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Abstract

Metal halide perovskites have recently emerged as one of the most promising active layers in
solar cells for their high power conversion efficiency (>25%) and ease of synthesis and
deposition. Spatial heterogeneity is inevitable with current fabrication methods for both
monocrystalline and polycrystalline perovskite thin films and crystals. The morphology-
dependent imaging of the excited-state dynamics is crucial to the understanding of the
conversion efficiency resulting from different fabrication methods. Key processes affecting the
performance of the absorber layers include carrier recombination, carrier cooling, and carrier
trapping, which mostly happen on the ultrafast timescale (sub-picosecond). To capture all the
processes happening across a broad energy landscape, broadband detection is required. In this
work, broadband pump-probe spectroscopy and confocal microscopy are combined into one
setup, the transient absorption microscope (TAM), to realize hyperspectral imaging of the

ultrafast dynamics in metal halide perovskites.

Studies on both perovskite thin films and crystals were performed. The first part of the thesis
is focused on mapping the morphology-related carrier dynamics in polycrystalline perovskite
thin films. Fundamental carrier properties like the Fermi energy level, cooling rate, and defect
concentration were extracted from the transient absorption (TA) spectrum acquired at every
single pixel. Hundreds of pixels were scanned in one experiment, and the correlations between
the carrier properties and the morphological information, for example, grain boundary (GB),
were verified using statistical models. The high-dimensional datasets containing spatial, spectral,
temporal, and morphological information create the challenge of analyzing gigabytes of

correlated data, which typically takes enormous computational resources. To solve this problem,
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a new global analysis method based on variable projection and subsampling was invented. This

method improved the spectrum-fitting speed by a factor of 1500 and was more sensitive to weak
spatial and spectral features. The second part of the thesis is focused on the study of
monocrystalline perovskite microcrystals or nanocrystals. As an optical microscopic tool, the
spatial resolution of the TAM is limited by the light wavelength and objective lenses used. To
study the impact of structural change below the diffraction limit, single-particle spectroscopy
was performed on monocrystalline perovskite crystals. By varying the cations in the perovskite
lattices and organic spacers between perovskite layers, different levels of lattice distortions and
multiple stacking geometries were created. The lattice distortion caused by the sterically large
organic spacers was found to be the determining factor in the formation of deep trap states

detrimental to carrier harvesting.
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A clear negative correlation can be observed between the level of distortion and the speed of

recombination, suggesting the direct effect of lattice distortion on excited-state dynamics. ..... 119
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CHAPTER 1 Introduction

1.1 A Brief History of Optical Microscopy

More than 300 years has passed since Robert Hooke invented the first modern optical
microscope in human history. The book, Micrographia, Or, Some Physiological Descriptions of
Minute Bodies Made by Magnifying Glasses: With Observations and Inquiries Thereupon,
detailing his research, can now be easily found online and accessed for free by the public.! With
vivid hand-drawn illustrations and scientific explanations, it is still interesting to read. As is
stated in the preface of this book, observation is always the foundation of experimental sciences.
The history of modern microscopy is a history of mankind developing imaging instruments to
make observations at scales impossible to achieve before. Better lenses were made, and better
resolutions were achieved. In 1873, 200 years after the publication of Micrographia, Ernst Abbe
discovered Abbe’s law of diffraction and laid the foundation of light microscopy. The spatial
resolution of an optical microscope was found to be strictly defined by the wavelength of the
light and the objective lens used. The theoretic limit of the spatial resolution that could be
achieved by optical microscopes, caused by the diffraction of light, was also calculated.? The
development of optical microscopy, however, did not stop because of the discovery of the
diffraction limit. (The spatial resolution problem was later solved by the invention of electron
microscopes® and super-resolution optical microscopes* °) The next groundbreaking discovery in
the field of optical microscopy was the invention of the confocal microscope, patent filed in
1961.58 By inserting a pinhole into the detection line, all out-of-focus light was rejected, and thin
optical sections could be made from thick specimen and samples. Another technology widely

applied nowadays in microscopy, light amplification by stimulated emission of radiation (laser),
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was under development around the same time. The combination of the two cutting-edge

technologies developed by that time led to the invention of the confocal laser-scanning
microscope (CLSM).% 1% The inclusion of laser as an intense, monochromatic and coherent light
source made it possible to generate clean optical sections completely free from out-of-focus stray

light.

1.2 The Need of Ultrafast Temporal Resolution and the Development of Pump-Probe

Spectroscopy

CLSM, though powerful, is far from being a cure-all. With the fast development of modern
chemistry and biology, more demands were made on imaging tools. In a complicated chemical or
biological system with many degrees of freedom, the images collected using CLSM can be
highly congested and a lot of ambiguity exists in the interpretation of the images and the spectra.
Temporal resolution was another problem. CLSM is a scanning-based setup, not a wide-field
one. To construct a full image of the region of interest (ROI), the sample needs to be scanned
pixel by pixel, either by a scanning stage or a pair of mirror galvanometers. Even with the fast
mirror galvanometers, the frame rate is limited to several frames per second.® Any reaction that
happens within one second, including protein folding, membrane diffusion, conformational

fluctuation, and fluorescence decay, could not be probed.!

The solution to both problems was to increase the temporal resolution, as expanding the data
space would not only provide better resolution but also deconvolute the images or spectra and

clear the ambiguity in data interpretation. Ultrafast (sub-picosecond, 1 picosecond = 1012 s)
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spectroscopy emerged, with the development of femtosecond lasers (1 femtosecond = 10°° s), as
the solution to achieve femtosecond-scale temporal resolution.*? The major difference between
ultrafast spectroscopy and continuous-wave (CW) spectroscopy is that it uses ultrafast laser
pulses as the excitation and probing sources. Because the energy from the light is compressed
into a single pulse lasted for only tens to hundreds of femtoseconds, all the reactions are

triggered within an ultrashort time window, and the following reactions are either triggered or
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detected with ultrashort pulses, which interact with the sample at defined ultrashort time

windows as well.

Pump-probe spectroscopy or transient absorption (TA) spectroscopy is probably one of the
most widely used nonlinear spectroscopic tools, and we will focus on this spectroscopic
technique only in this thesis. It is a powerful technique to probe the ultrafast dynamics with
femtosecond resolution. The setup is fairly easy to construct, and the concept is straightforward
to understand. Though pump-probe by nature is a third-order nonlinear technique, usually no
theoretic background in nonlinear spectroscopy is required to understand or interpret the

spectrum collected.

A typical geometry used in a pump-probe experiment is illustrated in Figure 1.1a. Two
beams, one pump, the other probe, are focused at the sample plane. The two pulses should
overlap both spatially and temporally, which is relatively easy to realize in an ensemble
spectroscopic setup when the beam diameters are around several hundreds of microns. The pump
pulse creates a population of excited-state species. The time-dependent changes in absorption
caused by the excited states are detected through the change of the intensity of the probe, usually
delayed (At) relatively to the pump, that transmits the sample. Basically, it is a measurement of
the time-dependent absorption spectra. The signal is generated in the exact same direction as the
probe (due to the phase-matching condition required for pump-probe experiments, Figure 1.1b),
which can be heterodyne detected using the probe pulse. The probe pulse is also acting as the
local oscillator here. It increases the signal intensity reaching the detector, which is crucial in the

detection of weak high-order nonlinear signals. More details about the phase matching in
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nonlinear spectroscopy can be found in the book Principles of Nonlinear Optical Spectroscopy

by Shaul Mukamel .3

Three kinds of signals are generated in pump-probe spectroscopy, ground state bleaching
(GSB), excited state absorption (ESA, or photo-induced absorption, PIA), and stimulated
emission (SE). GSB is present when excited-state populations are created, and the absorption
from the ground state to the corresponding excited state is reduced, causing a “bleach” in the
absorption spectrum. When plotting the change in absorption (AA), GSB is always negative
(Figure 1.1c). ESA or PIA is the absorption caused by the newly created excited-state species
and should be positive. SE is the emission from the excited state and is negative. The
interpretation of TA spectra, however, should not be limited to these three common features
only. The change in the absorption spectrum can be caused by a lot of different factors, like peak
broadening and shifting, the physical nature of which shall be carefully examined in order to
interpret the spectrum correctly. For example, the Stark effect in semiconductors will cause a
bandgap shrink, and the absorption peaks will shift accordingly and cause derivative features in
the TA spectrum.'#1® These features caused by a peak shift should not be assigned to be GSB or

ESA.

To acquire a TA spectrum as is shown in Figure 1.1c, a broadband probe is required. Instead
of sending in a single-color probe, a white light continuum (WLC), generated by focusing a laser
beam onto a dielectric media like CaF,, yttrium aluminum garnet (YAG), or water,*’ is used as
the probe beam instead. The chirped WLC can be compressed with a pair of chirped mirrors or a
pair of prisms to be used as an ultrafast probe.® The change in the WLC probe is detected using

an array detector after different colors are spread by an optical grating.
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Pump-probe spectroscopy solves the problem of probing ultrafast dynamics in a simple and

elegant way; however, the space dimension is not explored. One problem with ensemble
spectroscopy is that it averages over a large region. For heterogeneous samples, the difference
between disparate regions is usually averaged out. For example, if feature A is present in a small
grain ~10 um? big, with a beam size of ~1000 um?, the signal intensity would be weakened by a
factor of one hundred and might not even be detectable. If reaction A is only present in grain 1,
while reaction B only happens in grain 2 next to grain 1, with ensemble spectroscopy, reaction A
and B would be considered to be happening at the same location, which leads to incorrect
interpretation of the spectrum. Ensemble spectroscopy also has limited application in the study of
single particles or molecules. To solve these problems and combine the best temporal and spatial
resolution into one setup, the transient absorption microscope (TAM) was invented to probe the
dynamics in a selected small region, for instance, single grain or grain boundary (GB), in a
heterogeneous sample. The boundary between microscopy and spectroscopy started to blur, but
the application of single-color TAM was still largely limited, especially for the mapping of
excited-state properties across a broad spectral range, as the absorption at one wavelength was
probed a single time. To collect the dynamics across a broad energy landscape, several
experiments at different wavelengths were required, posing big challenges in acquisition speed

and sample stability.
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1.3 Hyperspectral Imaging with Time and Spectrally Resolved Transient Absorption

Microscope

131 Hyperspectral Imaging

By combining broadband pump-probe spectroscopy with confocal microscopy, hyperspectral
imaging with temporal, spectral and spatial resolution can be achieved. Unlike traditional
microscopy that collects the intensity of light in specific color bands, conventionally defined by
the color filter used, in a hyperspectral imaging setup, the detailed spectrum of every pixel in the
image is collected. The first advantage is the collection speed. By spreading the light with an
optical grating and collecting the whole spectrum at the same time, only one single scan across
the sample is required and there is no need to repeat the scan several times to get images in
different color channels. The second advantage is the femtosecond time resolution that has never
been achieved by conventional confocal microscopy. By using femtosecond pulses as the pump
and probe sources, a TAM can record how the absorption at different wavelengths across the

sample changes every few femtoseconds.

1.3.2 Microscope Design

The design of the TAM that can perform time and spectrally resolved hyperspectral imaging
is shown in Figure 1.2. The microscope design may vary slightly for different studies in the
following chapters and will be addressed in the specific chapter. The basic design is the same.
The first difference between TAM and ensemble TA spectroscopy is the beam size. In ensemble
TA, the beams are usually focused using a lens and the beam diameter is several hundred

microns. In TAM, the beams are focused using an objective lens (usually with a high numerical
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aperture value, NA), and the beam waist is several hundreds of nanometers.? The second main

difference is that the pump and probe are colinear in a TAM, so the residual of the pump beam
needs to be cleaned before reaching the detector. The microscope is built based on the CLSM

geometry.

Spectrometer

WL

Pinhole

Figure 1.2 Schematic of a TAM. BS: beam splitter. OPA: optical parametric amplifier. WL
Crystal: white light crystal.

The pump beam, usually set bluer than the bandgap of the material studied, first passes a
delay stage. The reason why we choose to delay the pump is that the fluctuations caused by the
delay stage will impact the single-color pump less than the WLC probe. There are multiple ways
to generate a single-color pump. The most straightforward method would be using the tunable
output from a commercial or home-built optical parametric amplifier (OPA). The pump is then
modulated using a mechanical chopper. Note that the chopper and the camera are synchronized
to realize referenced detection. If the chopper modulates the pump beam at the frequency f, the

camera’s acquisition frequency is always set to be 2f, so that the first frame is taken with the
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pump on (transient absorption), and the second is taken with the pump off (static absorption). By

subtracting the second frame from the first, the change in absorption is acquired. Before sending
the pump into the microscope body, a telescope is used to expand it to fill the back aperture of
the top objective lens. Another kind of TAM design widely applied when the technique was first
invented is based on lock-in detection. The pump beam is also modulated at a certain frequency
using an acousto-optic modulator (AOM) instead of the mechanical chopper used in our system.
The signal is collected using a lock-in amplifier synchronized to the pump modulation. The
detailed scheme can be found in ref'®, The advantage of this scheme is that it can reach a high
repetition rate usually higher than 1 MHz. The disadvantage is that it is not compatible with
hyperspectral imaging because only a limited number of channels are offered by lock-in

amplifiers, so we did not use that design.

The probe beam is usually a WLC generated by focusing an infrared (IR) beam on a
dielectric medium. In our setup, we focus a 1030-nm beam using a parabolic mirror on a YAG
crystal to generate a WLC from ~500 nm to ~850 nm. The WLC is picked up and collimated
using another parabolic mirror. Chirped mirrors or prisms can be used to correct the chirp if too
many glass optics are used in the line. Parabolic mirrors are used instead of glass lenses. The
WLC is known to be extremely sensitive to the beam pointing and alignment, and it is important
to have a stable WLC to do reliable referenced detection. It is advised to separate the WLC
generation part from hardware that causes strong oscillations or air disturbance (like chiller
pumps and mechanical choppers). Other compressed light sources may also be used as the pump
and probe. In CHAPTER 3, a home-built second-harmonic noncolinear optical parametric

amplifier (2H-NOPA) was used to generate pump and probe for the impulsive vibrational
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microscopy (IVM) study which requires compressed broadband pump and probe. In normal TA

studies, a single-color pump and broadband probe should suffice.

The microscope body and the detection line are based on the confocal geometry. The
objective lenses should be carefully chosen so that no extra chirp will be introduced to the
ultrafast pulses focused by it. We used a reflective objective lens that only contains reflective
optics inside. If a refractive one is used, the chirp caused by the glass inside shall be
compensated before the microscope. A piezo stage was used to scan the sample. Mirror
galvanometers can also be used to scan the beams, too. After the sample plane, A pinhole is used
to reject the out-of-focus stray light. The probe and signal are sent into a spectrometer with an
array camera attached to detect the full spectrum. The residual pump beam can be cleaned using
a notch filter, or by setting the relative positions of the camera and the grating in a way that the
pump wavelength is outside the acquisition range of the camera. Transient reflection signal can
also be collected by adding a beam splitter above the top objective to collect the reflected probe.

Nothing needs to be changed in the detection line to get the reflection signal.

A lot of other third-order spectroscopic tools can be integrated into this microscope design to
realize more imaging functions, with small changes in the light source and the detection scheme,
like impulsive vibrational spectroscopy (IVS, CHAPTER 3), coherent anti-Stokes Raman
spectroscopy (CARS),'® 2 stimulated Raman scattering (SRS),?! and two-dimensional infrared
spectroscopy (2D-IR).2% 23 Another kind of TAM setup fixes the pump position and uses mirror
galvanometers to scan the probe around the pump to study the diffusive behaviors of the excited-

state species. Details about that setup can be found in review?*.
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1.3.3 Ultrafast Microscopic Studies on Light-Harvesting Materials

TAM has been mainly used for material characterization,™ 2> piological imaging,**
and art conservation.*® As a non-invasive and label-free technology, fluorescent labeling is not
required, which largely broadens its application range and simplifies the experimental
procedures. A lot of materials that do not have emissions can still be studied using a TAM. TA
spectroscopy provides information about the energy levels, population dynamics, and energy
transfer between states with femtosecond temporal resolution and is widely applied in the study
of light-harvesting materials. With the fast development of materials science and
nanotechnology, more complicated nanostructures were synthesized, demanding a
characterization tool with good temporal, spectral and spatial resolution to map the heterogeneity
in morphological and photophysical properties. In this thesis, a TAM with hyperspectral imaging
function was designed and prototyped to measure the ultrafast dynamics within a small
homogenous region in heterogeneous light-harvesting materials. The work done on excited-state
dynamics and the correlated structural origins with TAM is summarized below. The other branch
of TAM studies focuses on the diffusion of excited-state species like carriers in semiconductors,
including single-walled nanotube (SWNT),*® transition metal dichalcogenide (TMD),*" 48
perovskite,? 3132 acene,®® #° and porphyrin.>® More information about that branch can be found

in review?*, but will not be detailed in this thesis.

Most of the early work done on light-harvesting materials with TAM was focused on
graphene,? 1" and nanotubes.>>%° These studies represent the two major applications of TAM,
with the first one focused on the spatial heterogeneity and the correlated ultrafast dynamics

across a large ROI, and the second one focused on one single particle or nanotube that cannot be
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probed alone in ensemble spectroscopy. The study on graphene done by Huang et. al. revealed

the correlation between the electron-phonon reaction and graphene-substrate coupling. Weaker
coupling between the substrate and the graphene led to weaker electron-phonon coupling and the
hot-phonon effect.! This phenomenon was explained by the interactions between the electrons
and the surface optical phonon modes of the substrate as another energy relaxation channel in
follow-up studies.? %2 Interestingly, only minimal interaction was found between graphene oxide
and the substrate.>® The studies on single particles like single metal particles and SWNTSs have
been focused on the vibrational modes,®* carrier relaxation,®® %2 metallic state,*® and interaction
with the substrate.>” %8 These studies laid the foundation of using TAM to probe the carrier

cooling and energy relaxation processes in semiconductors.

With the development of organic photovoltaic (OPV) materials, more researches were
published on organic semiconductor thin films that form complicated microstructures, like
acenes.?6-28.83.64 Anq the focus shifted to structural features like crystal domains and GBs.
Excited-state dynamics within individual domains of the organic semiconductors were measured
and analyzed. The dynamics were found to be related to the orientations of the crystal domains
and the stacking geometries of adjacent molecules.?® 28 The structures of domain interfaces
and GBs were also studied. Wong et. al. reported that the domain interfaces in solution cast 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) were made up of nanoscale crystallites

interleaved by a web of interfaces, instead of abrupt GBs.?’
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1.34 TAM Studies on the Excited-State Dynamics of Metal Halide Perovskites

The past ten years witnessed the emergence of metal halide perovskites as one of the most
promising materials as absorber layers in solar cells. Perovskite was first reported in 1983,% but
the rediscovery of it for solar cell application took until 2012.56-¢8 Within ten years of the
rediscovery, the power conversion efficiency of perovskite-based solar cell has exceeded 25%.5°
Three-dimensional (3D) or bulk perovskites generally have a crystal structure of ABXs, with A
being either organic cations like CHzNHs" (MA) and [HC(NH.)2]" (FA), or inorganic cations
like Cs* and Rb*, B being divalent metal atoms like Pb?* and Sn?*, and X a halide anion. The
crystal structure consists of 3D corner-sharing BXs* octahedra with the A cations occupying the
cuboctahedral site formed in the middle of eight adjacent octahedra. Recently, layered two-
dimensional (2D) perovskites were discovered. Large organic spacers were inserted between
perovskite layers to form the general structure of (A")m(A)n-1BnXan+1, Where A’ is a large
monovalent (m = 2) or divalent (m = 1) organic cation, and n is an integer that represents the
thickness of the inorganic perovskite layers between organic spacers. One prototypical structure
of 2D perovskite is (BA)2(MA)2Pbslio (BA = CH3CH2CH2CH2NH3"), where perovskite quantum
wells consisting of 3 layers of Pblg* octahedra and MA cations were separated by BA layers.
The discovery of the 2D perovskite family largely increased the chemical stability and offered

more tunability in the optical and electronic properties.”®"

The extraordinary power conversion efficiency of metal halide perovskites has been mostly
attributed to low recombination rates,* 68 long carrier lifetime,’® 882 Jong diffusion lengths,?®
31,8386 and defect tolerance.®”-%° Most of the spectroscopic studies on the ultrafast carrier

dynamics were performed using ensemble spectroscopic tools, that average hundreds of or
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thousands of um? across the perovskite crystal, where different levels of spatial heterogeneity

exist, determined by the fabrication methods.®® %2 Defects like lattice interruption and inclusion
of foreign atoms can happen across the sample. To fully understand the carrier dynamics and
their structural origins, direct characterization of the carrier behaviors in a locally precise way is
required, which is the first problem solved in this thesis. By using TAM as the main
characterization tool, ultrafast carrier dynamics, like carrier cooling, carrier recombination,
energy transfer between states, and transition energy of defect states within a small area

(<1 um?) can be studied. With the sub-micron spatial resolution, specific regions with a higher
defect concentration like GBs and crystal edges can be selected out and studied separately. With
other correlated microscopy, for example, scanning electron microscopy (SEM) and atomic force
microscopy (AFM), a direct correlation between carrier dynamics and crystal morphology can be

made.

