, Alfa Aesar, anhydrous, 99.8%),
dimethyl sulfoxide (DMSO, Millipore SeccoSolv, 99.9%), 2-propanol (IPA, Alfa Aesar,

99.5%), and toluene (Alfa Aesar, 99.8%) were used as received.

All amines were converted to ammonium iodide form to further used as surface
ligand for the perovskite layer except aniline hydride and butylamine hydroiodide. Aniline
hydroiodide (TCI, 98%), 4-fluoroaniline (TCI, 98%), 2,6-difluoroaniline (TCI, 98%),
3,4,5-trifluoroaniline (TCI, 98%), butylamine hydroiodide (TCI, 97%), octylamine (Alfa
Aeser, 99%), decylamine (Sigma-Aldrich, 95%), 1-adamantylamine (Sigma-Aldrich,
97%), cyclohexanemethylamine (Sigma-Aldrich, 98%), 4-tert-butylaniline (TCI, 98%),

3,5-di-tert-butylaniline (TCI, 98%) were selected as surface ligand.

Ammonium salt synthesis: the amine containing surface ligand and hydroiodic acid
(1:1 mol) ratio were stirred in ethanol at 0 °C for 2h. The resulting solution was dried at 60
°C with a rotary evaporator to remove the solvents. The product was dissolved in ethanol
and recrystallized from diethyl ether. The product was rinsed three times with diethyl ether

and dried in a vacuum oven at 60 °C overnight before use.
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5.2.2 Materials characterization

MAPbIs film preparation: Non-patterned ITO coated glass substrates (15 /o) were
sequentially sonicated in aqueous detergent (sodium dodecyl sulfate, Sigma-Aldrich),
deionized water, acetone, and 2-propanol each for 10 min. After drying with nitrogen, the
substrates were exposed to UV-ozone treatment for 10 min to remove organic contaminants
and then transferred into the nitrogen-filled glovebox (<0.1 ppm of O, and H20). For the
MAPbI; films, 461 mg of Pbl, 159 mg of MAI, and 78 mg of DMSO (1:1:1 molar ratio)
were dissolved in 600 mg of DMF and stirred at room temperature for 1 h before use in the
nitrogen-filled glovebox. On the cleaned ITO substrate, 80 uL. of MAPbI3z solution was
deposited and spun-cast at 1000 rpm for 5 s followed by 3000 rpm for 80 s. 100 puL of
toluene was dropped on the spinning substrate after 10 s of reaching 3000 rpm, resulting
in the formation of transparent films that were then annealed on a hot plate at 100 °C for
10 min. After cool down, 100 pL of surface ligand solution in IPA (2 mg/mL) was then
deposited on the dark MAPDI3 films and left to sit for 5 s before spinning at 4000 rpm for
30 s with a 2 s ramp. For time dependent measurement, ligand solution was kept longer
before spinning. To remove excess unbound ligands, the substrates were rinsed with

toluene (3 x 100 uL aliquots during spinning).

Material characterization measurements including XPS, UPS, IPES, XRD, UV-vis,

and PL were used as mentioned in earlier chapters.
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5.3 Results and discussion

5.3.1 Surface ligand penetration

2 Reey

4FAnI 26FAnNI
Adal Cycl NH;"
4tbuAnl 35tbuAnl

HI H,N~ >~ BAl
|- +H3NW OAl

I +H3N NG N DAI

Figure 5.1 Surface ligands used to treat MAPDI3 film

The MAPDI3 thin films were treated with the surface ligands shown in Figure 5.1
to determine the relative ligand penetration with the different tail groups. Surface treatment
was performed through coating method with IPA solution containing the surface ligands.
After surface treatment, rinsing the substrates with toluene solution was performed to
remove unbound ligands. A control MAPDIs film was treated in the same way without any
surface ligand. Previously, we found all ammonium functional groups of surface ligands,
ANCl, PEAI, and OAI penetrate the MAPbDIs films, but showed significant different
energetics and PV performance.'®® The surface ligands shown in Figure 5.1 can be
categorized into 3 types of tail groups including three variations of tail groups including

aryl groups with varying extents of fluorination, bulky groups of varying size, and linear
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alkyl groups with varying length to probe how there variables influence the ligand

penetration.
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Figure 5.2 Angle dependent XPS of the C 1s region at 0, 45, and 75 ° for a) untreated
MAPDI3, b) Anl, ¢) 4FAnI, and d) 26FAnNI