The use of TAM, an optical microscopic tool, is limited on the imaging of structures smaller
than the diffraction limit. Other than extrinsic defects, the crystal structure is another determining
factor of the optical and electrical properties of perovskites. For example, in 2D perovskites, the
bandgap of the crystal is largely determined by the thickness of the inorganic perovskite layers
between organic spacers due to the quantum confinement effect, and the exciton binding energy
is affected by the dielectric screening effect from the organic spacers.’® 3 For properties that
are extremely sensitive to the chemical environment, single-particle spectroscopy on phase-pure
monocrystalline nanocrystal is required. This is the second problem solved in this thesis. By
selecting out and focusing on single perovskite nanocrystals or microcrystals, the composition of

which can be easily tuned using synthetic methods, with a TAM, the influence of angstrom level
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structural difference, like lattice distortion and stacking geometry, on the photoelectric properties

of perovskites were studied.

1.4 Thesis Outline

CHAPTER 2 and CHAPTER 3 are based on the spatial imaging application of TAM. Spatial
heterogeneity and the correlated carrier dynamics were probed. Different data analysis methods
were used or invented to extract carrier properties. CHAPTER 2 uses SEM-TAM to study the
transient-sub-bandgap states at the GBs of CH3NH3Pbls perovskites. By correlating the TA
spectrum collected at every pixel and the morphological information collected using SEM, the
hot-carrier cooling processes at grain interior (GI) and GBs were studied separately. Positive
correlations between sub-bandgap absorption, elevated Fermi energy level, and increased cooling

speed were found at the GBs and verified with statistical tests.

In CHAPTER 3 we introduce a novel fast global analysis method based on variable
projection and subsampling for TAM. The new method increases the analysis speed by more
than 1500 times and is more sensitive to weak spatial and spectral features and can be used to
perform background subtraction for the extraction of high-order nonlinear signals. A third-order
nonlinear spectroscopic technology, 1VS, was integrated into the TAM system and the new data

analysis method was tested on the IVS datasets as well.

CHAPTER 4 and CHAPTER 5 are based on the single-particle imaging application of TAM.

In CHAPTER 4, 2D perovskite single crystals with different A-site compositions were
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synthesized. A-site cations with various sizes caused different levels of lattice distortion and led

to different levels of photoluminescence (PL) quenching, which was found to be related to defect

concentrations probed with single-particle TA spectroscopy.

In CHAPTER 5, the structural difference in 2D perovskites caused by the A’-site (organic
spacer) is studied by including different designer molecules into the organic layer. Two
molecules, allylammonium (AA) and iodopropylammonium (IPA) with different steric and
dielectric properties were introduced to the same inorganic lattice and caused changes in layer
stacking geometry and lattice distortion. Single-particle TA proved that the major cause of

detrimental deep trap states was the distorted lattice instead of the changed stacking geometry.
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CHAPTER 2 Transient Sub-Bandgap States at Grain Boundaries of CH3NH3zPbls Perovskite

Act as Fast Temperature Relaxation Centers

21 Introduction

Metal halide perovskites have received intense attention as active layers in solar cells for
their high power conversion efficiency (over 22%°’) and the relatively low technical barrier in
fabrication.? Contributing to their idiosyncratic carrier behavior, like low recombination rates,*
681 Jow cooling rates,’® 882 and long diffusion lengths,? 318386 are the unique band structures
that may arise from different film morphologies. The impact of the local nanostructure, such as
GBs, on carrier properties has been widely studied using other microscopic methods,® mainly
PL microscopy!®-1% and AFM,® along with ensemble pump-probe spectroscopy by comparing
samples with different bulk morphologies.’®1% However, the nature of the GBs and the
associated defect states remain unclear. Many previous studies either performed ensemble
measurements averaging over tens of microns in films, thus convolving signals from many
individual grains, or studied properties like the local PL lifetime at the bandgap,%°-1% carrier
diffusion,® and other properties®® 1% to indirectly probe the dynamics at the defect state, along
with some interesting theory works.% 199 110 yntil now, there has not been a direct probe of the
transition energy of the defect state and population dynamics in a locally precise way so that only
sections of films (e.g. interior, near edge, boundary, etc.) or single grains are probed, while
simultaneously measuring hot carrier dynamics. Further, comparison of carrier properties
between different morphologies has not, until now, been supported by large-data statistics. In this
chapter, we present the first realization of scanning electron microscopy correlated transient

absorption microscopy (SEM-TAM) on polycrystalline perovskites, which directly maps the



43
formation of a sub-bandgap state at GBs. The dynamics of these states are investigated together

with their influence on the local carrier behaviors, suggesting the electrically-charged nature and
the potential role of GBs as centers for fast carrier cooling. Furthermore, the microscope setup
and the specially fabricated films gave us this capability of studying hundreds of data points in a
single map, with multiple film morphologies included. A thorough statistical analysis with both
parametric and non-parametric tests performed on such a big dataset enables us to draw a reliable
connection between the formation of the sub-bandgap state, the doping effect at GBs and the
accelerated carrier cooling process. Our findings indicate that, contrary to the conventional
wisdom that the shallow defect state in perovskite GBs does not significantly change carrier
dynamics (“benign”), 8% the cooling dynamics are strongly affected by additional energy
acceptors formed by these states, which speeds up the process and leaves limited time for hot
carrier extraction. The outcome of this effect, which is an accumulation of carriers at the
bandedge, may play a beneficial role in conventional photovoltaics, as no evidence of a higher

recombination rate is observed at GBs.

2.2 Experimental Details

2.2.1 Perovskite Film Composition and Morphology

Thin films of methylammonium lead iodide (CH3sNH3Pbls) deposited on marked glass
coverslips by spin-coating perovskite precursor solution were studied. More details of the film
fabrication and characterization can be found in our previous work® and the Appendix (section

A.1.1). It is worthwhile to mention that the only difference between fabricating these particles
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and continuous film made for devices is the 8% HI additive in the first step of synthesis, which is

meant for grain size control only and does not change the chemical composition (proved by
energy-dispersive X-ray spectroscopy, EDS, Figure_Apx A.1) or introduce any impurity as I” is
part of the CH3NHz3Pbls lattice. The films fabricated this way form large polycrystalline particles
with two distinct morphologies: small crystallites (< 0.1 um?) in the center and large crystallites
(> 1 um?) in the outer ring (Figure 2.2a, more SEM images in the Appendix, Figure_Apx B.3).
The GBs between crystallites are marked using dashed curves (the dense ones in inner circle not
marked). While vastly different particle morphologies form depending on film coverage and
fabrication conditions, these small polycrystalline particles provide a unique platform to study
many morphologies and perform statistical analysis (N = 806) within a small ROl (6 pm x 5
pm). Further, the TA mapping and direct comparison between points can be performed within a

single particle to eliminate possible variation in chemical composition.

2.2.2 TAM

The block diagram of the home-built TAM is shown in Figure 2.1. The fundamental
1030-nm beam was generated from an Yb:KGW amplifier system (Light Conversion, PHAROQOS)
operating at 200 kHz with a pulse duration of 190 fs. The beam was split into pump and probe
arms. The pump was focused into a beta barium borate (BBO) crystal to produce second
harmonic generation light centered at 515 nm (2.41 eV) with a maximum average power of
15 uW. The pump was then delayed relative to the probe with a high resolution motorized linear
stage (Aerotech). The white-light probe (1.50-1.87 eV), which covers spectral ranges both below
and above the bandgap at 1.63 eV, was generated by focusing the fundamental beam into a

YAG crystal and then compressed with a pair of chirped mirrors (LayerTec). Both beams were
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Figure 2.1 Block diagram of the TAM setup. BBO: beta barium borate crystal. DCM: double

chirped mirror pair. Inset: initial carrier density map. Scale bar: 1 um.

recombined and focused collinearly onto the sample with a 74x reflective objective (NA 0.65,
Beck). The beam spot size of 540 nm was determined by measuring the power passing through a
pinhole and then calculated using a Gaussian beam model. The sample was taped on a piezo-
driven XYZ stage with a resolution of 0.2 um (PiezosystemJena, Newport XPS). The sample box
was purged with nitrogen gas to eliminate sample damage caused by laser heating. Control
experiments are also done in the air (refer to Appendix A, section A.2.4, Figure_Apx A.13,
Figure_Apx A.14). The signal was collected using a 100x refractive objective (NA 0.70, Leica),
spatially filtered through a 300-pum pinhole, and then spectrally dispersed in a spectrometer

(Horiba, IHR-320). The TA signal was detected using a high-speed charge-coupled device
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(CCD) camera (Andor, Ixon Ultra 897). Linear absorption of probe and PL maps were measured

within the same setup.
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Figure 2.2 Spectrally-resolved TA spectra at Gl and GB of CH3NH3Pbls. (a) SEM image of the
perovskite particle. The yellow solid curve traces the edge of the particle and the black dashed
curves trace the grain boundaries between grains. The ones in the inner circle are not marked as
they are too dense. Scale bar: 1 pm. (b) TA surface and (c) TA spectra with fits (black solid
curves) at different pump-probe delays at one position picked in grain interiors. (d) TA surface
and (e) TA spectra with fits (black solid curves) at different pump-probe delays at one position
picked at grain boundaries. (f) Sub-bandgap feature extracted from fit, with spectrally integrated
(1.570 £ 0.015 eV) sub-bandgap intensity (red curve) and single-exponential fit (black solid
curve). The population lifetime is labeled. (g) Cuts of TA spectra at GB at 1.0 ps (green) and

1.8 ps (blue), with fits (black solid curve) and residues (dashed curve, scaled). An arcsinh-scaled

color map is applied on b, d, f.
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Control experiment done on films fabricated with 0% of HI can be found in the Appendix

(A.2.2, Figure_Apx A.12).

2.3 Experimental Results

The TA spectra across the whole particle within the solid curve (Figure 2.2a) are measured
with a single-wavelength pump at 2.41 eV and a broadband white-light probe from 1.50 to
1.87 eV, The TA spectra of two representative points picked from the GI and GB areas are
displayed in Figure 2.2b—e. The conspicuous difference between the two spectra are the
sub-peak below the bandgap at the GB (Figure 2.2d), which shows up as a growing feature in the
time-resolved spectra (Figure 2.2e). To extract this sub-bandgap peak, a band-filling model was
constructed (refer to Appendix, section A.1.3) which took into account the three prominent
features and the related photophysics observed in previous ensemble measurements'# 76 7781 and
the GI TA spectra here: (1.) the growing positive GSB representing the increasing amount of
bandedge carriers; (2.) the high-energy tail of the GSB representing the population and cooling
of hot carriers; (3.) the negative PIA below the bandgap representing the renormalized bandgap
due to the presence of photo-excited carriers. All these three features are considered in the band-
filling model and later subtracted from the spectra to extract the sub-bandgap state. The sub-
bandgap peak centered at ~1.57 eV and the dynamics were then extracted (Figure 2.2f and g).
Notably, the high-energy tail is much broader in GI (Figure 2.2c¢) compared to that in GB (Figure
2.2e) at 2 ps, indicating a higher quasi-temperature of the carriers in Gl. Different fit algorithms

were used, and all gave similar results. The center part of the particle made of small crystallites



Figure 2.3 Time-resolved mapping of carrier properties extracted from SEM correlated TAM. (a)
SEM image of the perovskite particle. (b) Tracing results from SEM image. Red region: inner
circle which mainly contains GBs along with GBs in the outer ring. Blue region: Gls in the outer
ring. (c) Map of the carrier temperature cooling rate. (d) Intensity of the sub-bandgap state map
represented by integrated fit residue (1.570 £ 0.015 eV). (e) Quasi-Fermi energy map. (f) Quasi-

temperature map. Scale bar: 1 um.

(< 0.1 um?, sGI region), containing both grain boundaries and interiors, showed weak sub-
bandgap signals and behaved differently from the GI in big grains and is considered to have
formed under different mechanism. Detailed spectra and discussion can be found in

Appendix,A.2.2 , Figure_ Apx A.11.

The band-filling model is then applied across the whole particle to extract the sub-bandgap
state and basic properties embedded in the model, describing the distribution of carriers above
the bandgap. Figure 2.3 shows a correlated SEM image, maps of integrated sub-bandgap state
intensity, quasi-Fermi energy and quasi-temperature at representative time points (see

Figure_Apx A.4 and Figure_Apx A.5 in the Appendix for another particle). The differences
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between GB and Gl are prominent. In GB areas (marked by red circles in Figure 2.3b), we

observe a stronger intensity of the sub-bandgap state (Figure 2.3d), accompanied by a higher
quasi-Fermi energy (Figure 2.3e). The increased population at the sub-bandgap state along with
the elevated quasi-Fermi energy suggests the GB is mainly doped by one kind of carrier.
Otherwise, if both electrons and holes are trapped or simply recombine, the quasi-Fermi level
should decrease accordingly. The relatively uniform carrier density (Appendix, Figure_Apx A.3)
across the whole particle also indicates that the GBs are not acting as fast recombination centers
as we do not see any notable loss of carriers, which agrees well with previous reports on the
benign nature of GBs in carrier recombination in perovskites.®”-% The quasi-temperature maps
suggest that the carrier cooling is much faster in GB areas (Figure 2.3f), which is more clearly
shown in the carrier cooling rate map (Figure 2.3c). We could now draw a temporary conclusion
that the GBs are related to the formation of a sub-bandgap state, doping effects, and faster
cooling rates. Though sub-bandgap absorption is also observed in Gls close to the edge of the
particle, similar changes in the Fermi-energy level and carrier cooling dynamics are not
observed. The GB states can be distinguished from the states formed at particle edges by
mapping the depth of the state into bandgap. Detailed discussion may be found in the Appendix,

section A.2.1.

2.4  Statistical Analysis

To better establish the correlation between the sub-bandgap state and the local carrier cooling

dynamics, two-dimensional scatter plots and histograms are analyzed (Figure 2.4a—d). The
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particle is divided into two separate regions (GB-red and Gl-blue, Figure 2.3b, with sGI

excluded due to the complicated morphology and the small sample size), and statistical analysis
is performed on each, with histograms projected from each axes and median values marked by
straight lines and mean values marked by stars. T-test (parametric, based on mean and standard
deviation, suitable for normal distributions) and Kolmogorov—Smirnov test (KS test, non-
parametric, suitable for non-normal distributions like bi-modal) are performed to test if the
difference in mean and distribution between GB and Gl is statistically significant, considering
the various distributions these properties showed.''?14 The ones showing a significant difference
are marked with a tick near the histograms. Pearson’s linear correlation coefficient are calculated
to show the correlation between the properties on x and y axes and marked on the scatter plots
(More details on the statistical analysis and tests can be found in the Appendix, section A.1.6 and
A.1.7). The first thing to note is that the sub-bandgap state intensity is obviously higher in GBs
after 0.9 ps, both shown by the histograms and the median values (Figure 2.4a—c), which aligns
with the phenomenon in Figure 2.3d, that the sub-bandgap state tends to form in GBs. The
temperature of GBs starts from a slightly lower value compared to the Gls but cools down more
rapidly (1/tman ~ 2.80 pst, Figure 2.4b, since the distribution is bimodal, the KS-test is trusted)
to a narrower distribution centered at ~300 K, with a small sub-peak at ~425 K (Figure 2.4a(iii)).
The Gl region, on the other hand, cools down at a slower rate (1/tman ~ 2.58 ps™) and forms a
flatter distribution, with stronger intensity. The cooling curves for GB and Gl represented by
median temperatures are shown in Figure 2.4e for directly showing the difference. A strong
positive correlation between the sub-bandgap peak intensity and temperature cooling rate is

observed (p < 0.05, Figure 2.4b). It is also important to point out again that the sub-bandgap state
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is only accelerating carrier cooling, not carrier recombination, which are two different steps in

photovoltaics. The high temperatures in Gls at 2.0 ps and the slow cooling rates suggest a lattice

heat-up effect exerted by the hot carriers (illustrated in Figure 2.4g). For GBs, the temperature

mostly relaxes rapidly to the surroundings near 300 K, denoting a negligible heating up of the

lattice. Also, by applying the longitudinal optical phonon (LO-phonon) emission model to the

temperature cooling curve,* 8 we are able to extract the time constant tave characterizing the

energy loss via phonon-emission, which represents the strength of the phonon-bottleneck effect,
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Figure 2.4 Statistical analysis on the correlation between sub-bandgap states and carrier

properties. Two-dimensional scatter plots of sub-bandgap state intensity and (a) carrier
temperature and (c) quasi-Fermi energy at different delay times. Two-dimensional scatter plots
of carrier cooling rate and temporally averaged (b) sub-bandgap state intensity and (d) quasi-
Fermi energy from 0.9 to 2.0 ps. Contour lines of 25% and 50% probability are marked. The
vertical lines show the positions of median values in the histograms, with the value marked
nearside. The stars show the mean values. The testing results for the t-test and KS-test are
marked near each set of histograms. The results for Pearson’s linear correlation test are marked
on each scatter plot. (e) Cooling curves as a function of time represented using both median and
mean values. (f) lllustration of the LO-phonon scattering effect as the major carrier cooling
pathway at Gls and sub-bandgap state as an extra pathway at GBs. (g) Illustration of the carrier
cooling curve as a function of time in different regions of the particle. Tc: carrier temperature.

Tv.: lattice temperature. The lattice heat-up effect is shown in the rise of T in Gls.

and we do not see an obvious increase in the GB region (refer to the Appendix, section A.1.4,
Figure_Apx A.7). Therefore, we hypothesize that the Gls may be predominated by the widely-
reported phonon-bottleneck effect in perovskites,'4 76 77 115. 116 \whijle in GBs, there must be
additional cooling pathways besides LO-phonon scattering, also proved by the strong correlation
between sub-bandgap state intensity and cooling rate (Figure 2.4b). This implies that other
species may form at GBs to accept the extra energy from hot carriers and relieve the strain on
phonons as the major energy acceptors. One of the new species is most likely to be the charged
sub-bandgap state, the formation of which is reflected in the increased quasi-Fermi energy level.
As is shown in the histograms in Figure 2.4c(i), the initial Fermi energy across the whole particle
was uniformly distributed with no clear favor for Gl or GB. A higher Fermi energy was observed

in GBs only later, most clearly seen after 0.9 ps, and found to be positively correlated to the sub-
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bandgap state intensity, suggesting that the doping effect of one kind of carrier is prominent in

GBs where the sub-bandgap state shows up. Figure 2.4d then further links this charged sub-
bandgap state to the carrier cooling process, where a positive correlation between the averaged
Fermi level and the carrier cooling rate is observed. To summarize, we observe positive
correlations among the formation of sub-bandgap, increased cooling rates, and elevated Fermi
energy. These three linked effects are all more pronounced in GB regions proved by statistical
tests. There are some overlaps in the data points or histograms from GB and GlI, but this may be
attributed to the sub-ensemble averaging effect within the 540-nm spot size, which means small
contributions from Gls in GB points and vice versa are inevitable. That is why the difference
between Gl and GB might be small in value. However, the overall statistics helps us draw a more
reliable conclusion compared to other studies on GBs, the dataset size of which are usually
limited to single points or, at most, a single line scan over the GB. It is recommended to pay
more attention to the Pearson’s correlation coefficient which suggests whether the two values on
x and y axes are closely correlated, for the separation and assignment of GI and GB might be
blurred or inaccurate, but the correlations between the sub-bandgap state intensity, the Fermi

energy, and the cooling rate definitely exist across the whole particle.

2.5 Discussion

Finally, the probable nature of the sub-bandgap state at GBs and its role in carrier cooling
process are discussed. The measurements reveal that the sub-bandgap state (1.) shows up

~60 meV into the static bandgap; (2.) is a transient feature growing after initial excitation; (3.) is
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relevant to the fast temperature relaxation of hot carriers (4.) likely traps only one kind of

carriers. It is not an exciton, as the depth of the states falls out of the range of newly-reported
binding energy,'" 118 which would form immediately after excitation instead of growing on the
order of ps (Appendix, Figure_Apx A.10). We suggest that the origin of this state is from I-I
bond at GBs, which is a shallow but electrically-charged defect state (Figure 2.4e). Due to first-
principles calculations done by Yin et.al., a shallow defect state (within tens of meV) above the
valence band maximum (VBM) tend to form from the I-I bond in certain types of GBs in
CH3sNH3Pbls.*® The accelerated carrier cooling is due to the added cooling pathway which is the
sub-bandgap state scattering, or defect scattering as is reported in other semi-conductor
systems.11% 120 The negatively charged states induce a built-in potential which quickly localizes
the holes. A dynamic equilibrium then formed between the trapped holes and the hot carriers,
during which the holes lose energy when they got trapped into this sub-bandgap state, and regain
energy absorbed from hot carriers and come back to the valence band (VB, Figure 2.4e). At early
times, the sub-bandgap states offer another pathway in GBs for carrier cooling by quickly
exchanging energy with the hot carriers, while at late times, most carriers cool down to ambient
temperature and the holes start piling up in this sub-bandgap state, giving rise to a stronger
bleach signal. A more sophisticated kinetic model was tested to study the detailed kinetic
processes (refer to the Appendix, section A.1.4), but failed to give more information than an
exponential fit because of the limited time resolution (0.1 ps) and weak signal from the
sub-bandgap state. Further study with finer time resolution and stronger pump intensity or
increased data collecting efficiency may be done to justify the proposed mechanisms. However,
the statistical analysis and tests performed in this chapter strongly supports our hypothesis that a

charged sub-bandgap state is formed in GBs of perovskites and offers a faster carrier cooling
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pathway. These charged states will harm the hot carrier extraction process by assisting the

energy dissipation of hot carriers. The higher cooling rate will lead to an accumulation of carriers
at the bandedge, as the rates of reactions generating bandedge carriers are increased, while we
did not see any significant decrease in carrier density coming from carrier recombination. Along
with the fact that carrier separation is easier at GBs, also proved by another study,®® GBs might

still benefit the conventional solar cells which harvest carriers at the bandedge.

2.6 Conclusion and Future Work

In conclusion, SEM-correlated transient absorption microscopy was used to identify a
transient sub-bandgap state located only in the GBs of CH3NH3Pbls perovskite. Our findings
based on statistical analysis and tests on many hundreds of spatial locations enhance the
fundamental understanding of the GBs, which behave like shallow charged states accelerating
carrier cooling. They also directly impact the fabrication of perovskite active layers in hot carrier
devices as it provides direct evidence that sub-bandgap states in GBs offer a fast temperature
relaxation pathway which harms the extraction of hot carriers. Contrary to the common belief
that the shallow defect states in GBs are benign, they actually cast a strong impact on the carrier
cooling dynamics and should be eliminated in hot carrier applications. The impact of GBs in
conventional solar cell seems to be benign, as no enhanced carrier recombination is observed,
and the sub-bandgap state probably helps with carrier separation. Further research will be
focused on a detailed kinetic study on the processes affecting hot carrier extraction and carrier

harvesting to gain a deeper understanding of GBs in perovskites.
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CHAPTER 3 Global Analysis for Time and Spectrally Resolved Multidimensional Microscopy:

Application to CH3NH3Pbls Perovskite Thin Films

3.1 Introduction

The great progress in material science engineering, especially in photoactive materials,® 121-
125 in recent years opens the possibility to design and fabricate increasingly complicated
microstructures to cater to different needs in energy harvesting, catalysis and biochemistry, in
both academia and industry. The increased complexity of the sample systems requires new
spectroscopic tools with high spatial, temporal, and spectral resolutions to investigate the
complicated and naturally high-dimensional properties in a comprehensive way. A three-
dimensional spatial resolution is required to make observations at the micron or nanometer scale,
like probing the surface morphology or interior structure of the material; a good temporal
resolution is demanded to detect ultrafast events happening within femtoseconds, like energy
flows in solar cells and intermediate formation in catalysis.'?® Another essential resolution is the
spectral one which enables the decomposition of the signal into different states or species. To
gain a deeper insight on the sample system, like layered perovskite solar cell devices, and use the
measurement results to predict and improve the properties, the combination of all three

resolution is required, which motivates the development of time-resolved microscopy.

With the rapid development of femtosecond lasers,'?® tunable compressed broadband light
sources,'? fast detectors, and novel correlation tools with nanometer precision, time-resolved
multidimensional microscopy has achieved great improvement in setup construction and has

gained broad applications in photochemistry, photophysics, photobiology and other branches of
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physical science. Different time-resolved microscopy setups detecting various forms of optical

signals have been developed, such as time-resolved photoluminescence (TRPL) microscopy,®
TA microscopy,® 31128 two-dimensional white-light microscopy,? Fourier transform coherent
anti-Stokes Raman scattering (FT-CARS) microscopy,'?® and interferometric scattering
microscopy (iSCAT).13 131 The field has now moved to the new era of studying real specimen
with complicated and unknown properties instead of carrying on proof-of-concept experiments
on conventional model systems. The current goal is no longer limited to the measurement of
dynamics at a certain location and a certain energy level, but to the fast acquisition of a complete
picture of all the dynamical processes of interest, like energy and charge transfer, and to
understand the fundamental causes of why certain processes or properties are observed only at
specific locations, in other words, the correlation between chemical properties, dynamics and

morphology.

Motivated by the need to understand the relationship between local properties, dynamics and
morphology in complex systems, a new kind of correlated microscopy that directly probes the
correlation between the spatial and spectral properties has been developed and is gaining more
attention in recent years. One example of such systems is the SEM-TAM,® 132 which records TA
information with a femtosecond temporal resolution and a millielectronvolt (meV) spectral
resolution, along with morphology information with a submicron spatial resolution. The
compressed broadband probe pulse allows a fast acquisition of all dynamical processes
happening across a wide spectral range with a femtosecond resolution. Take the study of light-
harvesting materials as an example, the TA dataset acquired at a single pixel contains the full

picture of the carrier distribution, and different carrier properties like recombination rates and
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harvesting rates can be extracted. Similar data processing methods can be applied to other

systems like two-dimensional heterostructure and Foster resonant energy transfer (FRET)
systems to study the excited-state dynamics and energy transfer rates between different
components of the system. Moreover, the high dimensionality of the datasets enables the search
of correlations between different pathways and morphological features. Because of the large
number of measurements acquired in one single scan, statistical analysis can be applied to verify
the correlation between the spatial, spectral, and temporal properties. Pioneering studies using
this approach have been carried out on perovskite solar cells, by which correlations between
local carrier properties (recombination, carrier temperature, carrier cooling, transition energy,
etc.) and local microstructures (GBs, edge states, defects, etc.) were directly investigated and
confirmed with large-data statistics to guide the design and synthesis of better solar cell

absorbing layers.®

However, with the increasing dimension and size of the datasets acquired by correlated time-
resolved microscope, not only limited to SEM-TAM, a universal problem emerges - the fast and
robust analysis of large multidimensional datasets, containing spatial, spectral, temporal, and
morphological information. A single dataset can reach the size of several gigabytes which takes
up a large portion of the memory in a modern PC, and the speed of data analysis decreases,
unavoidably, with the size of the data. As the system complexity increases, such as when not
only the active layer is studied, but rather, an entire device, the dataset size will exceed the
capacity of computer memory and speed. A global analysis of the temporally and spectrally
resolved spectra is usually required to decompose the highly convoluted information to access

more complicated dynamics like carrier recombination, trapping, and energy transfer that may lie
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beneath. A reliable way to perform global analysis on such multidimensional datasets which can

precisely decompose the dynamics, while being largely immune from variance in data quality
(e.g. different signal intensities resulting from variable sample thickness and morphology) is
required to precisely extract the dynamics and correlate them to their structural origin. The speed
of the data analysis method remains a challenge, too, as a good fit of a large dataset may require
many steps of iterations and the data size further aggravates the problem. Ideally, the analysis

should be finished in seconds to realize near real-time data analysis.

Herein, we propose a global analysis method that makes use of variable projection and
subsampling (VPSS) to model a four-dimensional TAM dataset (two spatial, one temporal, and
one spectral dimension). The method is remarkably fast (~3GB dataset can be decomposed in
<1s with up to third-order exponential fitting) and exhibits superior ability in picking up spatial
features with weak signal intensities that are buried in the large dataset. This is due to the fact
that the correlation across the whole dataset are well-preserved. We also show the application of
this VPSS method in the population fit of IVM to extract the phonon oscillations lying on the top
of strong TA signal, which is oftentimes convolved with appreciable electrical noises. The
method is applied to experimental TAM data on CHsNHz3Pbls perovskite nanoparticle and films
but can also be applied to all kinds of time-resolved microscopic techniques by defining

customized spectral functions and temporal functions.
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3.2 Methods

3.2.1 Fitting Model

The spatial-spectral-temporal microscopic dataset described here is four-dimensional (S (x, y,
A, 1), Figure 3.1a). The experiment is carried out in a confocal-type geometry so that the sample
iIs raster scanned across the focal spot. The third axis, 4, is the independent spectral variable and
the fourth is the time delay, t, after excitation in a pump-probe experiment. The fitting procedure
begins by mapping the two spatial dimensions, x and y, onto a single dimension in the data
analysis called, p. The axial direction may also be included if the microscopic setup provides

sufficient axial resolution (like a confocal fluorescence microscope or confocal transient
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Figure 3.1 Data structure and the variable projection and subsampling method. (a) Original time-
resolved microscopic dataset. (b) Dataset flattened along x and y axes. (c) Dataset flattened along
p and A axes. (d) Rearranged dataset after subsampling. (¢) Temporal terms acquired after
variable projection. (f) Amplitude maps corresponding to different temporal terms at different

wavelengths.
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reflection microscope) and the sample has sufficient heterogeneity along that directions (which is

not the case for the thin films studies here within the axial spatial resolution).'** As a result, the

dataset is mapped onto a three-dimensional matrix, S(p, 4, t), (Figure 3.1b).

The analysis of the three-dimensional data, S, requires a priori knowledge about the
mathematical form of the temporal or the spectral term. A general and simple model to represent
time-dependent dynamics is a linear sum of N exponential decays, known as the parallel
model.3* 1% |t is also a common practice to use customized functions like Gaussian, Voigt or
Fermi-Dirac distribution to represent the spectral terms. The method we introduced in this
chapter requires an assumption of either the temporal or the spectral terms. In this chapter, we

used the N-exponential model to populate the initial guess of the temporal terms as an example.

For the simplicity of notation, the dimensionality of the matrix S(p, 4, t) was further reduced
to two by flattening the spectral/spatial axes (S(h, t), the h here is a collective index that includes
different spatial and spectral information). Subsampling (explained in detail in the subsampling
section below) the matrix along the first dimension further reduces the work set to give Snk(h,t),

(Figure 3.1c). The multidimensional model can be represented by the following equation:

tk

Ppy = ) Appe™ (3.1)

n=1

or in a simpler and compact format:
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Pyx = AunTnk (3.2)

where A is a H-by-N matrix which contains the “h” (mixed spatial/spectral) terms in columns
and T contains the temporal terms in rows (Figure 3.1e). On the basis of the multi-exponential

model, the elements of T can be written as:

tk

Tn,k = eﬁ (33)

This procedure separates the parameters into two parts, the HxXN amplitude parameters in

matrix A, and N lifetime parameters in the vector .
3.2.2 Variable Projection

In order to find the best P to fit the data S, the parameters to minimize the error need to be
solved; i.e., solve for A and t to minimize ||S — P(A, ©)||?. The calculation of the large A matrix
usually takes up a lot of computational resources and is the rate-limiting step in the
calculation.*®® To tackle this problem, the minimization problem was solved by using the

Moore—Penrose pseudo inverse of T which fulfills the equation, when the rows of T are linearly

independent:

Ayy = SHKT;EN (3-4)
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The minimization problem can be then reduced to the space of t only, which is

min||S(I— T*T)||? . Details about the link between the Moore—Penrose pseudo inverse and
least—square solution can be found in the ref'*> 1%, After solving for the optimized T matrix, the
A matrix can be directly calculated using equation (3.4). Each row of T carries the temporal term
which is an exponential decay and each column of A carries the spectral term, in this case, the
decay associated spectrum (DAS), at different wavelengths and different spatial locations, as h
here is a collective index. The minimization function we used is the fminut package based on the

MATLAB platform.

It is also worth noting that the current method is not limited to the parallel model only. In
fact, species associated spectra (SAS) can be calculated using the same method as long as the
rate constant matrix retains the same rank, a detailed discussion on the construction of the rate-

constant matrix can be found in ref!34,

3.2.3 Subsampling in Multidimensional Time-Resolved Microscopy

A typical TAM dataset contains > 600 spatial locations (5x5 um, 0.2 um resolution), > 500
spectral points (determined by the width of the detector and the resolution of the spectrometer),
and 200 time delays (20 ps, 100 fs resolution), which leads to an S matrix with 600 x 500 =
300,000 rows. Minimization involving such large data sets is computationally intensive. To
address this problem, we implement a simple subsampling procedure that samples the S matrix
every | rows, as the spectral features in TA spectra are usually broad and the change between
spatial points is fairly smooth. The subsampling procedure will give us a new smaller matrix

S’uk (Figure 3.1d). The new matrix is then used in the minimization procedure,
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minl||S'(1— T*T)||?, to calculate the T, and then the full-sized A is recovered by using the full-

size S in equation (3.4). In other words, the sub-sampled S’ is only used for finding the optimal
T, and the DAS is later recovered with the full-sized S. The recovery of the full-sized S is fast
since it involves only simple matrix multiplication operations. The subsampling method turns
out to increase the speed considerably and shows almost no information loss even when only

sampling 0.1% of the full dataset in the experiment data we show below.

All the fitting procedures in this chapter were done on a PC with 64-bit Windows 7 Enterprise

system, intel Core 17-5820K CPU at 3.30 GHz, and 32.0 GB of RAM.

3.3 Experimental Details

3.3.1 Transient Absorption/Impulsive Vibrational Microscopy (TAM/IVM)

A confocal microscope design, detailed in our former publication,® was applied to the
TAM/IVM system with major modifications in the pump and probe arms, the generation of
which will be discussed in separate sections below. In brief, the TAM operated in the
transmission mode, with a pinhole placed at the focal point of the tube lens to spatially filter out
the scatter light. The pump and probe pulses were generated from the output of one single
noncolinear optical parametric amplifier (NOPA) output to realize femtosecond temporal
resolution and enhanced stability. The output was modulated by a pulse shaper with a phase
mask at the Fourier plane. After the pulse shaper, the pump and probe were recombined and the
beam was tightly focused by a reflective objective lens (Becks, 74x, NA 0.65) onto the sample.

The transmitted beam after the sample was collected by a refractive objective lens (Mitutoyo,
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100x, NA 0.70) and sent to a spectrometer (Shamrock, Andor) and complementary metal oxide

semiconductor (CMOQOS) camera (Zyla 4.2, Andor), which was synced to either an optical
chopper (TAM) or a translational delay stage (rapid scan, IVM). The sample was placed onto a
piezo-driven XYZ stage with a resolution of 200 nm (Piezosystem Jena, controller: Newport
XPS). During the measurement, the sample was kept in a box purged with N2 and cooled by a

Peltier chip beneath the sample holder.

3.3.2 Second-Harmonic Noncolinear Optical Parametric Amplifier (2H-NOPA) and Pulse

Shaping

The NOPA was built on the basis of the Yb:YAG fiber regenerative amplifier (Amplitude
Satsuma, 1030 nm, pulse duration: 290 fs, average output: 20 W, repetition rate: 500 kHz). Then
6.6 W of the fundamental beam was taken and split into the pump and WLC arms. The pump
was reduced to a collimated beam of 1 mm diameter and sent into a BBO crystal to produce

second harmonic generation light centered at 515 nm. The WLC was generated by focusing the
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Figure 3.2 Light source and microscope setup. (a) Block diagram of the 2H-NOPA and
TAM/IVM. (b) TG-FROG trace of the 2H-NOPA, with temporal and spectral profiles projected

on the x and y axes. Red curve: Gaussian fit.



66
fundamental beam into a YAG crystal and collimated by an off-axis parabolic mirror. Both

beams were recombined spatially and temporally to a BBO crystal to generate a broadband
output (680 — 950 nm) and later compressed by a pair of chirped mirrors (Layertec). The pulse
duration and spectral profile of the NOPA was then measured using transient-gating frequency
resolved optical gating (TG-FROG, Figure 3.2b). The pulse duration was fit using a Gaussian

function with c = 11.17 fs.

The NOPA beam was spectrally dispersed and collimated by a diffraction grating (Shimadzu)
and concave mirrors. At the Fourier plane, the range of 680 — 720 nm (pump) of NOPA got
reflected back by a fixed planar mirror, and the range of 735 — 950 nm (probe) of NOPA got
reflected back by another planar mirror, which was fixed on a motorized translational stage to
generate the time delay between the pump and probe for TA measurement. The beams were

spectrally recombined to a single mode and sent to the microscope.

3.3.3 Rapid Scan in IVM

A “rapid scan” scheme was applied to the IVM measurement. The design of this acquisition
scheme is motivated by the fact that it is usually advantageous to finish the data acquisition
process faster, not only because more data collection time is saved but also because the pulse
correlation is better (in other words, the fluctuation between laser pulses is smaller).™7 It is
particularly beneficial to VM because the intensity of the IVM signal lying on the top of TA
signal is usually very weak and is sensitive to a noisy environment. Instead of letting the delay
stage sit at one time delay and average over a long time, as is done in conventional TA setups,

which takes longer time and loses the correlation between pulses, we revolutionize the data
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acquisition scheme by rapidly scanning the delay stage (Newport) and triggering the camera

(Zyla 4.2, Andor) using the transistor—transistor logic (TTL) signal sent from the stage after it
reaches a set point. Before the scan of the delay stage started, a “start acquisition” command was
sent to the camera. The translational delay stage was configured in the way that whenever it
reached the set position, it sent out a TTL signal that could be used to trigger the camera. The

acquisition of a TA spectra set of 200 time delays could be finished in 2 s by using this scheme.

3.34 CH3NH3sPbls Perovskite Film Fabrication and Characterization

A 0.3 M stock solution of CH3NH3sPbls was prepared using CH3NH3Pblz powders, which
was formed by precipitation from an aqueous HI solution. The powder was dissolved in
anhydrous dimethylformamide (DMF, 99.8%) at 100 °C for 20 minutes to ensure complete
dissolution. Only for the films with HI addition was a small amount of HI (57 wt% in water)
added to the solution (8% vol/vol) in air just before use to avoid the oxidation of iodide. A
perovskite layer was fabricated by spin-coating the as-prepared solution on a 170-um-thick glass

coverslip at 2,000 rpm for 30 s, followed by annealing at 100 °C for 10 min.

3.4  Experimental Results and Discussion

34.1 Performance Test on Dummy Datasets

Before testing the VPSS method on real data, a performance test was run on a computer
created dummy dataset to test the capability of extracting different dynamics from a TAM scan.

The “ground truth (GT)” used in this test was several computer-generated amplitude and peak
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position maps of different DAS. TA spectra at each pixel were then created using the maps as the

input. In the end, a two-dimensional matrix with one axis being the probing energy and the other
being the delay lifetime was created at each pixel (like the one shown in Figure 3.3g). The
surface shows the sum of the rise and fall of all the DAS. In this case three DAS were generated,
shapes of which were shown in Figure 3.3h (solid lines) and the lifetimes were shown in the

legend of Figure 3.3g.

The other method we chose to compare with the VPSS was pixel-by-pixel (PP) fitting, where
the TA spectra at each location were fitted separately. This is the traditional way of treating a
series of samples in multidimensional spectroscopy with a broadband probing source. For
measurements which probe only several wavelength (like TRPL mapping), global analysis
methods across the ROI were developed with a limited number of channels, 3140 put here we are
focusing on the datasets that possess a large number of elements along each dimension (usually >
100). The global analysis and target analysis on TA usually means a simultaneous analysis of all
measurements done at different wavelengths and time delays.*** When a series of samples are
acquired (like with different temperature, anisotropy properties, solvent polarity or excitation
wavelengths), each sample is analyzed separately. In multidimensional microscopy, like TAM,
the questions become, should different spatial points be viewed as separate samples in a series,
or should they be taken into account all at the same time (i.e. are they correlated to one another),

and how will the two methods affect the calculation speed and analysis quality.