Ammonium group can fill the A-site vacancies on the surface of the perovskite
crystal or displace surface MA molecules as mentioned earlier in the chapter. To probe the
ligand penetration we conducted angle dependent XPS measurements. To vary the probing
depth we changed the angles between the normal of the sample and the analyzer by rotating

the sample stage. Three different electron take-off angles were measured, 0, 45 and 75 °
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and the probing depth is varied from approximately 6 to 8 nm at 0 ° to only 1.5 to 2 nm at

75°.

Figure 5.2 shows the C 1s intensity for MAPbIz films modified with aryl
ammonium group ligands and control MAPbIs. Ammonium group surface ligands used in
this work do not have a unique element, i.e., an element that is in the ligand and not in
MAPDI3, other than fluorine and the F peaks are typically below our limit of detection, thus
we compared C 1s intensity between the takeoff angles. In control MAPDI3 films, MA C
appears at a binding energy around 287 eV, whereas non-MA C appears at around 285.5
eV. This shift is because MA is positively charged as discussed in chapter 4. According to
the spectra, Anl showed minimal intensity ratio change between MA C to non-MA C

compared to the control, as shown in Figure 5.2b.

In our earlier work, phenylphosphonic acid (PPA) modified MAPbI3z showed only
small change of O 1s peaks throughout all three electron take-off angles indicating
penetrate MAPDIs film as opposed to forming a surface layer.1®® On the other hand,
octylphosphonic acid (OPA) modified MAPDIs showed increased O 1s peaks at 75 °
suggesting OPA is more surface localized. Based on our earlier result, we hypothesized
that the halide-r interaction may be responsible for the greater penetration of PPA as
compared to OPA. However, compare to Anl in Figure 5.2b and BAI in Figure 5.4a, larger
non-MA C for BAI is observed at all angles, which indicate halide-r interaction may not
the major source to determine the surface ligand penetrate perovskite film. However,
difference surface environment like terminal group or the roughness of the film and
individual processing conditions such as solvents, and ligand exposure time may influence

the ligand penetration.
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Figure 5.3 Angle dependent XPS of the C 1s region at 0, 45, and 75 ° for a) Adal, b) Cycl,
c) 4tbuAnl, and d) 35tbuAnl treated MAPDI3 films

We further explored the role of bulkiness on the tail group ammonium containing
surface ligand penetration into the MAPDIz3. First, we selected the adamantane group which
has been used in various organic electronic research due to its rigid, hydrophobic, bulky
structure, and versatile functionalization on hydrocarbons.}’®1’® The Gratzel group
reported post-treatment of adamantane and adamantylamine group can successfully abate
the electronic defects within the bulk and the surface and showed enhanced PV
performance and operational stability of PSCs.}’® We also include cyclohexanemethyl and
tert-butyl functionalized Anl in our investigation of tail group size effects. As shown in

Figure 5.3, non-MA C:MA C ratios at all angles increased for all four of the MAPDbI3 films
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that were treated with bulky ammonium containing surface ligands as compared to that of
the control MAPDI3 film. Interestingly we found depending on the position and the number
of the tert-butyl group, the extent of ligand penetration significantly changes. Figure 5.3c
4tbuAnl shows gradual increase of non-MA C around 285.5 eV from bulk of 0 ° to more
surface of 75 ° versus Adal and Cycl present constant non-MA C:MA C ratios at all angles.
In contrast with 4tbuAnl, Figure 5.3d illustrates that 35tbuAnl does show a big change in
the non-MA C:MA C ratios between 45 ° to 75 °. These measurements clearly explain that
the size of the ligands followed by the position and the number of the bulky tail group
significantly influence whether the ligand is confined to the surface or penetrates the