To better compare the speed and reliability of the two methods, all the prefitting steps were
deleted, and only the same core algorithm to get the least-squares solution and the same coarse

initial guess were kept. The morphology patterns were generated in the way to mimic the
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different morphologies in real samples. The thin streaks in horizontal and vertical directions were

used to mimic GBs or lattice mismatch sites; the wide stripes in the diagonal directions were
used to mimic large grains or domains (Figure 3.3a—f). A two-dimensional Gaussian mask was
applied to generate intensity gradient from the center to the edge of the sample. Outside the
circle the intensity of all DAS was set to be zero to mimic the blank substrate. After the dummy
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Figure 3.3 Performance test of the VPSS method compared to the ground truth (GT, 1%
Gaussian noise) and PP method. (a) Peak position of DAS1; (b) Peak position of DAS2; (c) Peak
position of DAS3; (d) Amplitude of DASL; (e) Amplitude of DAS2; (f) Amplitude of DAS3. (g)
Pseudocolor surface of the TA spectra (transparent surface), fitting results (black mesh) and
fitting residues (projection on the xy surface) at pixel (2.2, 3.2) calculated using VPSS 1:1000.
The legend shows the lifetimes of the DAS in picoseconds. Corresponding DAS at pixel (2.2,
3.2) calculated using (h) VPSS 1:1000 and (i) PP. The solid lines show the DAS from the GT.
The transparent lines lying on the top shows the DAS calculated from the fitting. (j) Amplitude
of DAS?2 at different noise levels. Top: 5% Gaussian noise; bottom: 10% Gaussian noise.
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dataset was created, different levels of Gaussian noise were applied to the maps to simulate

experiment noise. Three DAS were used to simulate a semiconductor system. The first one

(0.4 ps, green, Figure 3.3h) represented the fast ESA feature; the second (10 ps, blue),
represented a GSB, or energy transfer process relating to the bandgap carriers; and the last (non-
decaying, black) one usually represented the slow recombination process or other long-lived
processes. Different peak positions and amplitudes were assigned to different regions within the

sample to create diversified properties.

The peak position and amplitude maps recovered using PP and VPSS are shown in Figure
3.3a—f. In VPSS, the whole S matrix was first subsampled with an interval of | = 1000, and then
different pixels were recovered by rearranging the A matrix. With a noise level as low as 1%, the
VPSS was overall more stable at recovering the dynamics in GT compared to the PP method,
judging by the fewer failed pixels within the sample range, especially for features that had a
small amplitude (DAS2, amplitude, Figure 3.3e), and was over 1,500 times faster (0.125 s vs
207 s). The DAS recovered at a randomly picked pixel was shown in Figure 3.3h—1. Both VPSS
and PP produced almost identical DAS (transparent wide lines) compared to the GT (solid thin
lines). The vertical and horizontal cuts across the sample can be found in the Appendix,
Figure_Apx B.2, which showed how well the fitting results matched the GT in a more detailed
way. To summarize, these results validated the reliability of VPSS in extracting dynamics from

complicated TAM maps.

The advantages of VPSS became more obvious while more noises were added to the dummy
dataset, which was closer to actual data collection environment when running a TAM

measurement, considering all the impact from shot-to-shot noise, pointing change, vibration,
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temperature fluctuation etc. in an actual laser lab. Figure 3.3j shows the recovered amplitude

maps of DAS?2 at different noise levels. When the noise level increased to 5%, VPSS was clearly
better at extracting a weak component than the PP method. It maintained a decent quality of
extraction even when the noise level reached as high as 10%, while the map generated by PP was
very blurred (the cross shape almost disappeared). The complete six maps at the two noise levels
can be found in the Appendix, Figure_Apx B.1. For stronger features, the PP method still

performed well.

3.4.2 Performance Test on Real Datasets

The performance of the new global analysis method on dummy datasets were well tested in
the last section, however, it was more important to see how well the method behaved in the
analysis of real experimental data, which could be much more complicated, with no well-defined
pattern and more diversity in the dynamics at different locations. To test the stability of the
VPSS method on real datasets, SEM-TAM measurements were run on CHzNH3sPbls perovskite
nano islands. The SEM-TAM directly correlates the carrier properties like recombination
lifetime, carrier cooling, and the existence of trap states to local microstructures like GBs and
crystallite sizes, which cannot be determined using ensemble spectroscopic measurements. The
TAM technique enables a temporal resolution on the scale of femtoseconds and, with the probe
light acting as a natural local oscillator, is very sensitive. CH3NH3Pbls is an ideal film sample for
TAM measurement which has strong visible absorption and long-lived carriers. With the special
synthesis method developed here, a variety of spatial features like the GBs and edge states
showed up in a small ROI, which provided an exemplary platform for time-resolved microscopic

studies.’® However, this kind of nanostructure carried a high density of defect and trap states,*®
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which might depress the phonon oscillation we expect to see in IVM (details of this new

technique can be found in the section below), so we switched to DMF-casted CH3NH3Pblz

perovskite continuous film in the IVM study. The fabrication methods of the two films are

detailed in section 3.3.4.

In this section, we use PP as a standard method to compare with the VPSS method.

Physical insights gained from former studies on this system were also used to judge the quality

of the fitting. The fitting results at two different locations on a heterogeneous perovskite island

with different spectral features and the DAS calculated using PP and VPSS are shown in Figure
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3.4c. Pixel 1 (3.0, 5.0), according to the correlated SEM, sat on a small perovskite crystallite,

which according to our previous study,® formed rapidly during synthesis and was prone to the
formation of trap states. Other studies also indicate that the remaining Pbl, would lead to this
kind of granular structure and a broadened TA spectrum.*! Pixel 2 (2.4, 3.2), on the other hand,
was located on a bigger, better crystallized grain. A clear difference could be found in the TA
spectra at around 1.55 eV; the slope of the main bleaching peak was clearly smaller in Pixel 1,
which indicated the existence of trap states below the bandgap. Three processes were present in
the DAS (Figure 3.4d and 4f). The fast 300-fs component (green) accounted for the rise of the
transient. It might come from hot carrier induced ESA, as is reported in many other perovskite
systems,'#2 but it is hard to pinpoint in this system because of the resonant excitation source,
which leads to limited number of hot-carriers in the system. The weak ESA was largely
overlapping with the strong and broad GSB at the bandgap, which was the reason why a negative
signal below the bandgap was not observed.'*® The second component (blue) showed the
recovery of the GSB slightly higher than the bandgap, which was likely caused by the cooling of
carriers in those states.'*® The long-lived DAS (black) showed up right at the bandgap could be
assigned to the slow carrier recombination which usually lasted nanoseconds in this perovskite
system.* Most importantly, the DAS calculated at these two different locations using two
different methods largely resembled each other and the lifetimes associated with different DAS
were very close to one another (Figure 3.4d and 4f), and the physics picture gained from the
VPSS fitting agreed well with former studies.'* 16141142 Three exponential functions were used.
The component number was chosen because it was the minimum needed to get a good fit of the

whole spectra (also confirmed by singular value decomposition on the S matrix).
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Datasets acquired on more homogeneous perovskite islands show much less variation

between pixels and different TA spectra, which may be caused by a slower growth rate or less

Pbl2 remaining in the system. More information may be found in the Appendix (Figure_Apx

B.3) but is not the focus of this chapter.

To get a better understanding of how the two methods perform on microscopic data, the

amplitude and peak position maps of the DAS calculated using the two methods were compared

(Figure 3.5a-f). Since all three DAS showed a single peak, the peak position and the amplitude

were calculated and plotted in the form of spatial maps to directly compare the difference

between the results. Overall, the maps calculated using the two methods resembled each other,

but clearly, the maps recovered using the VPSS methods are far less noisy and exhibit a 1,500

times improvement in speed (0.183 s vs 242 s). The | = 1000 sampling interval gave almost no
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loss in information compared to the results with | = 10 and 100 (Appendix, Figure_Apx B.4).

Cuts along the x and y axes across the particle were also plotted to show the minimal difference
in peak amplitude and position resulted from the two methods (Appendix, Figure_Apx B.5). Itis
worth noting that with a sub-second processing speed on real data convolved with a considerable
amount of noise, this method may be easily implemented in the acquisition software itself,
showing real-time DAS analysis results to users while acquiring the dataset and updating the
results in real time, too. It should be noted that there are methods to generate maps using PP
which are less noisy, but these involve pre-fitting to give a better initial guess and boundaries for
different pixels.t® 144145 However, these methods remain slow and require substantial
computational resources (e.g. large memory). We want to stress again that we eliminate these
steps to make the comparison simpler and more direct, and VPSS still shows faster speed and

increased robustness across the whole perovskite island.

3.4.3 Weak Spectral and Spatial Features

In addition to an improvement in speed, another important advantage of the VPSS method is
that it equally samples the whole dataset so that some features, which might be relatively weak
compared to others, are not ignored if they manifest across the whole sample, compared to fitting
each pixel individually. That is, correlations across the entire dataset are retained, which is not
the case in PP. Also, at pixels that exhibit weaker signals, in other words, show poor signal-to-
noise ratio (SNR), reliable DAS can still be calculated with the information gathered from the
whole dataset despite the interference from the increased noise level. In simulated dummy
datasets, these advantages were not very clearly shown, but both advantages are born out in the

examples shown here.
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Figure 3.6. Comparison of VPSS and PP in picking up weak spectral and spatial features. Top-
left part of the amplitude map (log-scaled colormap applied) of DAS2 calculated from (a) VPSS
and (e) PP. Top-left part of the peak map of DAS2 calculated from (b) VPSS and (f) PP. Inset is
the corresponding SEM with the spectrally averaged TA intensity map overlaid on the top of it to
show the general signal intensity (red: higher, blue: weaker). Pseudocolor surfaces of the TA
spectra (transparent surface), fitting results (black mesh) and fitting residues (projection on the
Xy surface) at the asterisk calculated using (c) VPSS and (g) PP. Corresponding DAS from (d)
VPSS and (h) PP.

A great example of picking up weak spatial feature is shown in Figure 3.6a, b, e and f. The
second DAS amplitude of the top-left part of the perovskite island is shown in log scale to
magnify the differences between the two methods. In this region, we already reached the edge of
the island (inset: SEM-TAM map. The colormap shows the averaged TA intensity. Red: higher,
blue: lower) and were dealing with much weaker signal compared to the center of the particle. A
large amount of noise was displayed in the PP map, but the edge structure and the GB feature

(the dashed line) are well-preserved in the VPSS map.
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The TA spectra at the asterisk point marked on the SEM is also shown, which is very close to

the edge of the perovskite particle. Using VPSS, the weak second exponential term (roughly 17%
of the third term, compared to 33% in Figure 3.4d) is captured (Figure 3.6d). With PP, however,
it was ignored and replaced by the sum of two DAS with similar but reversed shapes. That is
usually a sign that over-fitting occurs. In this case, it meant the PP method did not recognize the
second term and was compensating for the change by subtracting two exponentials with much
bigger amplitudes and oddly shaped DAS. This example showcases the capability of VPSS to

pick up weak but prevalent spectral terms in the whole TAM dataset.

The strength of VPSS lies in the fast speed and the simultaneous fit of the whole dataset. One
limitation of VPSS is that the subsampling process unavoidably causes a loss in information. In
the examples shown here, the peaks are very broad which enables sparse sampling, but in spectra
with sharper and well-separated peaks, careful planning of the sub-sampling may be necessary.
Another limitation is that by projecting to t space, we presume the DAS across the whole ROI
will have a same set of lifetimes. Like in Figure 3.4, the DAS calculated using VPSS had a same
set of lifetimes (0.384 ps, 11.7 ps, inf), while the lifetime of the second and third DAS calculated
from PP were slightly different from the other pixel, which may happen often. A lifetime map
calculated using PP is shown in the Appendix, Figure_Apx B.6. In this system, no appreciable
spatial variation was observed and there is no clear pattern that can be correlated to the
microstructure reflected by the SEM image, but it may affect other systems. It is true that we can
increase the N value to make sure we capture all the principle components with similar spectral
shape but different lifetimes, but the effect is limited. In summary, there is always trade-off

between speed and information, but we think VPSS balances the two nicely and shows greatly
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improved speed and great sensitivity in picking up weak spectral and spatial features in time-

resolved microscopy.

344 Application of VPSS in the Analysis of Higher-Order Features in IVM

Another application of VPSS is to analyze the IVM signal laying on the top of TA signal.
IVM is a novel tool to measure the excite-state and ground-state Raman in the time domain.
With a compressed broadband excitation source, coherence between different vibrational levels
can be created and directly detected in a TAM setup with no further changes in the TAM system.
The coherent phonons, both ground-state and excited-state, are created by the broadband pump
acting as an impulsive force on the lattice, and the change in the transmission as a function of
time is detected using the delayed broadband probe. Because the Raman signal/phonon
oscillation is detected directly in the time domain, it is background free and most importantly,
gives us access to the low-frequency modes below 50 cm™. These features make IVM an ideal
tool to study the low-frequency phonons in lead halide perovskite, likely created by the inorganic
lead cage,'*® that strongly affect the carrier cooling processes through the “phonon-bottleneck
effect”.!*1® More background information about impulsive vibrational spectroscopy (with no
spatial resolution) can be found in ref43147:148 However, studies that directly probe the local
phonon modes in perovskite systems with micro resolution are still lacking, which motivates the
construction of the VM. Here, we finished a proof-of-concept IVM experiment on perovskite
films and used the dataset acquired from VM as an example of using VPSS to extract coherence
information from a non-traditional time-resolved microscopic dataset. In this example, we used
only 10% of the dataset and got a 13-time speed improvement. The analysis results we got from

PP and VPSS were almost the same, and we showed the results of VPSS in the main text only
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(Figure 3.7). The results of PP and another pixel can be found in the Appendix, Figure_Apx B.8

and Figure_Apx B.9.
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Figure 3.7. VPSS application in IVM. (a) Phonon oscillation map of the DMF-casted
CH3sNHsPblz film. X-axis: phonon mode, y-axis: probe energy. (b) The same phonon map with
the low-frequency range (yellow square) enlarged. (c) A spatial map of the spectrally averaged
(along probe axis) phonon oscillation. X-axis: phonon mode, y-axis: different pixel on the film
(16 pixels from a 4-by-4 raster scan, 1.25 um resolution). The dashed line marked the pixel
chosen to show, pixel 8. (d) Phonon spectra at 1.609 eV. (e) Phonon spectra at 1.570 eV. The
stars show the frequency of the main oscillation from sinusoid fitting. The blue and red boxes
mark the position of 20 and 35 cm™ for reference. (f) Population Fitting residue at 1.609 eV. (g)
Population Fitting residue at 1.570 eV. The red curve shows the region picked to perform the

damping sinusoid fitting. The black dashed curve shows the damping sinusoid fitting results.
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The change in TA signal, caused by phonon vibration, is much weaker and requires more

sensitive detection techniques. To suppress the shot-to-shot noise caused by the light source, we
applied a “rapid scan” scheme, in which, unlike the traditional chopping method, the full
sequence of TA spectra is captured in a single continuous sweep of the motorized
translation stage (details can be found in the Methods section). The dataset acquired this way
requires a population fit first to extract the weak oscillation in the residual. One key difficulty in
IVM data analysis is the overfitting at early time points. Slow phonon oscillations in perovskites,
the period of which is usually in the scale of hundreds of fs,'*® at early times can be easily overfit
using several exponential decays. Considering how short-lived these coherences are, such overfit
will result in nearly a complete loss of the signal. One way to deal with that is to fit the
oscillation using complex exponentials in the T matrix,'*®> however, that did not give us
satisfying results because of the large electrical noise from the laser (shown as sharp peaks
across the whole spectrum in Figure 3.7a), which is unavoidable when entering the regime of

very weak signal.

To tackle the overfitting and electrical noise issue, the population dynamics across the whole
film using VPSS was first fit to reduce the chance of overfitting at individual pixels, and then
Fourier transform was applied on the residues (Figure 3.7d and 7e). The residue at each probe
energy was fit with a single damping sinusoid function to double check the quality of the Fourier
Transform (Figure 3.7f and 7g). Because the DMF-casted perovskite film was overall uniform
across a large ROI (correlated SEM in the Appendix, Figure_Apx B.7), we saw little spatial
variation (Figure 3.7c, each pixel is 1.25 um away from each other. The 16 pixels plotted here

came from a 4 by 4 raster scan). Two groups of phonons were observed: one at the bandgap
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(~1.6 eV, red star) with a peak at 35 cm™ (1.0 terahertz, THz), which was very close to the

reported 0.9—1 THz range at room temperature in the same perovskite system,#% 1 and could be
assigned to Pb—I1-Pb angular distortions.*> 146 The 20 cm™ (0.6 THz, blue star) mode, 30 meV
below the bandgap, was never reported, but a small phonon peak around 0.5 THz was seen in the
one study carried out using 2D electronic spectra mentioned above.'*® The low frequency modes
below 50 cm, including the one around 20 cm™, were all assigned to the octahedra twist of the
perovskite lattice in a theoretical study,**® but from our results, they may have different origins as
the 20 and 35 cm™ modes were coupled to different transitions. The difference in the dephasing
time of the two modes observed may suggest different coupling to the phonon bath. The 35 cm™
mode is coupled to the transition at the bandgap, which may originate from the lattice
perturbation caused by the new carriers created after excitation and holds a longer lifetime over
1 ps. What is most interesting is that the 20 cm™ mode, in fact, showed up at 1.57 eV, which was
exactly where we found the sub-bandgap state that accelerates carrier cooling in our previous
study (CHAPTER 2).16 This might not be a coincidence. It is possible that the cooling process is
accelerated by this extra phonon mode. The dephasing lifetime is in the same order of magnitude
as the cooling rate we reported in that chapter (~0.36 ps), which may suggest a correlation
between these two processes. Because of the homogenous nature of the DMF-cast film sample, it
was challenging to obtain a spatial map of the phonon strength, but small change in the phonon
strength can still be observed in Figure 3.7c, so we hypothesize that the phonon intensity is
related to the local morphology of the perovskite film. The dephasing lifetime of the phonon
oscillation may be affected by the morphology too, as we observed different lifetimes compared

to the results acquired on CH3sNH3Pbl; films fabricated in a different two-step method in ref'4®.
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The origin of the two modes and the correlation between phonon modes and morphology will

require further investigation in the future.

Compared to PP, the VPSS gave us the same accuracy in extracting the phonon oscillation
modes but at a faster speed. Limited by the choice of sample and weak signal intensity, the
comparison in picking up spatial variation was not tested, but the key point here is that VPSS can
be used as a method to reliably subtract the population dynamics and prepare the dataset for

further processing like Fourier transform or fitting with customized functions.

35 Conclusion

We developed a global analysis procedure for time-resolved microscopy with VPSS, with the
speed and robustness tested on TAM and IVM datasets acquired on CHsNH3Pbls perovskite
films. The key advantages of this method are the fast speed (decomposing gigabytes of data
within a second), and the robustness at picking up weak spatial and spectral features. VPSS is
shown to be reliable in subtracting the population dynamics and preparing the datasets for

higher-order feature analysis.
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CHAPTER 4 Cation Engineering in Two-Dimensional Ruddlesden-Popper Lead lodide

Perovskites with Mixed Large A-Site Cations in the Cages

4.1 Introduction

Lead halide perovskites have revolutionized the fields of photovoltaics and optoelectronics
as promising semiconductors.% 151153 Since the first incorporation of CsSnlz and CHsNH3Pbls in
solar cells'® 53 high performance photovoltaic and optoelectronic devices have been achieved
with this class of materials adopting a 3D perovskite structure of APbX3, where A is Cs*, CHsNH3"
(MA), or [HC(NH2)2]" (FA), and X is a halide anion. The crystal structure consists of 3D corner
sharing PbXs* octahedra with the A cation occupying the cuboctahedral site formed in the middle
of eight adjacent octahedra. Recently, the 2D perovskite derivatives have been demonstrated as
promising more stable alternatives to their 3D counterparts for solar cells and light emitting
diodes.™™ It is not only the increased chemical stability but also the more diverse and tunable
optical and electronic properties that make this class of perovskites highly attractive for
investigation.”>"® The family of 2D perovskites has a general formula of (A")m(A)n-1PbnX3n+1,
where A’ is a large monovalent (m = 2) or divalent (m = 1) organic cation, and n is an integer that
indicates the thickness of the perovskite layer. Conceptually these materials derive by slicing the
3D perovskites structure along the (100) plane and incorporating large spacer cations (A’") between
the resulting layers. Most of reported 2D structures can be considered as self-assembled multiple

quantum wells with charge carriers confined in the perovskite layers due to both the wider bandgap

and the lower dielectric constant of the organic spacer.’® 55157
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With a view to further enhancing device efficiency, extensive studies have been carried out

to understand the role played by the A-cations in structural, optoelectronic, and charge carrier
properties. The desirable photophysical properties have been mostly attributed to the inorganic
framework because, in most known compounds, the A-cation does not directly contribute to the
electronic structure of band edge states, but it does so indirectly.®® Comparative studies on the
three APbBr3 (A = Cs, MA or FA) perovskites showing markedly similar carrier properties and
device performance further support such a picture. Nevertheless, the interplay between the A
cation and the inorganic framework may influence the optoelectronic properties and carrier
dynamics. For example, the bandgap of 3D APbls decreases with increasing size of A-cation due
to the decrease of octahedral tilt which is defined by the Pb-1-Pb angle.*®® 1% Moreover, there have
been several proposals as how A-site cations may contribute to the remarkable carrier properties
such as long-lived carriers and long carrier diffusion lengths.?61-%64 These mechanistic studies
suggested unusual structure-property relationships such as formation of ferroelectric domains,
local symmetry breaking, large polaron formation, and dynamic Rashba effect that might be
closely associated with the dynamic disorder and polarity of the A-site cations.'®>1%° Despite
progress in our understanding, further investigation on the structure-property relationship is
hindered by the limited options of A-cations in 3D perovskites due to the geometric consideration

of the so-called Goldschmidt rule.%172 In general, the formation of a perovskite structure depends

ratryx

on Goldschmidt tolerance factor (t), t = ot ol

in which ry, 1pp, and ry is the effective radii

of A, Pb, and X ion. Large (such as EA) or small (such as Rb) cations can result in non-perovskite

structures due to the large ionic size mismatches (i.e. t > 1 or t <0.8).
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In this chapter, we advance fundamental understanding on the structure-property relationship

in lead iodide perovskites by studying new 2D crystal structures with unusual A-cations which do
not follow the Goldschmidt rule and use these materials to perform ultrafast spectroscopic studies.
Large organic cations such as guanidinium, dimethylammonium, and ethylammonium cannot by
themselves crystallize in a 3D perovskite structure but can be alloyed into the 3D lattice of MAPDI3
or CsPbls to form mixed-cation compositions which is referred to as tuning of the effective
Goldschmidt tolerance factor.1”*17® Some other large cations such as ethylenediammonium can be
incorporated into a 3D perovskite structure with expelling metal and halide atoms from the
structure, forming a discontinuous perovskite lattice.1’51"® While chemical engineering of 2D
perovskites has focused in the past on changing the organic cation occupying the A’-site”™ 179,
recent studies pointed out that the Goldschmidt rule could be relaxed in the 2D perovskites,°
allowing large organic cations to occupy the perovskite cages (A-site). This was unambiguously
demonstrated by a few crystallographically well characterized 2D perovskites including (n-
CsH13NH3)2[C(NH2)3]Pb217,28  (n-CsH11NH3)2[C(NH2)3]Ph2l7 18t (i-PA)2(i-PA)Sn2l7 [i-PA =
(CH3)2CHNH3'],1® and (EA)2(EA)2PbsX10 (X = ClI, Br).1818 The relaxed Goldschmidt rule

significantly expands the library of 2D perovskites, providing a new platform for investigating the

role of the A-cation on the structural and photophysical properties.