MAPDIs film.
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5.4 Angle dependent XPS of the C 1s region at 0, 45, and 75 ° for a) BAI, b) OAl,
and d) DAI treated MAPDI;3 films

Figure 5.4 shows the angle dependent XPS of the C 1s region of alkyl tail group
ammonium containing ligands. Increased non-MA C:MA C ratios at all angles are observed
regardless of the length of alkyl chain. Additionally, larger non-MA C:MA C ratio change
supports that longer carbon chain at OAI and DAI shows non-MA C peak increase around
285.5 eV compare to BAI. This XPS data indicates that all alkyl tail group ammonium

containing ligands penetrate the MAPDIs film, which is consistent with previous work. 1%
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Except the C 1s region, N 1s, Pb 4f, | 3ds2 regions are measured for untreated and

all surface ligand treated MAPDI3 films at all angles. Here, the I:Pb ratio is between 2.9

and 3.1 and none of regions show peak shift due to surface charging from the angle-

dependent XPS samples.

5.3.2 Crystal structure characterization
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Figure 5.5 XRD spectra comparison between untreated MAPbIz and a) aryl group, b) bulky

group, and c) alkyl group

The structure of the ligand treated, and untreated MAPbIs film is characterized by

XRD. As shown in Figure 5.5, aryl, bulky, and alkyl tail group ammonium containing

ligands treated perovskite film exhibit no extra diffraction peaks. These XRD spectra

suggest they do not penetrate perovskite film enough to change the crystal structures of

bulk perovskite even though they show ligand penetration on angle dependent XPS

measurements.
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Figure 5.6 XRD spectra comparison between a) untreated MAPbI3, b) BAI, c¢) OAI, and c)
DA of surface ligand time exposure

We further investigated structural characteristic of surface ligand treated MAPbI3
film by changing the time of ligand exposure to observe when these surface ligands play a
role in changing the crystal structure of MAPbI3. From the comparison of XRD patterns of
control MAPDI3 film, as shown in Figure 5.5, new emerging peak at 20 = 12.7 is observed
with 15 s of IPA treatment in Figure 5.6a. Similar to previous report, this diffraction peak
corresponds to Pbl, which is a product of MAPbI; decomposition.'®%8 The use of IPA as
a solvent for post-synthetic treatment of perovskite films is comparable with previous

reports,'®1%> however, longer treatment of IPA decomposes MAPDbI; film since IPA
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dissolves MAL!82 The intensity of the Pbl, peak increases with longer IPA treatment, as
shown in Figure 5.6a, which supports that degradation of MAPbI3 is occurring. For the
surface ligand treated samples, the Pbl, peak is not observed at 15 s of IPA treatment,
which explains surface ligand slows down the degradation process of MAPbIs film. The
diffraction peak at 20 = 14.0 corresponds to (001) crystallographic planes of the 3D
perovskite and this peak did not show peak shifts throughout longer ligand exposure. When
the film is treated with BAI for 30 s, the XRD patterns show a new peak at around 26 =
7.9, which is attributed to the (BA)2(MA)n-1Pbnlsns1 family of layered compounds®®-18 as
shown in Figure 5.6b. This lower dimensional peak growth is also found when the film is
treated with OAI for 1 min in Figure 5.6c, which is in agreement with previous
reports.t’31% Interestingly, DAI treated films do not show any peak less than 26 = 10 until
the treatment time reaches 3 min in Figure 5.6d. This XRD data indicates that the longer
alkyl chain of DAI makes it hard to fit in the perovskite crystal structure to make low
dimensional perovskite, which organic molecular cations act as a spacer between the

perovskite layers.*8’
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Figure 5.7 XRD spectra comparison between a) Adal, b) Cycl, ¢) 4tbuAnl, and d) 35tbuAnl
of surface ligand time exposure