Here we report a 2D tri-layered perovskite (BA)2(EA)2Pbzlio (BA is n-butylammonium)
which incorporates large EA cation in the lead iodide perovskite cage. The structure features a
significantly stretched perovskite cage with elongated Pb-I bond lengths and a higher level of
octahedral distortion compared to the prototypical (BA)2(MA)2Pbslio. To provide a clearer picture

of the interplay between the A-cation and the inorganic structure in determining the properties, we
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synthesized a series of A-cation alloyed 2D perovskites (BA)2(EAKMA1.x)2Pbsl1o and investigated

their crystal structures, optical and electronic properties, and excited state dynamics using a range

of structural and spectroscopic techniques in combination with theoretical calculations.

The single-crystal X-ray diffraction (SCXRD) measurements show that the average Pb-I
bond length and the level of octahedral distortion increases with increasing the amount of EA
cation (equivalent to increasing the size of A-cation), while the octahedral tilt is retained. Contrary
to the bandgap redshift due to less octahedral tilting in 3D APbls with increasing cation size (such
as bandgap shift from orthorhombic CsPbls to tetragonal MAPbI3z and to cubic FAPbIs at room
temperature,'®® or bandgap redshift in the alloys with an increasing average cation size'®), the
alloyed 2D perovskites exhibit blue-shifted bandgap with increasing EA content. The bandgap
blueshift is consistent with band structure calculations, which point to the crucial role of Pb-1 bond
length as opposed to octahedral tilting in determining the bandgap of these EA-based halide
perovskites. Moreover, the structural evolution with increasing the EA content further leads to
gradual PL quenching and more asymmetric PL peaks. Transient absorption spectroscopy
measurements on these alloys reveal the existence of a broad distribution of trap states below the
optical bandgap. The energetic distribution of these trap states is broader with increasing EA
content, which likely are responsible for PL peak asymmetry and quenching. These results provide
guidelines for rational design of new and more efficient 2D perovskite materials for optoelectronic

applications.
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4.2  Experimental Results and Discussion

42.1 Crystal Structure of (BA)2(EA)2Pbsl1o

Single crystals of (BA)2(EA)2Pbslio were grown from concentrated hydroiodic acid using an
off-stoichiometry protocol (see Methods section in the Appendix C.1 for more details).
Crystallographic data and structural refinement information of (BA)2(EA)2Pbslio are provided in
Table_Apx C.2. The crystal structure consists of three layers of corner-connected
Pbls* octahedra with a bilayer of BA cations as spacers separating the perovskite slabs (Figure
4.1a), and the EA cations filling in the perovskite cavities (Figure 4.1b). The perovskite cages

exhibit a combination of short and long Pb-I bonds along the out-of-plane direction
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Figure 4.1 The crystal structure of (BA)2(EA)2Pbsl1o. (a) Side-view of the crystal structure along
c direction. Also illustrated are the definition of the thickness of perovskite slab (L1) and the
interlayer distance (L2). (b) Crystal structure of the perovskite cages showing the occupation of
the EA cations in the cuboctahedral sites. The dash lines highlight the longest Pb-I bonds. Also
illustrated are the definition of equatorial and axial Pb-1-Pb angles. (c) Top-view of the outer
layer and inner layer, which clearly shows different in-plane tilt.
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(perpendicular to the layers), while almost the same Pb-1 bond lengths along the in-plane

directions. A view along c direction clearly shows that the structural distortion of the inner layer
is different from that of the two outer layers. The inner layer exhibits less out-of-plane octahedral
distortion but more in-plane octahedral tilting, while the outer layer displays more out-of-plane
octahedral distortion but less in-plane octahedral tilting (Figure 4.1c). The inner layer can be
viewed as templated by two cage EA cations, while the outer layer is templated by one interlayer
BA cation and one cage EA cation. As a result, the inorganic framework distorts in a different
way to accommodate the one of the possible conformations of these organic cations. The
structural characteristics are similar to the previously reported single-cation templated 2D
perovskites (EA)2(EA)2PbsX10 (X = CI7, Br).18 However, the iodide-based compounds have not
been reported probably because the EA cation is too small to serve as interlayer spacer for the

iodide perovskites.

Owing to the much larger size of EA (effective radius r = 274 pm) relative to MA (r = 217
pm), the incorporation of EA cation in the cage significantly modulates the structural and
bonding properties compared to previously reported 2D structures with MA cation in the cage.
To illustrate the unique structural characteristics, we compare the structural parameters and
bonding properties of (BA)2(EA)2Pbslio with the prototypical (BA)2(MA)2Pbslio. The results are
summarized in Table 4.1. (BA)2(EA)2Pbsl1o crystallizes in the orthorhombic space group Cmc2;
with cell parameters a = 52.0158(16) A, b = 8.9727(3) A, and ¢ = 8.9745(3) A, while
(BA)2(MA)2Pbsl1g crystallizes in the orthorhombic space group C2cb with cell parameters a =
8.9275(6) A, b =51.959(4) A, and ¢ = 8.8777(6) A.*8” One obvious difference between the two

compounds is that the presence of EA cation in the cage significantly stretches the Pb-I bond
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distances, expanding the unit cell of (BA)2(EA)2Pbslyo in the three directions. The

(BA)2(EA)2Pbsl1o exhibits much longer Pb-1 bonds compared to any reported 2D lead iodide
perovskites with n = 3 (Table_Apx C.3). For example, the average Pb-1 bond length of
(BA)2(EA)Phslio is 3.213 A, while that of (BA)2(MA)2Pbsliois 3.163 A. The longest Pb-1 bond
length in (BA)2(EA)2Pbslio is 3.458 A (highlighted as dash bonds in Figure 4.1b), which is one
of the longest bonds in all reported lead iodide perovskites. As a result, the volume of the unit
cell increases by 70.6 A3, corresponding to ~1.7 % volume expansion, for (BA)2(EA)2Pbslio
compared to (BA)2(MA)2Pbzl1o. If only the inorganic framework is considered, the volume
expansion is even more significant, as indicated by the ~4.6 % expansion of the perovskite cage
volume defined by the volume of the cuboid made up by eight adjacent Pb atoms at the cuboid

corners.

Table 4.1 Comparison of the structural and bonding parameters between (BA)2(MA)2Pbsl1o and
(BA)2(EA)2Pbsl10.

Difference (EA-

Structure/comparison (BA)2(EA)Pbslig  (BA)2(MA)2Pbsl1g
Formula weight 2131.05 2103.00 28.05
Crystal system orthorhombic orthorhombic /
Space group Cmc2; C2cb /

a=52.0158(16) A a=8.9275(6) A
Unit cell dimensions /
b=8.9727(3) A b =51.959(4) A
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c=8.9745(3) A

a, f,y=90°
Volume of unit cell (A%) 4188.6(2)
Volume of perovskite cage

267.2
(A%)
L1 (cage) (A) 13.274
L2 (spacer) (A) 12.734
Average Pb-I bong length

3.213
R)
Average quadratic

_ 1.00117

elongation ((1))
Average bond angle variance

19.3
(deg?)
Average Pb-I-Pb bond angle

166

(deg)

c=8.8777(6) A
o, f,y=90°

4118.0(5)

255.1

12.876

13.834

3.163

1.00058

4.4

170

70.6 (~1.7%)

12.1 (~4.7%)

0.398 (~3.1%)

-1.100 (~8.0%)

0.050 (~1.6%)

59 x 10™

14.9

In addition to the lattice expansion, the incorporation of EA cation in the cage induces a

higher level of structural distortion. In general, structural distortions of the inorganic framework

can be categorized into two types. One is the geometrical distortion of the Pblg* octahedra

themselves, which can be quantified by octahedral distortion parameters of bond length quadratic

elongation ((A)) and bond angle variance (c%)®
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where d; is the Pb-1 bond length, d, is the mean Pb-I bond distance, «; is the I-Pb-I bond
angles of the octahedra. In an ideal Pbls octahedron, both (1) and &2 are equal to 1. Larger (1)
indicates a more stretched octahedron, while larger o2 indicates higher deviation of Pb position
from the center. The average (1) and o2 of overall structure (BA)2(EA)2Pbslio is calculated to be
1.00117 and 19.3 deg?, which is higher than that of (BA)2(MA)2Pbslio (1.00058 and 4.4 deg?),
respectively. The other type of structural distortion is the larger global distortion between
adjacent octahedra (i.e. octahedral tilting), which can be determined from the Pb—I—Pb bond
angle. In an ideal cubic perovskite with no octahedral tilting, the Pb—I—Pb bond angle is equal to
180°. The average Pb-1-Pb angle is 166 deg and 170 deg for (BA)2(EA)2Pbsl1o and

(BA)2(MA)2Pbsl1o, respectively, indicating a slightly higher octahedral tilting in the former.

It is also interesting to point out that when switching the A-cation from MA to EA the
thickness of the perovskite slab (defined as L1 in Figure 4.1a) is increased slightly from 12.876 A
to 13.276 A, while the interlayer distance (defined as L, in Figure 4.1a) is reduced from 13.834
A t0 12.734 A. This has been considered as an indicator of inherent strain relaxation in 2D
structures.'8 189 Although the incorporation of EA cation in the perovskite cage creates large

strain on the inorganic framework, this strain can be readily dissipated into the interlayer space



92
via octahedral distortion of the outer layers. As a result, the BA cations change the molecular

conformation to accommodate the distortion. In addition, from the viewpoint of the recent
proposed ‘lattice mismatch model’,*® one may expect that substitution of the MA by EA will
enhance the initial in-plane strain between the (BA)2Pbls and 3D-like layers when they are
associated to form in-plane coherent interface in a multilayered composite. Although the 3D
EAPDI3 structure does not exist, simple considerations based on the Goldschmidt rule predict a
larger volume for the hypothetic unit cell of EAPbIs than for the unit cell of MAPbIs and thus a

larger in-plane mismatch with (BA)2Pbla.

422 Structural Evolution of (BA)2(EAMA1-x)2Pbslio Alloys

To better illustrate the influence of A-cation on the structural properties, we further
synthesized a series of single-crystal A-cation alloyed 2D perovskites of (BA)2(EAKMA:.-
x)2Pbzl10 using precursor solutions containing mixed MA and EA cations. The MA to EA ratios
determined by *H NMR measurements on three representative alloys are 0.73/0.27, 0.55/0.45
and 0.35/0.65, respectively. The determined MA to EA ratio is slightly higher than the ratio in
the precursor solution (Figure_Apx C.2), indicating the inorganic lattice enthalpically prefer MA
cation. However, entropic gain will drive the mixing of the two cations. The compounds are
described as MAo.73EA0.27, MAos5EA0.45 and M Ao 3sEA0 65 for the following discussion.
Figure_Apx C.3 show the calculated tolerance factor as a function of EA content. Using the
tolerance factor of FAPDIs as a reference point, the ability to incorporate large EA cation with
content exceeding 0.62 stems from the relaxed tolerance factor requirement in 2D perovskites.
Crystal structures of these alloys were solved using single-crystal X-ray diffraction for structural

comparison. Because the MA and EA cations are highly disordered in our single-crystal X-ray
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diffraction data, we cannot distinguish and model them accurately. Therefore, the structures were

refined as either MA or EA as the A-cation, depending on which one gives better refinement, but
this will not influence the structures of the inorganic framework. The crystallographic data and
structural refinement information are provided in Table_Apx C.4. These alloys crystallize in the

monoclinic space group Cc, which has a lower symmetry than the pure A-cation structures.
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Figure 4.2 Structural properties of (BA)2(EAxMA1x)2Pbsligalloys. The trends of (a) average Pb-I
bond length and cage volume, (b) thickness of the perovskite slab (L1) and interlayer spacer
distance (L2), (c) average I-Pb-1 angle variance and Pb-I length quadratic elongation, (d) average

Pb-1-Pb angle as a function of alloying degree.
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Cation alloying can be viewed as an effective approach to tune the average size of A-cation.

Figure 4.2 shows the trends of several structural parameters as the EA/MA ratio (or the average
size of A-cation) increases. For example, the average Pb-1 bond length and cage volume increase
with increasing the EA/MA ratio (Figure 4.2a). The thickness of the perovskite slab (L1) also
increases with increasing the EA/MA ratio, while the interlayer distance decreases (Figure 4.2Db).
The interlayer distance is indeed changing as a result of a strain along the stacking axis opposite
to the in-plane initial strain.®® We consider this as an indicator of increasing strain in the alloys
with more EA cations in the cages. Furthermore, incorporation of more EA cations induces a
larger deviation from the ideal Pblg* octahedron, as demonstrated by the increasing (1) and ¢
(Figure 4.2c). Interestingly, the average octahedral tilting angle remains quite similar (Figure
4.2d), which appears to slightly increase and then decrease. In fact, the even slightly smaller
tilting angle in the EA structure than MA structure is counterintuitive, because one may expect
that EA cation will stretch Pb-1-Pb bond angle (make it closer to 180°) due to the much larger
effective radius, similarly to the structural evolution from orthorhombic CsPbls to tetragonal
MAPbIs then to cubic FAPbIs (Table_Apx C.5). However, octahedral tilting is an efficient way
to relax internal stress'® related to the formation of the multilayered composite. These two

effects play in opposite directions.

The above comparisons are focused on the average of overall structure (i.e. two outer layers
+ one inner layer). However, it is important to point out that the inner and outer layers exhibit
distinctive structural properties. Figure 4.3 provides the trends of the octahedral distortion and
octahedral tilt of the inner and outer layers as a function of alloying degree. The outer layer

exhibits higher octahedral distortion than the inner layer, as demonstrated by larger (1) and ¢2 in
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all compounds. Both the inner and outer layers show an increasing trend of the o with

increasing the EA content (Figure 4.3a). The (1) of the inner layer is slightly reduced in the EA
alloys compared to the MA structure (Figure 4.3b). Therefore, the increasing trend of the (1) in
the overall structure is mainly determined by the outer layer, which exhibits larger (1) with an
increasing EA content (Figure 4.3b). This is because the incorporation of EA cations in the cage
induces a greater impact on elongating the longest Pb-1 bonds (highlighted as dash lines in

Figure 4.1b) than the other bonds.

Due to the anisotropic 2D structure, we categorized the Pb—I-Pb angles into two groups:
equatorial angle and axial angle (see Figure 4.1b for definition) for the comparison of octahedral
tilt. As shown in Figure 4.3c, the average axial angle increases from 170 deg (MA) to 178 deg

(MAo.73EA0.27) and then slightly decreases to 174 deg (EA). The average equatorial angle of the
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Figure 4.3 Structural properties of the inner and outer layers in the set of (BA)2(EAXMA1-
x)2Pbzl10. The trends of (a) average 1-Pb-I angle variance, (b) Pb-1 length quadratic elongation,
(c) average equatorial Pb-1-Pb angle of the inner and outer layers as a function of alloying
degree. Panel c also shows the trend of axial Pb-1-Pb angle.
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outer layer also increases from 168 deg (MA) to 176 deg (MAo.73EA0.27) and then decreases to

167 deg (EA). However, the average equatorial angle of the inner layer exhibits an opposite
trend, which dramatically decreases from 170 deg (MA) to 156 deg (MAos5EA0.45) and then
remains almost unchanged. The results show that the incorporation of the EA cations in the cage
induces a larger in-plane tilt in the inner layer. However, when the overall structures are
considered, this effect is partially cancelled due to the smaller in-plane tilt of the out layer and
the smaller tilt along the stacking direction. Because the inner layer is templated by the two cage
EA cations, the larger in-plane tilt of the inner layer is probably due to steric and Coulombic
interactions between the EA cations and inorganic framework. For example, because the EA
cation exhibits a more anisotropic shape than the MA cation, the octahedra of the inner layer
have to tilt in a certain way to accommodate the EA configuration (as highlighted in Figure

4.1c).

423 Optical Properties of (BA)2(EAKMA1x)2Pbslio (x = 0-1)

Absorption spectra collected on exfoliated single crystals show a continuous blue shift of the
excitonic absorption peak as the EA content increases (Figure 4.4a). Absorption spectra of 15
randomly selected exfoliated crystals of MAossEA0.45 Show close excitonic absorption peaks,
confirming no phase segregation into the MA and EA structures (Figure_Apx C.4). PL spectra of
the corresponding bulk single crystals also exhibit blue shift (Figure 4.4b). The tuning of the
bandgap can also be seen in the crystal color, which gradually changes from red to black with
decreasing the EA content (Figure_Apx C.5). The (BA)2(EA)2Pbsli has a PL emission peak
located at 585 nm (corresponding to an optical bandgap of 2.12 eV), which is significantly blue

shifted from that of (BA)2(MA)2Pbslioat 620 nm (2.00 eV). In fact, (BA)2(EA)2Pbslio exhibits
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Figure 4.4 Optical properties of the (BA)2(EAMA1x)2Pbzlio alloys. (a) Absorption spectra of the

alloys. (b) PL spectra of the alloys. Normalized spectra are shown in the inset. (c) The plot of

excitonic absorption peak and emission peak as a function of the EA content. The straight lines

are the fits using the Vegard’s law (d) Plot of relative PL intensity and PL asymmetric factor as a

function of the EA content.

the highest bandgap among all previously reported n = 3 lead iodide 2D perovskites (Table_Apx

C.3). We note that the PL spectra collected in the interior and edge of the (BA)2(EA)2Pbzlo are

almost unchanged (Figure_Apx C.6). Figure 4.4c shows the plot of excitonic

absorption/emission peaks as a function of x value, conforming to the Vegard’s law

approximation (fitting lines).
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Besides the tuning of the bandgap, the PL intensity is quenched in the structure with an

increasing EA fraction (i.e. x value) (Figure 4.4b and 4d). As an example, the PL intensity of
(BA)2(EA)2Pbsl1g is about 20 times weaker than that of (BA)2(MA)2Pbslio. Note that the PL
spectra were collected on bulk single crystals with freshly cleaved surfaces under the same laser
excitation power density. Such strong PL quenching seems to be associated with the higher
octahedral distortion and elongated Pb-1 bond length, as will be discussed below. Another
interesting characteristic is that, each PL spectrum displays an asymmetric line-shape, tailing to

lower energy. We introduce an asymmetric factor to quantify the PL tailing effect:

A—Hr 4.3

where H),, and H, are the peak half-widths at 10% of the peak height. H, corresponds to the
blue (higher energy) side, while H,. characterizes the red (lower energy) side relative to the peak
position. As shown in Figure 4.4d, the asymmetric factor increases as the EA content increases
and is anti-correlated with the relative PL intensity. The low-energy tail in the static PL spectra
can be attributed to the radiative recombination of trap states below the bandgaps, as has been
previously suggested.® Further investigation of the trap states is discussed in a separate section

below using ultrafast spectroscopic techniques.

Having characterized the structural and optical properties, we turn to understand and derive
the structure-property relationship. Table 4.2 summarizes the optical and structural properties of
the set of (BA)2(EAXMA1x)2Pbslio. Optical transitions in perovskite materials occur between

filled Pb(6s)—1(5p) hybrid orbitals and empty Pb(6p) orbitals of the inorganic layer (vide infra).
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As a result, the optical bandgap can be correlated with the degree of anti-bonding overlap

between the Pb(6s) and 1(5p) orbitals, which is strongly modulated by the bonding parameters
such as Pb-1-Pb bond angle and Pb-1 bond length.'>® While the A-cations do not directly
contribute to the electronic band structure close to the band edges, they have a strong influence
on the tilting of Pbls* octahedra and in turn affect the degree of orbital overlap between Pb and |
orbitals. For example, there is a systematic decreasing trend in the bandgap with increasing the
size of A-cation in the perovskite phases of 3D APbls (A = Cs, MA, FA) at room temperature
(Table_Apx C.5). This is because the octahedral tilting decreases (or Pb-1-Pb bond angle
increases) while the Pb-I bond length almost remains unchanged as the cation size increases,
leading to an increased overlap of the Pb(6s) and 1(5p) orbitals and in turn a more destabilized

VB 158, 185

Table 4.2 Comparison of optical properties and structural parameters for
(BA)2(EAXMA1x)2Pbsl1o

EA EAossMAo3s  EA0ssMAoss  EAc2zMAo7s MA
Absorption peak (eV) 2.145 2.119 2.079 2.065 2.023
PL emission (eV) 2.118 2.086 2.049 2.029 2.001
Relative PL intensity 0.050 0.097 0.146 0.285 1
PL asymmetric 1.95 1.92 1.87 1.68 1.56

factor



Ave. Pb-1 bond

3.213
length (A)
Ave. cage volume

267.2
(A%)
Ave. Pb-1-Pb bond

166
angle (°)

uadratic elongation

N J 1.00117
(%
Bond angle variance

19.3

(0, deg?)

3.206

264.5

167

1.00087

14.2

3.203

264.4

169

1.00079

8.0

3.178

259.5

172

1.00063

5.8

100
3.165

255.1

169

1.00058

4.4

Interestingly, the average octahedral tilting of the overall structure in the set of

(BA)2(EAXMA1x)2Pbsl 1o alloys remains similar. The wider optical bandgap can thus be attributed

to the gradually increasing Pb-I bond elongation which leads to less overlap between the electron

wave functions of the Pb(6s) and I(5p) orbitals and narrower band widths. In fact, the trend is

consistent with high-pressure studies on 2D perovskites, which show bandgap redshift with

decreasing Pb-I bond length under pressure.®* The alloying of EA cation into the cage acts like

“negative chemical pressure” to expand the crystal structure, which can be a generic approach to

tune the optoelectronic properties of 2D perovskites.*® Similar bandgap blueshift in the 3D

“hollow” perovskites with increasing Pb-I bond lengths has also been observed.!’": 178

Another interesting structure-property relationship is that the PL quenching seems to

correlate with Pb-1 bond length and/or individual Pbls* octahedral distortion. PL efficiency is
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determined by the relative ratio of radiative recombination rate to non-radiative recombination

rate.% The radiative recombination rates of these alloys are expected to be similar, as they likely
have similar exciton binding energies. Therefore, the pronounced PL quenching which usually
indicates poor photophysical properties in a direct band gap semiconductor might originate from
more non-radiative recombination losses in the structures with higher EA content. Comparable
photophysical properties have been reported in the perovskite phases of orthorhombic CsPbls,
tetragonal MAPbIs, and cubic FAPbIs, which exhibit almost ideal Pbls* octahedra and constant
Pb-1 bond length but different octahedral tilting (Table_Apx C.5). In conjunction with the
observations here, the photophysical properties of these 2D perovskite materials appear to be
mostly governed by the Pb-1 bond length and/or octahedral distortion, with no noticeable effect

of octahedral tilting.

4.2.4 Electronic Structure and Dielectric Properties

We next consider how the A-site cations affect the electronic structure and dielectric
properties from a theoretical perspective. In this respect, we first performed Density Functional
Theory (DFT) based calculations using the Perdew-Burke-Ernzerhof (PBE) functional and
including spin-orbit coupling (SOC), which will be the default level of theory if not otherwise
stated. Figure 4.5a and 5b compare the computed band structures of (BA)2(EA)2Pbzli and
(BA)2(MA)2Pbsl1o. Both band structures present an almost direct bandgap at I, and the calculated
bandgaps are 0.86 eV and 0.50 eV for the EA and MA structure, respectively. In (BA)2(EA)2Pbsl1o,
a slightly indirect band gap appears owing to the breaking of symmetry along I'-X direction (not
shown). The slight shift of VBM from T points to possible Rashba effect due to the giant SOC of

Pb atom.'®® Moreover, the band structures of both compounds show that dispersive bands are only
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present in the 2D plane while flat bands occur along I'-Y. This suggests little or no electronic

coupling along the direction that corresponds to the layer stacking axis.

The DFT predicted bandgaps are underestimated compared to the experimental results as

expected when using the PBE functional and taking SOC into account. We further used the recently
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Figure 4.5 Comparison of electronic band structures of (BA)2(EA)2Pbsli and
(BA)2(MA)2Pbsl1o. Calculated electronic band structures including SOC of (a)
(BA)2(EA)2Pbslio and (b) (BA)2(MA)2Pbsli. Wave-functions computed without SOC at T” for
(c) (BA)2(EA)2Pbslio and (d) (BA)2(MA)2Pbslio, show the orbital hybridizations at VBM and
CBM. Local density of states computed with SOC at VBM and CBM for (e) (BA)2(EA)2Pbslio
and (f) (BA)2(MA)2Pbslio. The density profiles of the two structures along the stacking
direction are also shown. All results have been obtained using the PBE functional.
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reported Tran-Blaha-Modified Becke-Johnson potential optimized for 2D perovskites to improve

the accuracy of bandgap prediction (ppTB-mBJ).1% Using ppTB-mBJ with the organic cations
substituted by Cs (see ref!%* for more details), the calculated bandgaps become 2.62 eV and 2.53
eV for (BA)2(EA)2Pbzlio and (BA)2(MA)2Pbzlio, respectively, which are in better agreement with
the experiment given that excitonic effects are not considered. Overall, regardless of the level of

theory, (BA)2(EA)2Pbslio exhibits a larger bandgap compared to (BA)2(MA)2Pbsl1o.

We next plot the wave functions to highlight the nature of electronic states at the band edges.
Wave functions at the I" point show an antibonding hybridization between Pb(6s) and 1(5p) orbitals
at the VBM while the conduction band minima (CBM) is mainly made of bonding type between
Pb(6p) states (see Figure 4.5c and 5d for the EA and MA structure, respectively). Comparing the
two structures, we find that the CBM is less stabilized in (BA)2(EA).Pbslio because the longer Pb-
Pb distances result in weaker bonding interactions and reduced bandwidth. Similarly, VBM is also
less destabilized in (BA)2(EA)2Pbslio due to weaker anti-bonding interactions associated with
longer Pb-1 bonds. The combined effect of less stabilized CBM and VBM in (BA)2(EA)2Pbazlio
therefore results in the wider bandgap. As discussed above, the longer Pb-1 bonds result in reduced
orbital overlap in the EA structure. In general, the extent of orbital overlap defines the electronic
band width. As shown in Figure 4.5a and 5b, the calculated band widths of the VB as well as the

CB for the EA structure are much narrower, thus contribute to the wider bandgap.

As mentioned above, in (BA)2(EA)2Pbslio, the bands are less dispersive than in
(BA)2(MA)2Pbsl1o as can be inferred from their band widths in Figure 4.5a and 5b. That is, the
extent of orbital overlap as discussed above generally defines the electronic bandwidth. As it is

clearly shown in Figure 4.5a and 5b, the band widths of the VB as well as the CB for the EA
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compound are much narrower. Accordingly, the calculated reduced effective masses (using ppTB-

mBJ) are larger for (BA)2(EA)2Pbslio (~0.34mo to 0.69mo) as compared to (BA)2(MA)2Pbslio
(~0.20mo) (Table_Apx C.6). We note that the predicted reduced mass of (BA)2(MA)2Pbslyo is in
good agreement with the experimentally reported 0.201mo using magneto-absorption
experiments!® whereas that of (BA)2(EA)2Pbslio, for which no experimental data is currently
available, appears to be much higher (note, ppTB-mBJ generally overestimates the effective
masses, see ref'®). These results suggest that photogenerated carriers are probably less mobile in

(BA)2(EA)2Pbsl1o than in (BA)2(MA)2Pbsl1o.

The localization of the carriers can influence the recombination process of the generated
electron-hole pairs. In Figure 4.5e and 5f, we plot the local density of states (LDOS) and their
profiles for both compounds at VBM and CBM to show the spatial localization of holes and
electrons, considering the static averaged crystallographic structured. In (BA)2(MA)2Pbsl1o, holes
(at VBM) are localized on the inner layer whereas the electrons (at CBM) appear at the outer
layers.!® In contrast, both holes and electrons are delocalized on the three layers for
(BA)2(EA)2Pbslio. This suggests that generated hole-electron pairs are probably spatially more
evenly distributed in (BA)2(EA)2Pbslip as compared to (BA)2(MA)2Pbsli. The origin of these

different spatial localizations is discussed in the supporting information.

By applying the composite approach, detailed in ref'>> 1% we obtained the band energy
alignment between the inorganic well and the organic spacer barrier. The ppTB-mBJ bandgaps
were used for constructing the CB alignment (Figure_Apx C.7). The confinement potentials (Vn
for holes, Ve for electrons) are more balanced in (BA)2(EA)2Pbzlio (2.6 eV versus 2.1 eV) than in

(BA)2(MA)2Pbsl1o (3.3 eV versus 1.5 eV). Figure_Apx C.8 shows high-frequency dielectric
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constant profiles [.(z)] along the stacking axis for the two compounds. & varies from 2.4 [2.2]

for (BA)2(EA)2Pbzlio [(BA)2(MA)2Pbzlig] in the organic spacer layer to 5.3 [5.1] in the inorganic
layer. The two compounds present similar dielectric contrasts between the inorganic and the
organic layers, which may suggest similar exciton binding energies in the two structures. The
slightly different &, in (BA)2(EA)2Pbzlio can be understood by the volumetric expansion of
inorganic layers and the compression of organic spacer layers as compared to (BA)2(MA)2Pbsl1o.

Nevertheless, the dielectric environment is similar in the two compounds.

4.2.5 Excited-State Dynamics

We further studied the excited-state dynamics using ultrafast TA spectroscopy. Except for a
few reports,'® we note that the excited-state dynamics of 2D perovskites with n > 1 remain largely
unexplored. Figure 4.6 shows the normalized TA spectra of (BA)2(EAxMA1x)2Pbslio (x =0, 0.27,
0.45, 0.67, 1) obtained with 2.41 eV pump and broadband probe (1.74-2.28 eV) on exfoliated
single crystals. For all five compositions, the TA spectra largely resemble each other. There are
four features to pay attention to: (1) a strong GSB at the bandgap, (2) a short-lived ESA below the
bandgap, which is most prominent in the 0.40-ps cut and disappeared before 0.80 ps, (3) a long-
lived ESA above the bandgap, the intensity of which remains largely unchanged within the first
8 ps, and (4) a weak bleaching below the bandgap, which becomes visible after the overlapping
ESA disappears near 0.8 ps. The relative locations and shapes of the four features do not change
much across the entire series of samples we made, indicating similar electronic structures and
almost identical mechanisms behind the excited-state dynamics, which agrees with the band
structure calculations conducted in the section above. The fact that no overlap occurred between

all five spectra, along with the structural characterization we presented above, confirm the pure
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nature of the n = 3 structure (i.e. absence of other n-value structures) and the uniform cation

alloying.

The normalized dynamics of the four features in the pure MA and EA structures extracted at

representative energy are plotted in Figure 4.7a and 7b. Convolution between different features

Normalized (AT/T) Figure 4.6 Pseudocolor plots of the normalized

transient absorption (TA) spectra of the (a) MA,
(b) MAo.73EA0.27, (€) MAos5EA045, (d)
MAo.3sEA06s5, and (e) EA structures obtained
with 2.41 eV pump for the first 8 ps. Dash lines

indicate the cuts at delay time of 0.40 ps (black),
0.6
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exists because of unavoidable spectral overlap. To better decompose the highly convoluted TA

spectra, spectra at late time delays (> 160 ps) were acquired and a global analysis was performed
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on each TA spectra. Similar decay associated spectra (DAS) were generated from all five

compositions (Figure_Apx C.9). Only the ones from pure (BA)2(MA).Pbslig and
(BA)2(EA)2Pbsl1o are plotted here (Figure 4.7c and 7d). Three processes were gleaned from the
global analysis. The pale green one shows a derivative shape and has a lifetime <1 ps. The second
component (blue, Figure 4.7c and 7d) with picoseconds lifetime has a broad bleaching peak below
the bandgap. The last component (black, Figure 4.7c and 7d) comes with a relatively long lifetime
and a bleaching at the bandgap. With the spectra and dynamics decomposed, we next discuss the

assignment of the four features and analyze the
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usually lasting nanoseconds in perovskite

materials.!* The short-lived ESA feature
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(green, squares), is most-likely to be associated with the shot-lived hot carriers 14 190197, 198 The

fact that the absolute intensity of the peak decreased with an increasing bandgap value (as well as
the x value) is probably due to less excess energy of initial generated hot carriers.!®® The first DAS,
largely associated with this feature, may indicate the flow from higher energy levels to the
bandgap. The long-lived ESA above the bandgap (black, diamonds) show no obvious decay before
8 ps, and has similar dynamics to the main bleaching peak, as they both show up in the last DAS.
We assign it to the ESA caused by band edge carrier, as higher band can be easily accessed
according to the DFT calculation (Figure 4.5a and 5b). Another explanation could be that this peak
is generated by the blue shift of the bandgap after excitation, however, we believe this likely to be
less feasible as the amount of the blue shift did not change as a function of photo-excited carrier
density or delay time (see details about the fluence-dependent study in Figure_Apx C.10 and

Figure_Apx C.11).

Though largely overlapping with the ESA, the bleaching below the bandgap (red, triangles)
shows completely different growing dynamics compared to the main bleaching peak (blue,
crosses). The energy of this sub-bandgap peak happens to overlap with the only peak in the second
DAS. This indicates that this bleaching feature may be a separate process happening in the system
other than hot-carrier cooling and bandgap renormalization summarized by the first and the last
DAS. Judging by the peak location, it is most likely attributed to the trap states below the bandgap,
as also suggested by other report.!®® The lifetime of the second DAS is slightly longer than
expected but still within the same scale of magnitude. This is probably because this peak convolves
a lot with the main bleaching peak, and there is energy transfer back and forth between the two

states.
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As discussed above, the main electronic transitions of excited states are qualitatively similar

in these structures. This can be understood by the fact that electronic band structures are mainly
determined by the inorganic frameworks which are all made of 2D corner sharing PbXs*
octahedra. However, the change of octahedral parameters such as distortion level and Pb-1 bond
length can modify the energy landscape, especially for the sub-bandgap states. As is shown in the
TA surfaces in Figure 4.6a—e, the bleaching peak below the bandgap is getting broader (the pale
red area below the bandgap) with an increasing amount of EA, indicating wider energetic
distribution of these states. Such wider energetic distribution is well correlated with larger
octahedral distortion and variation of Pb-1 bond length in the structures with an increasing EA

content.

Lastly, we discuss several possible explanations for the PL quenching. Worse crystals with
more defects can lead to PL quenching. However, the clear trend of PL quenching cannot be
simply attributed to the crystal quality, because all the crystals were synthesized in a similar
condition. The SCXRD data show that the EA structure has the best refinement (Table_Apx C.2
and Table_Apx C.3), indicating the crystal quality is at least comparable (if not better) to other
structures. In contrast, the EA structure has the least PL emission. Therefore, the PL quenching

might stem from the inherent structures with varied bonding characters.

Phonons that interact with charge carriers significantly impact non-radiative recombination
rates. For example, a recent work established a correlation between the nonradiative recombination
rate and molecular rigidity of spacer cations in 2D perovskites through exciton-phonon
interaction.’®? Charge carriers in perovskite materials are mainly coupled to the low-frequency

vibrational modes of the Pb-I framework. One may expect that the elongated Pb-1 bond length
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leads to softened phonon modes, which is especially assisted by the stereochemical activity of the

Pb?* 6s lone pair of electrons. This process can induce more phonon mediated non-radiative
recombination paths via exciton-phonon interaction. Indeed, the emission peak width is larger in
the (BA)2(EA)2Pbslio relative to (BA)2(MA)2Pbslio, indicating a stronger exciton phonon

interaction in the former.

A second explanation is that, the Pb-1 bond strength may influence the thermodynamics of
interstitial iodine defects which could introduce deep energy levels within the bandgap. A recent
proposal suggested the key to explaining the so-called defect tolerance in perovskites lays in the
photochemical properties of such defects.?®® Such defects acting as recombination centers can
accelerate non-radiative recombination of charge carriers and thus reduce the PL. Our TA
measurements reveal the existence of the trap states by applying global analysis and separate the
energy transferring processes related to this state. The broader energetic distribution of the trap
states correlates well to the PL quenching, while the radiative emission from these trap states may

lead to the asymmetric PL peak in the higher EA content structures.

4.3 Conclusion

The Goldschmidt rule of perovskite cage stability is significantly relaxed with EA as the cage
cation. This cation is larger than the rule allows yet it incorporates in the perovskite cage by
stretching it, giving rise to a stretched version of the n = 3 2D perovskite structure featuring the
longest Pb-1 bond lengths and extremely large octahedral distortion. In contrast to the bandgap

redshift in 3D APbls with increasing the cation size, the alloyed 2D perovskites exhibit blue-shifted
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bandgap with increasing EA content (equivalent to increasing the size of A-cation). The bandgap

blueshift is consistent with the band structure calculations and can be explained by the significant
volumetric expansion of the perovskite cage with increased Pb-1 bond length. Moreover, it is found
that the structure with larger octahedral distortion and longer Pb-I bond length has stronger PL
quenching and more asymmetric PL peak. Transient absorption spectroscopy measurements reveal
similar excited-state dynamics and the existence of a broad distribution of trap states below the
bandgap. The energetic distribution of trap states is broader with lager octahedral distortion and/or
longer Pb-1 bond length, which might be responsible for the asymmetricity and quenching of the
PL emission. Our results provide guidelines for rational design of new and more efficient

perovskite materials for optoelectronic applications.
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CHAPTER 5 Synthetic and Structure-Property Tailoring of Multilayer (100) Lead lodide

Perovskites with Trap-State Emission

51 Introduction

Metal halide perovskites are a highly attractive class of low-cost semiconductors that have
proven to be suitable for a wide range of applications including solar cells 153 201208 [ight
emission 20211 radiation detection,?12-21® and lasing 21" #18, 2D hybrid perovskites provide a
viable architecture to perform small molecule reactions in the solid state by utilizing the
chemical reactivity of functional organic layers to orchestrate covalent and noncovalent
interactions, and to deliver a final material with distinct structural and/or electronic properties.®
219223 The inclusion of designer molecules with targeted functionalities unlocks the potential to

achieve a better chemical, structural and photophysical understanding of 2D perovskites.