Figure 5.7 presents XRD patterns of bulky tail group ammonium containing ligand
treated MAPDI3 film. Interestingly, XRD spectra of Adal treated film show emerging
intensity of peak at 20 = 6.7 starting from 15s treatment in Figure 5.7a versus Cycl treated
film do not show any additional peak until 1min of treatment in Figure 5.7b. Importantly,
both 4tbuAnl and 35tbuAnl treated films do not show any reduced dimensionality peak
shifts, however, emerging Pbl., peak at 26 = 12.7 is observed with 1 min treatment of
4tbuAnl as shown in Figure 5.7c. Compare to control XRD spectra in Figure 5.6a, this data

clearly confirms that tert-butyl group inhibits the ligand penetration to bulk of the MAPbDI3
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film which is in agreement with angle dependent XPS measurement in Figure 5.3c and d.
Notably, on the basis of previous results,*” increased steric hindrance from tert-butyl
substitution on PEAI did not show extra low dimensional diffraction peak further support
prevention of ligand penetration to bulk of the film. As shown in Figure 5.3c and d, time
dependent XRD results indicate 4tbuAnl surface treatment do not go into bulk of the

MAPbI; film to the extent needed to change the crystal structure enough to show a change

in the XRD spectra.
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Figure 5.8 XRD spectra comparison between a) Anl, b) 4FAnl, and c) 26FAnl of surface
ligand time exposure

We further studied structural characteristic of aryl tail group treated MAPDI3 film
by changing the time of the ligand exposure, as shown in Figure 5.8. Anl treated MAPbI3
film show constant intensity of peak at 26 = 7.2 starting from 15s treatment in Figure 5.8a.
On the other hand, peak around 26 = 7.2 is not observed with additional fluorine in
anilinium iodide derivatives, 4FAnl, and 26FAnI, as shown in Figure 5.8b and c.
Furthermore, Pbl> peak at 260 = 12.7 is not observed from 30s treatment 26FAnI and

emerging when reach to 1min suggest that additional hydrophobic fluorine successfully

delay the MAPDI3 degradation process.
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CHAPTER 6. CONCLUSIONS AND FUTURE OUTLOOK

In this work, we have optimized the MAPbIs-based PSCs and studied optical and
electrical properties of the HTL materials and perovskites. We introduced a new family of
triarylaminoethynyl silane molecules as HTLs to investigate how the PV performance
depends on the IE of the HTL and provide a new and versatile HTL materials platform.
We further expanded to a series of eleven different HTL materials with various IEs. We
found that the idea HTL IE range for maximum PV efficiency is dependent on the

perovskite processing conditions.

Next, we investigated a series of surface ligand binding groups and systematically
probe the stability of the bound surface ligands, how they influence PL properties, film
stability, and PV device performance. Here, surface ligands with different binding groups
are investigated to determine their extent of surface coverage, whether they form a surface
monolayer or penetrate the perovskite and how they influence material energetics. It was
found that surface ligands can significantly shift the IE and EA from UPS and IPES
measurements and these changes in surface energetics substantially impact the PSC
performances. Furthermore, we selected ammonium functionalized surface ligands with
bulky substituents and varying extents of fluorination to control whether they prefer to
remain on the surface or penetrate into the perovskites. We observed hydrophobic
fluorination on molecule can effectively prevent surface ligand from penetration into bulk
of MAPbIs film and size of the ligands can influence whether the ligand is confined to the

surface or penetrates the MAPbI3 film.

In order to understand what determines performance of the device, we need to

observe various material properties itself and look more carefully at interfaces with



neighboring layers at the same time, as energy level alignment and electronic properties at
interfaces dictate materials and device properties. Although many groups have investigated
the properties of the perovskite materials, further fundamental understanding of crystal
formation, defect states, optical, electronic properties, and interfacial energetics, and
improvement of device performance and stability is needed in the perovskite research

community.
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