The soft lattice of metal halide perovskites bestows an intriguing defect-tolerant nature and
photophysics that are still not well understood.??* Asymmetric and multi-modal PL emissions
have been observed in multiple metal halide perovskites, including intrinsic charge traps related
to iodine redox chemistry 200225227 'photoinduced formation of emissive sub-bandgap defect
states??8, in-gap states??® 230, GBs?*! and edge states?*?. Different strategies have been examined
to regulate the luminescent properties through defect engineering and environment control.226-228
233-236 Within the family of multilayer (100) Ruddlesden-Popper (RP) perovskites, the direct
correlation between structural properties and trap emission has not been analyzed, to our

knowledge.
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In this chapter, we explored the synthesis and characterization of multilayer (100) lead iodide

perovskites, incorporating the bifunctional organic molecules of AA and IPA to produce three
new homologous series: (AA)2MAn-1Pbnlan+1, [(AA)(IPA)1x]2MAn-1Pbnlsn+1 and (IPA)2MA.
1Pbnlan+1 (n=3-4). The meta-synthetic transformation of the AA organic layers within the 2D
hybrid perovskite structure attests as a unique strategy for performing chemical transformations
in the solid state, which takes place before the formation of the final product and leads to
compounds with novel composition, inaccessible through traditional synthetic routes. The
incorporation of the AA cation with the terminal unsaturated bond leads to smaller steric
interactions and tighter packing between the organic-inorganic layers and impacts the dielectric
profile of the 2D perovskite. On the other hand, the incorporation of the polarizable iodine atom
on the IPA cation induces greater steric interactions between the organic layers and organic-
inorganic layers. The distinct chemical identities of the functional groups inhered to the organic
spacers yield different structures, optoelectronic properties, and carrier dynamics. SCXRD
reveals that (AA)2MA2Pbzl1o (AA_n3) is a unique structure type with an offset (0, < ¥2), while
(IPA)2MA2Pbsl1o (IPA_n3) and the alloyed [(AA)x(IPA)1x]oaMA2Pbzlio crystallize in the RP
structure. The adjacent I--1 distance in AA_n3 is ~ 5.6 A assembling the consecutive [Pble]
layers closer together among all reported n=3 RP lead iodide perovskites while IPA_n3 presents
significantly larger adjacent I--1 distance of ~ 8.4 A. Similarly, IPA_n3 exhibits higher
distortions of the equatorial Pb-I1-Pb angles in comparison to AA_n3, which leads to a blueshift

of its absorption and PL emission compared to AA_n3.

The excited-state dynamics were studied for AA_n3, IPA_n3, [(AA)os5(IPA)os]2MA2Pbsl1o

((AA)(IPA)_n3), and (BA)2MA:Pbzlio (BA_n3) by TA spectroscopy, where the formation of
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long-lived trap states with broad white-light emission were observed. The trap-state emission can

be correlated to the lattice distortion induced by the inclusion of the bifunctional organic
molecules with characteristic functional groups. The incorporation of the IPA cation induces the
largest lattice distortions that give rise to a new ensemble of states deep into the bandgap.
Notably, these deep trap states reduce the recombination lifetime of the bandedge carriers and
show an elongated ~100-ps recombination lifetime, which is even longer than the bandedge
recombination lifetime. Such behaviors indicate the formation of a new radiative recombination

pathway rooted from the designer molecules included in the meta-synthesis procedure.

5.2  Experimental Results and Discussion

521 Synthesis and Structural

The spacer cations employed here, AA and
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(AA)2MAG-1Pbnlan+1, (IPA)2MA-1Pbnlzn+1 and [(AA)x(IPA)1-x]2MAn-1Pbnlsn+1 (n = 3 and 4) are

shown in the Appendix, Figure_Apx D.1, with negligible reflections from secondary phases to

confirm the phase-pure synthesis of the compounds.

The crystal structures of the n=3 series: AA_n3, IPA_n3, and (AA)(IPA)_n3 were solved
from SCXRD data collected at room temperature (Figure 5.1). The crystal structure of AA_n3
consists of [Phslio]* inorganic layers that are alternated with AA organic layers. The electrostatic
interactions between the organic-inorganic layers yield a three-layer perovskite structure in
which the inorganic layers stack on top of each other along the stacking axis a (Figure 5.1a).
Hence, there is no offset of the consecutive inorganic layers, along the a stacking axis with
respect to the bc plane. Along the b stacking axis with respect to the ac plane, there is an offset <
Y. Therefore, AA_n3 is a new, unique structure type, between the RP type and the Dion-
Jacobson (DJ) type. This is the first report of a monoammonium cation affording a non-RP
structure type, which is evidently due to the additional hydrogen-bonding (HB) interactions
induced from the terminal C=C, alkene group in the allylammonium cation. A comparison of the
crystal structures of AA_n3 and (PrpA)2MA2Pbsl1o (n=3), which consists of organic layers with
the saturated cation propylammonium, proves the definite effect of the terminal alkene group on
the resultant 2D perovskite structure. (PrpA)2MA2Pbzlio (n=3) adopts the RP structure with the

staggered arrangement of the successive [Pbslio]* inorganic layers (Figure 5.1a).

The crystal structure of IPA_n3 consists of [Pbslio]* inorganic layers that are alternated with
IPA organic layers, where there is an iodine atom on the second carbon of the propylammonium

skeleton (Figure 5.1). The presence and position of the iodine atom on the alkylammonium
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6--.

with two offset layers per unit cell. The ~
Yersp o 170
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inclusion of IPA also causes different levels of g’ 1659
< 1 65’
lattice distortions, reflected by the Pb-1-Pb
160
angle (Figure 5.2). The iodine atom of the IPA
155

AA Mixed IPA PrpA BA

Figure 5.2 Average axial and equatorial

instigates greater distortion of the equatorial

Pb-1-Pb angle versus the axial angle. Pb-I-Pb angles of (n=3) compounds

Therefore, the two compounds consisting of ~ (AA)2(MA)2Pbsl1g, [(AA)x(IPA)1-
x]2(MA)2Pbzl1o, (IPA)2(MA)2Pbsl1o,
(PrpA)2(MA)2Pbszlio and (BA)2(MA)2Pbsl 1.

IPA showed the biggest distortion in the
equatorial angles, but the smallest in the axial

angles.
522 Excited-State Dynamics

We measured the TA spectra of the AA/IPA series to study how their lattice structures — in
particular the inclusion of iodine atoms and double bonds in the organic spacer layers — and
distortions in these structures affect their excited-state dynamics. We acquired TA spectra on
exfoliated single crystals with a broadband probe from 1.5 to 2.4 eV after pumping the sample at
2.41 eV (0.36 eV above the bandgap). These spectra (Figure 5.3) contain both positive ESA
(blue) and negative GSB (red). The ESA features are similar among all four compounds studied
and have been attributed previously to intraband absorptions of carriers at and above the band-

edge.1* 199237, 238 Hare we focus on the energies and dynamics of the negative bleaching signals,
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which reflect the changing populations of states with energies at and below the bandgap. These

signals originate from bleaching of the bandgap exciton at 2.05 eV and two sets of sub-bandgap
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Figure 5.3 Excited-state dynamics of the n=3 allylamine 2D perovskite series with varying IPA

concentration. (Left) Transient absorption surface of IPA_n3, (AA)(IPA)_n3, AA_n3 and

BA _n3 crystals. Different levels of signal intensity are plotted as a function of probing energy
(x-axis) and delay time after excitation at 2.41 eV (y-axis). Red represents the negative bleaching
signal and blue represents the positive absorption signal. (Middle) Transient absorption spectra at
different time delays from 0 (red) to 1 ns (blue). (Right) Normalized TA signal intensity at
representative energy (each probing energy is marked using a colored line in the left and middle
column with the corresponding color). The longest decay lifetimes in picosecond (assigned to be
the carrier recombination lifetimes) were extracted using multi-exponential fits and marked near

the cuts.

states, “ladder states” at ~1.94 ¢V, and “sink states” at ~1.73 eV. PL originates from all three sets

of states (Appendix, Figure_Apx D.3).

Figure 5.3 (left two columns) shows that the bandgap bleaches peak at 2.05 eV for all four
samples, consistent with the previously reported value for n=3 perovskites®® and with the ground
state absorption spectra in the Appendix, Figure_Apx D.2. The most distinct difference between
these structures lies in the peaks below the bandgap. The intensities of the ladder state features
(1.94 eV, red lines) are 45%/37%/16%/5% of the intensities of the bandgap features (2.05 eV,
blue lines) for IPA_n3/(AA)(IPA)_n3/AA_n3/BA _n3. The intensities of the sink state features
(2.73 eV, yellow lines) are 36%/15%/0/0 of the intensities of the bandgap peaks, i.e., only IPA
structures form the sink states. Both intermediate-energy state and the deep sink state are

introduced more into the crystal structure by the inclusion of IPA than AA or BA alone.
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Figure 5.4 (a) The normalized TA signal intensity extracted at the bandgaps showing the
recombination dynamics at the bandgaps of crystals containing different cations. (b) The
correlation between the lattice distortion and recombination lifetimes. The left axis shows the
speed of the recombination and the right axis shows the average equatorial Pb-1-Pb bond angle
solved by x-ray crystallography indicating the level of distortion inside the inorganic structures.
A clear negative correlation can be observed between the level of distortion and the speed of

recombination, suggesting the direct effect of lattice distortion on excited-state dynamics.

Figure 5.3 (right column) shows the normalized intensity of the bleaching signals as a
function of the delay time at the three peak energies (bandgap, ladder, and sink), and Figure 5.4a
compiles the dynamics of the bandgap states of all four samples. Multi-exponential fits were
applied to the kinetic trace for each state, and the components corresponding to decays were
averaged (weighted by their amplitudes) to determine the average recombination lifetime for
each type of state within each type of sample; these lifetimes are written adjacent to the
corresponding kinetic trace. The two crystals containing IPA both show energy flow from

bandgap states to ladder states to sink states with similar dynamics. The average lifetime of the
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bandgap states in IPA-containing crystals (blue) is t~20 ps, and the sink states have a ~100-ps

lifetime, which is even longer than the bandgap recombination lifetime of BA crystals with many
fewer below-bandgap traps. The bandgap states of the BA sample (black) depopulate more
slowly (t~70 ps) and plateau at 1 ps, probably because of the absence of a sink state and the low
concentration of the shallow traps (ladder). The bandgap states of AA crystals show two distinct
regimes of population decay, dynamics that resemble those of IPA before 2 ps and dynamics that
resemble those of BA after 20 ps. We suspect that bandgap excitons are first drained by the

ladder state, but without the sink state, the shallow ladder states quickly get saturated.

We can relate the presence of the sink states to the lattice distortion caused by IPA, Figure
5.4b. This figure is a plot of both the average recombination rate of the bandedge exciton and the
average bond angle of equatorial Pb-1-Pb bonds, vs. IPA concentration. The smaller the Pb-I-Pb
bond angle, the greater the lattice is distorted from the strain-free inorganic cage in BA. The
lifetime of the band-edge state decreases with increasing lattice distortion, and the biggest
change in both the lifetime and the bond angle occurs when the IPA is added to the lattice. The
inclusion of AA causes the greatest change in the stacking geometry but does not appear to

influence the exciton dynamics.

One explanation for the relatively long lifetime of excitons in the sink states is that these
states have spatially separated electrons and holes, such that charge recombination (including
radiative recombination) is suppressed;?3 this explanation, where electrons are attracted to
neutral Pb vacancies, has been proposed previously, but not proven, for BA perovskites. In the

IPA samples, the iodine might serve as a site for the localization of the holes.
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5.3 Conclusion

We present the successful synthesis and characterization of three new homologous series of
(100) lead iodide perovskites: (AA)2MAn-1Pbnlzn+1, [(AA)x(IPA)1x]2MAnK-1Pbnl3n+1 and
(IPA)2MAn-1Pbnlzn+1 (n=3-4), which incorporate the bifunctional organic molecules of AA and
IPA. (AA)2MA2PDbsl1o has a unique structure type with an offset (0, < %2) and is the first example
of halide perovskite with a monoammonium spacer cation that deviates from the classic RP
structure type. (IPA)2MA2Pbsl1o and the alloyed [(AA)x(IPA)1x]2MA2Pbsl1o crystallize in the RP
structure with big distortions in the equatorial Pb-1-Pb angles. The excited-state dynamics were
investigated by TA spectroscopy, where the formation of a long-lived (~100 ps) trap state
ensemble with broad white-light emission was distinguished to be related to the lattice
distortions induced by the incorporation of the IPA cations. The exploration on synthesis,
optoelectronic properties, and carrier dynamics of the novel compounds reported here provides
novel insights on the predictive synthesis of multilayer halide perovskites with fascinating

photophysical behavior.
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Appendices

APPENDIX A Appendix to CHAPTER 2

A.1  Materials and Methods

Al1l Perovskite Film Fabrication and Characterization

A 0.3 M stock solution of CH3NH3sPbls was prepared using CH3NH3sPblz powders, formed by
precipitation from an aqueous HI solution. The powder was dissolved in anhydrous DMF
(99.8%) at 100 °C for 20 minutes to ensure complete dissolution. The solution was cooled to
70 °C and filtered through a 0.45 um nylon filter. A small amount of HI (57 wt% in water) was
added to the precursor CH3NH3Pblz solution (8% vol/vol) in air just before use to avoid the
oxidation of iodide. A perovskite layer was fabricated by spin-coating the as-prepared solution

on a No 1.5 glass coverslip at 2,000 r.p.m. for 30 s, followed by annealing at 100 °C for 10 min.!

The thickness of the film is uniform and within 100 nm, characterized using cross-sectional
SEM. EDS is performed across the film with points selected on the grain boundaries and
interiors (Six representative data points showed in Figure_Apx A.1). A Pb/I ratio very close to
3/1 is observed on different morphologies which proves our claim that the HI additive is only

controlling the morphologies but brings no changes in chemical composition.

The reason why we designed this “island-shaped” films instead of using continuous film is
that this is the only way we can study as many morphologies as possible and perform statistical
analysis with a large sample size, within a relatively small ROI. The HI additives are the only

way we found that could control the grain size without introducing other impurities, as I" is part
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of the CH3NHz3PDblz lattice. In the context of a microscopic study on GBs, we want to make sure

no other ions are introduced into the system. There are other additives reported to control the
grain sizes but there is no strong evidence from microscopic study to prove that these additives
did not get into the GBs or concentrated at edges. That is the reason why this grain-size control

method was ultimately chosen.

CH3NH3Pbls film fabricated with 0% of HI in the precursor solution were also studied as a

control experiment with different morphology (Appendix A.2.2, Figure_Apx A.12).

A.l.2 Correlated SEM

The CH3NH3Pblz perovskite film studied here was deposited on marked glass coverslip
(Corning, No 1.5 cover glass). Optical images (Figure_Apx A.2b, e) were first taken along with
the TA measurement, and further calibrated using probe transmission map (Figure_Apx A.6c).
The SEM images of same regions (Figure_Apx A.2a, c, d, f) were later taken on Hitachi S-4800
SEM (NUANCE, Northwestern University) at 5 kV, with 6 nm Au/Pd coating (Denton Desk 1V,
NUANCE, Northwestern University). More high-resolution SEM images of perovskite particles
on the films of same chemical composition are also included showing the two different

morphologies within one particle (Figure_Apx A.2g-i).

A.l3 Fitting Methods: Band-Filling Model

The model was constructed based on parabolic-band hypothesis and the band-filling effect.

The change in absorption is given by
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1
AA = A(E;E; — AE,) | 1 - —5| A(E; Ey) (A.1)
1+ e ksT

Where A (E; E;) and A (E; E; — AE,) represents the absorption before and after the shift of
the bandgap. The Fermi distribution function represents the carrier distribution characterized by
the quasi-Fermi energy, Er, and the quasi-temperature, T. This equation only holds true when the

effective masses of electrons and holes are similar, as is the case in CH3NHzPbls. 2°

The fit is more weighted within 1 eV above the bandgap (1.59-1.73 eV), where the parabolic
model should hold well,® compared to the high-energy range. R-square values at different times
are mapped in Figure_Apx A.8. Only points with an r-square value higher than 0.995 are later
used (for the “line scans” done in the air, we used 0.9 due to the small sample size). The fitting
algorithm used is the “Isqnonlin” function in MATLAB. The “fit” function was also tried and
gave out same results. Unweighted fit was also performed, and the sub-bandgap state was still

present.
Al4 Fitting Methods: Temperature Cooling Curve

A single-exponential fit of each temperature-time curve gives the cooling rate. Results with a
confidence level over 0.9 are later used (for the “line scans” done in the air, we used 0.6 due to
the small sample size). This is the way to extract the cooling rate plotted in Figure 2.4 in the
main text. A single-exponential fit of sub-bandgap state intensity as a function of time is

performed to extract the population lifetime.
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A LO phonon emission model was used to fit the temperature cooling curve as well, where

the energy loss rate is dominated by the LO phonon-carrier scattering. A well-accepted equation
considering both carrier energy dissipated via phonon emission and gained by the thermal

excitation is used:’

dU, _ 3kydT, _ hzmo( kLo f””“’) (A2)

e kpTe —e kpTy,
dt 2dt Tave

where Te is the carrier temperature, Ty is the lattice temperature, o is the frequency of LO
phonons, and tave is the lifetime of LO phonons. Because of the complexity of the system, tave IS
generally used as a time constant for the energy loss via phono-emission and represents the
intensity of phonon-bottleneck effect. In other words, the bigger tave is, the longer it takes for
energy to dissipate through the LO phonon scattering channel, the stronger the phonon-

bottleneck effect is.

The fitting result is plotted in Figure_Apx A.7. Clearly, the phonon-bottle effect is more
severe in Gls compared to GBs, which further proved our hypothesis in the main text that the
strain on phonons are relieved in GBs, indicating the existence of other pathways. The value of
Tave alSO agrees well with what were reported in the same system at similar carrier density.? We
tried to add more kinetics as was did in ref [®] equation (7), but the fitting quality is already good
enough with the simple phonon-scattering model and adding more kinetics only causes over

fitting.
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To summarize, the two fitting methods give us a similar result, which is the carrier cooling

rate is faster in GBs compared to Gls. The phonon-scattering model also suggests that the
dominant effect in Gls is still the LO phonon-scattering effect. To avoid confusion, we only used
the rate extracted from the single exponential decay in the main text, and we left the scattering
model here as supplementary information. If further research with better time resolution is done,
it is recommended to use the scattering model where more kinetic equations could be added

directly.
Differential equations are solved using the “ode45” solver in MATLAB.
Al5 Initial Carrier Density

The overall initial carrier density was estimated to be 8.38 x 10%° cm™ using the following
equation:
n =L(1—R—T)a (A.3)
ex hv
where j is the input pump power density calculated using the input power and beam size, R
and T are the reflectivity and transmittance at the pump wavelength, hzis the energy of a pump
photon, and « is the absorption coefficient. The values of R, T, and « in ref? are used for the

estimation.

Due to the difficulty of collecting overall reflectance and transmission within the microscope

setup, to get the carrier density map, we calculate the initial carrier density at every point given

by
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n= f Electronic density of states X Fermi-Dirac distribution dE  (A.4)
E

c

N|w

* 2 2m; 1
n:L W(h_ze) ‘,E_ECX—E—Ede (A5)

1+ e ksT

A common way to deal with the integration in the equation above is to approximate the
Fermi—Dirac distribution for energies 3k»T away from Er by a Maxwell-Boltzmann distribution.
However, this condition does not hold well in perovskite systems, but is still wildly used.
Herein, we used the Joyce—Dixon approximation which provided an analytical solution to the
Fermi integration.® The parameters extracted at 100 fs from the band-filling model were used to
calculate the initial carrier density. The results are shown in Figure 2.1. Note that we used the
static bandgap value instead of the shifted one to represent E¢ in the equation to better simulate
the initial condition. It causes a possible loss in the density as the population below the static
bandgap is not counted, but the values are still within the same order of magnitude (10*° cm) as

the value calculated using pump power.

Also, the carrier density is insufficient for complete band-filling. More details could be found
in the Fig. S7 of ref'®. The power used here corresponds to 0.6 pW in that figure, which falls into
the regime dominated by bimolecular recombination, with no obvious high-order process

present.

A.1.6 Statistical Analysis (Linear Correlation)
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A statistical analysis on different properties were performed. The Pearson’s linear correlation

coefficient was calculated using the "corr” function in MATLAB, which returns the p-value for
testing the null hypothesis of no correlation. When the returned p-value is less than the
significance level of 0.05, it indicates rejection of the hypothesis that no correlation exists
between the two columns, in other words, it supports that there is a correlation between the two
datasets put in. A sample size N is reported in the bracket. In total 806 pixels are scanned and
only the 452 pixels within the particle is considered. Also, pixels with bad fit are discarded (see

details about fitting in section A.1.3 and A.1.4). That is why the N value fluctuates below 452.

Apart from the median value reported in the main text, a mean value and accompanied
standard deviation are also reported (see section A.3). The mean and median values are generally
close to each other. The reason why median value is displayed in the main text is that it better
shows the properties of the bi-modal distributions compared to mean and standard deviation

which assumes a normal distribution.

It is also worthwhile to mention the changing trend of p-values as a function of time. The p-
value basically went high at 0.9 ps and low at 2.0 ps (according value in section A.3). We think
this is because at 2.0 ps, most carriers already cooled down to the room temperature, which
means the cooling process is over and its connection to sub-bandgap state or phonons are cut off.
What we are taking is a snapshot of mixture of cooled carriers and carriers still under the cooling
processes, with the cooled carriers which already lost connection to the cooling process, the

overall correlation seems weaker.

A.l7 Statistical Tests (Statistical Significance)



150
We chose not to read too much into the means and standard deviations and used median

because the distributions of these properties diverge too far away from normal distributions, and
in fact, they are more like bimodal distributions and will be inaccurate to describe using
parametric statistics, which is statistics based on parameters extracted from the normal
distribution, like means, standard deviations, and the tests based on that. The basic assumption to
use parametric statistics is that the data studied follow normal distribution, which is not the case

here.

However, it is realized that reporting median values only may not be convincing enough in
such broad distributions and a further careful analysis is required to prove that the difference
between the GB and Gl is statistically significant. In fact, the mean and standard deviation will
only give an idea of what the distribution is like and is not enough to prove that the difference is
statistically significant and not caused by measurement error. T-test (parametric, based on mean
and standard deviation) and Kolmogorov—Smirnov test (KS-test, non-parametric) are used to

prove the differences between GB and Gl are significant.

The t-test is most widely used to determine if the mean values of two datasets are
significantly different. It returns a decision for the null hypothesis that the data in two datasets
from normal distributions with equal means, with the alternative hypothesis that the data come
from populations with unequal means.* We used this test to justify that the mean values of
certain parameter which forms a distribution close to a normal distribution, like sub-bandgap

state intensity and Fermi energy, coming from GB and Gl are significantly different.
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The KS test is mostly used in nonparametric statistics to determine if the two distributions

tested are significantly different. 1213 We think it is more valid here, compared to the t-test
especially for the properties, like the quasi-temperature and the cooling rate which show a bi-
modal distribution. The KS test returns a decision for the null hypothesis that the data in two
datasets are from the same continuous contribution, with the alternative hypothesis being that the

two datasets are from different continuous distribution.

For both tests, a 5% significance level was used.

A.2  Supplementary Experiments and Discussion

A2l Discussion on Carrier Density and Depth of the Sub-Bandgap States Extracted from

the Band-Filling Model

The real-time carrier density is calculated using the integration of time-resolved TA spectra,
as the time-dependent absorption spectra could be used to present the product of the joint density
of states and the carrier distribution function along the spectral axis. The carrier density maps are
shown in Figure_Apx A.3, which are relatively uniform across the whole particle compared to
other properties, indicating no increase in bimolecular recombination at the GBs. This aligns
well with previous reports on the benign nature of GBs in perovskites. The relatively lower
carrier density/weaker TA intensity in the right part of the particle may be explained by the

reabsorption from thicker perovskite planks (see PL and absorption maps in Figure_Apx A.6).

Sub-bandgap absorption is also observed in Gls close to the edge of the particle, but similar

changes in the Fermi-energy level and carrier cooling dynamics are not observed. To distinguish
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the GB states from these edge states, the position of the sub-bandgap peak is studied. As is

shown in Figure_Apx A.3b, GB states mainly appear ~75 meV below the shifted bandgap
(~1.65 eV, caused by band-filling effect casted by band edge carriers, maps available in
Figure_Apx A.9). Such states are precisely identified by integrating at the depth of 75 meV
(Figure_Apx A.3c). Note that the number 75 meV used here is referenced to the shifted bandgap
extracted from the band-filling model (which causes new states forming below the static
bandgap, and is a better reference considering the dynamic picture). A slight positive correlation
between the depth of the sub-bandgap state and the population lifetime is also observed

(Figure_Apx A.10), indicating a slower population rate at GB states compared to edge states.

A22 Discussion on Small Crystallites Region and Measurement on 0%-HI Film

The small crystallites (sGI) in the center of the particle is more difficult to characterize than
either GB or Gl because it consists of both grain boundaries and much smaller grain interiors.
We showed the TA spectra of the center point of sGI (Figure_Apx A.11). No obvious change in
the bandgap or hot carrier dynamics are observed. A minimal amount sub-bandgap bleaching
can be observed, likely because the spatial resolution is such that GBs are present to some degree
in the measurement (see also the map in Figure 2d in the main text). Nor are these points
associated with an increase in the Fermi energy. It suggests that the GBs in the sGI might not
behave the same way as the ones in-between big grains. The reason may be that the sGI and the
Gl regions are formed in two different stages in the synthesis processes. In one paper our
collaborator recently published, they pointed out that during the synthesis, a DMF-related
intermediate was the cause of quick formation of CHsNHsPbls.!* Our hypothesis is that in the

synthesis of the particle used in this chapter, the sGl is first formed through this DMF-related
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pathway, and the formation of this intermediate is quickly suppressed by 8% HI, allowing

CH3sNH3Pblz growing in a slower and more ordered way. So, in principle the two regions form
under different mechanisms. Therefore, it is inappropriate to compare the GBs formed by two
different mechanisms, and we focused more on the GBs formed under controlled growth
conditions which are the ones between big grains in this study. It explains why in the sGl, where

GBs are concentrated, not much sub-bandgap state population was observed.

To further prove the hypothesis that not all GBs are the same, we fabricated films with 0%
HI in the precursor solution, which went through the DMF-intermediate pathway mentioned
above. This film behaved pretty similar to the sGI region. The bandgap and the hot carrier
features remain the same. We applied the same fitting and no strong sub-bandgap bleaching was
observed. The intensity of the sub-bandgap state is very weak compared to the 8%-HI film and
cannot be correlated to the GBs or edges. The vertical black lines in Figure_Apx A.12e,f marked
the location where there should be significant morphology change but still, no obvious signal
from sub-bandgap state can be observed. We think the 0% film is a completely different system
considering the small grain size, which is likely formed through a fast pathway assisted by DMF-
intermediates.* Heterogeneity across the film was observed and reflected in the change of the
bandgap bleaching signal, but has nothing to do with the sub-bandgap state we reported in this

thesis.

A.23 Correlated SEM-TAM on Another Particle (Particle 2)

The same data analysis was performed on another particle on a film prepared using the same

method. Similar trends are observed (Figure_Apx A.4). The GBs show stronger absorption in the
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sub-bandgap state, elevated Fermi-level, and faster temperature relaxation. Sub-bandgap

absorption is also observed at particle edges, but is later well separated from the GB sub-bandgap

absorption using the depth of sub-bandgap state as well.

A clear link between the carrier temperature and the distribution of the sub-bandgap state was
observed from the scatter plots and the histograms (Figure_Apx A.5). The positive correlation
between sub-bandgap state intensity and temperature cooling rate also preserves. The bi-peak
distribution is not as clear though. This is because this particle is relatively smaller the sub-

ensemble effect is playing a more important role.

The results for statistical tests were not as satisfying, which is caused by the small sample
size (~200) and the worse sub-ensemble effect. For the particle in the main text, even though
some properties showed a clear bimodal distribution, the difference can still be proved to be
statistically significant using t-tests due to the relatively large sample size. For this smaller
particle, the bi-modal distribution is playing a more important role. For instance, in Figure_Apx
A.5c, the difference in distribution is very clear at 0.9 and 2.0 ps, but still did not pass the t-test.
We consider this a vivid example of parametric statistics failing at non-normal distribution, and
since the KS-test still prove that the difference between distributions is significant, our initial

conclusion is still supported.

It is also worthwhile to point out the assignment of GB and Gl is based on manually tracing
the SEM image, which comes with unavoidable error. With the sub-ensemble blurring the
difference within such a small particle, the difference between GB and GI might be as strong.

We still recommend paying more attention to the p value from Pearson’s linear correlation which
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suggest whether the correlation in the two values is strong, since the assignment of GI and GB

points might not be accurate, the correlation between properties is certain.

A.2.4 Correlated SEM-TAM on Other Particles in Air

The same measurement was performed on other particles on a film prepared using the same
method but in air (without nitrogen protection). Similar trends are observed. The GBs show
stronger absorption in the sub-bandgap state, elevated Fermi-level, and faster temperature
relaxation, which agrees with our original hypothesis that this is a unique stated formed at the
GBs and will not be affected by the environment. The results are shown below in Figure_Apx
A.13. We applied the same fitting procedure and extracted the three important parameters, the
sub-bandgap state intensity, the quasi-Fermi energy and the temperature cooling rate. The
vertical black lines marked positions where GBs were scanned across and we saw clear positive
correlations between GBs and the sub-bandgap state. The change in Fermi energy is hard to see
here because that is change in only tens of meV, but the correlation between the sub-bandgap
state and the accelerated cooling is very clear. The results suggest that the sub-bandgap state
behaves similarly in air and nitrogen environments and accelerated the carrier cooling, with
probably the same mechanism. It is also evident that this state should be considered something

intrinsic about the material.

We tried to do a large area mapping but experienced sample damage after finishing ~80% of
the measurement, which we never saw while taking the scan in N2 protected environment. A
clear evidence of sample damage is the newly-formed thread-like structure shown in the

correlated SEM (Figure_Apx A.14), which we never saw in pristine or No-protected sample
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(Figure_Apx A.2). We guess it is the newly formed Pbl> as it is reported that the reaction of

perovskite with water and oxygen in the air is considered to be one of the main reasons why

perovskite decays really fast under ambient conditions. 1> 1°
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Temp Median Mean Std.
Gl GB Gl GB Gl GB
0.2 950 919 954 917 116 126
0.9 424 397 421 397 205 85
2.0 339 308 357 330 153 44
Median Mean Std.
g B Gl B Gl GB
0.2 0.71 0.58 0.70 0.59 0.41 0.37
0.9 141 1.67 1.46 1.67 0.81 0.75
2.0 1.46 1.76 1.55 1.74 0.79 0.78]
ef Median Mean Std.
Gl GB Gl GB Gl GB
0.2 1.627 1.635 1.631 1.636 0.017 0.016
0.9 1.649 1.654 1.645 1.651 0.015 0.012
2.0 1.651 1.659 1.647 1.655 0.014 0.012
Median Mean Std.
g B Gl B Gl GB
0.2 0.70 0.58 0.71 0.61 0.41 0.42
0.9 1.41 1.67 1.47 1.67 0.80 0.75
2.0 1.46 1.76 1.55 1.74 0.79 0.78]

b
Median Mean Std.
rate
GB Gl GB Gl GB
avg. 2.58E+00 2.80E+00 2.80E+00 2.87E+00 1.06E+00 8.04E-01
Median Mean Std.
dT,
dT/Tmean B Gl B Gl B
avg. 1.50 1.69 1.53 1.70 0.77 0.74]
d
Median Mean Std.
rate
GB Gl GB Gl GB
avg. 2.53E+00 2.73E+00 2.78E+00 2.85E+00 1.06E+00 8.00E-01
Median Mean Std.
Ef mean
GB Gl GB Gl GB
avg. 1.648 1.656 1.646 1.653 0.014 0.011
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Figure_Apx A.1 EDS analysis performed across the whole CHsNH3sPblz film.
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Figure_Apx A.2 Particle 1 (in main text): (a) SEM image of the perovskite film. (b) Correlated
optical image of the same region. The bright spot corresponds to the diffraction pattern of the
pump beam. (c) Untilted high-resolution SEM image of the particle. Particle 2: (d) SEM image
of the perovskite film. (e) Correlated optical image of the same region. (f) Untilted high-
resolution SEM image of the particle. (g—1) Untilted high-resolution SEM images of other
particles on films of same chemical composition, showing two kinds of dominant morphologies.

Scale bar: 1 um.
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Figure_Apx A.3 (a) Carrier density map within probe range, represented by spectrally integrated
TA intensity. (b) Depth of the sub-bandgap state at 2.0 ps, represented by the energy difference
between shifted bandgap and the peaking position of the sub-bandgap peak. (c) Integrated sub-
bandgap peak intensity at the depth of 75 £ 7.5 meV at 2.0 ps. Scale bar: 1 pum.



Figure_Apx A.4 (a) SEM image of the perovskite particle. (b) Tracing results from SEM image.
Red region: inner circle which mainly contains GBs along with GBs in the outer ring. Blue
region: Gls in the outer ring. (c) Depth of the sub-bandgap state represented by the energy
difference between shifted bandgap and the peaking position of the sub-bandgap peak. (d)
Integrated sub-bandgap peak intensity at the depth of 75 + 7.5 meV. (e) Temperature map (f)
Intensity of the sub-bandgap state map represented by integrated fit residue (1.570 = 0.015 eV).
(9) Quasi-Fermi energy map. (h) Carrier density map within probe range, represented by

spectrally integrated TA intensity. Scale bar: 1 um.
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Figure_Apx A.5 Two-dimensional scatter plots of sub-bandgap state intensity and (a) carrier
temperature and (c) quasi-Fermi energy at different delay times. Two-dimensional scatter plots
of carrier cooling rate and temporally averaged (b) sub-bandgap state intensity and (d) quasi-
Fermi energy from 0.9 to 2.0 ps. Contour lines of 25% and 50% probability are marked. The
vertical lines show the positions of median values in the histograms, with the value marked
nearside. The stars show the mean. The testing results for the t-test and KS-test are marked near
each set of histograms. The results for Pearson’s linear correlation test are marked on each

scatter plot.
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Pr Trans
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Figure_Apx A.6 Particle 1: (1.a) SEM (I.b) PL map at 1.63 eV (l.c) White-light probe
transmission map at 1.63 eV. Particle 2: (11.a) SEM (l1.b) PL map at 1.63 eV (Il.c) White-light
probe transmission map at 1.63 eV.
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Figure_Apx A.8 R-square value maps of the band-filling model for (a) particle 1, (b) particle 2.
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Figure_Apx A.9 Shifted bandgap maps extracted from the band-filling model of (a) particle 1,

(b) particle 2. Unit: eV.
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Figure_Apx A.10 Two-dimensional scatter plots
of sub-bandgap state depth at 2.0 ps and sub-
bandgap state population lifetime of (a) particle
1(integrated within 1.570 £ 0.015 eV), (b)
particle 2 (integrated within 1.565 + 0.015 eV).

Triangles show the positions of median values.
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Figure_Apx A.11 (a) TA surface and (b) TA
spectra with fits (black solid curves) at different
pump-probe delays at the center position in sGlI

region.
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Figure_Apx A.12 Spatially averaged (a) TA
surface (with arcsinh-scaled colormap to show
small changes below the bandgap) and (b) TA
spectra with different pump-probe delays. (c,d)
SEM image of the 0%-HI CH3NH3Pblz film,
overlaid with the line scanned (black arrows)
and the sub-bandgap state intensity (orange
curves). (e,f) TA signal intensity: blue dashed
line: averaged at bandgap, 1.650 £ 0.015 eV, to
show the local morphology of the film, orange
line: sub-bandgap state intensity integrated at
1.570 £ 0.015eV.
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Figure_Apx A.13 (a,c,e,g) SEM images of the CH3NH3Pbls particles studied overlaid with the
line scanned (black arrows) and the sub-bandgap state intensity (orange curves). The positions
where the scanned line crosses GBs are marked with black short lines. (b,d,f,h) TA signal
intensity: blue dashed line: averaged at bandgap, 1.650 £ 0.015 eV, to show the outline of the
particle, orange line: sub-bandgap state intensity integrated at 1.570 £ 0.015 eV; Quasi-Fermi
energy: dark blue curve; Temperature cooling rate: blue shaded curve.
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Figure_Apx A.14 SEM images of CH3sNHz3Pbls particles damaged in the scan in open air.
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APPENDIX B Appendix to CHAPTER 3

B.1  Supplementary Figures

peak
VPSS

Figure_Apx B.1 Performance test of the VPSS method compared to the GT and PP method at
different noise levels. Top: 5% Gaussian noise; bottom: 10% Gaussian noise. (a) Peak position of
DASL. (b) Peak position of DAS2. (c) Peak position of DAS3. (d) Amplitude of DASL. (e)
Amplitude of DAS2. (f) Amplitude of DAS3.
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a) DAS1peak b) DAS2peak , (c) DAS3peak
- ¥ f - "
A & v o0s & 005 4 A {oos

Figure_Apx B.2 Cuts along x and y axes across DAS amplitude and peak position maps
calculated using VPSS (black star) and PP (blue triangle) compared to the GT (red line). The
dashed curve plotted on the right axes show the difference between the fitting results and the GT.
row:4.2 mm, column: 3.0 mm. (a) Peak position of DASL. (b) Peak position of DAS2. (c) Peak
position of DAS3. (d) Amplitude of DASL. (¢) Amplitude of DAS2. (f) Amplitude of DASS3.



Figure_Apx B.3 Correlated SEM-TAM and DAS. (a) SEM. (b) Peak position of DAS1. (c) Peak
position of DAS2. (d) Peak position of DAS3. (e) Spectrally averaged TAM map. (f) Amplitude
of DASL. (g) Amplitude of DAS2. (h) Amplitude of DAS3.
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1=100, 1=100, 1=1000
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Figure_Apx B.4 DAS amplitude and peak position maps calculated using VPSS with different
subsampling interval | = 10, 100 and 1000 (used in the main text). (a) The peak position of
DAS1; (b) The peak position of DAS2; (c) The peak position of DAS3; (d) The amplitude of
DASI; (e) The amplitude of DAS2; (f) The amplitude of DAS3.
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calculated using VPSS (black star) and PP (blue triangle). The blue dashed curve plotted on the

right axes show the difference between the results calculated using the two methods. row:4.2

mm, column: 3.0 mm. (a) The peak position of DAS1; (b) The peak position of DAS2; (c) The
peak position of DAS3; (d) The amplitude of DASL; (e) The amplitude DAS2; (f) The amplitude

of DASS3.
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Figure_Apx B.6 Lifetime ratio between PP and
VPSS. (a) DAS 1; (b) DAS 2.



Figure_Apx B.7 SEM of the DMF-cast
CH3sNH3Pbl3 film. It shows the morphology in

the region the measurement was taken but is not
directly correlated like the SEM for perovskite

islands.
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(a) Pixel8 ><1104 (b) ><1104 (c) Spati map %104
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Figure_Apx B.8 PP fit in VM. (a) Phonon oscillation map of DMF-casted CH3NH3Pbls films at
pixel 8. X-axis: phonon mode, y-axis: probe energy. (b) The same phonon map with the low-
frequency range enlarged. (c) A spatial map of the spectrally averaged phonon oscillation. X-
axis: phonon mode, y-axis: different pixel on the film (16 pixels from a 4-by-4 raster scan,

1.25 mm resolution). (d) Phonon spectra at 1.609 eV. (e) Phonon spectra at 1.570 eV (f)
Population Fitting residue at 1.609 eV. (g) Population Fitting residue at 1.570 eV. The red curve
shows the region picked to perform the damped sinusoid fitting. The black dashed line shows the

damped sinusoid fitting results.
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Figure_Apx B.9 VPSS and PP fit in IVM. (a) Phonon oscillation map of DMF-casted

CH3sNHsPbl3 films at pixel 13. X-axis: phonon mode, y-axis: probe energy. (b) The same phonon
map with the low-frequency range enlarged. (c) A spatial map of the spectrally averaged phonon
oscillation. X-axis: phonon mode, y-axis: different pixel on the film (16 pixels from a 4-by-4
raster scan, 1.25 mm resolution). (d) Phonon spectra at 1.609 eV. (e) Phonon spectra at 1.570 eV
(F) Population Fitting residue at 1.609 eV. (g) Population Fitting residue at 1.609 eV. The red
curve shows the region picked to do the damped sinusoid fitting. The black dashed line shows

the damped sinusoid fitting results.
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APPENDIX C Appendix to CHAPTER 4

C1 Methods

All chemicals and regents were purchased from Sigma-Aldrich and used as received unless

noted otherwise.

C.11 Growth of (BA)2(EAMA1)2Pbsl1o Single Crystals and *H NMR Measurements

The crystals were grown from concentrated hydroiodic acid using previously reported off-
stoichiometry protocol.l” 18 Specifically, to grow (BA)2(EA)2Pbslio single crystals, powders of
Pbl> (1380 mg), EAI (346 mg), and BAI (175 mg) were dissolved in 4.5 mL of HI solution (57
wt % in H20) and 0.5 mL of H3PO: in a vial. Note that the solution was heated to 120 °C on a
hot plate to completely dissolve all the solids. The solution was kept on a hot plate until ~1/3 of
the solution had evaporated. Red rectangular plate-like crystals precipitated during cooling to
room temperature. To grow (BA)2(MA)2Pbzlo single crystals, powders of Pbl> (1380 mg), MAI
(318 mg), and BAI (175 mg) were dissolved in 4.5 mL of HI solution (57 wt % in H,O) and 0.5
mL of HaPO- in a vial. The solution was heated to 120 °C on a hot plate to completely dissolve
all the solids. The solution sited undisturbed at room temperature for several hours to yield red-
black flake-like single crystals. Similar, the precursor solutions for (BA)2(EA)2Pbslioand
(BA)2(MA)2Pbslio were mixed at volumetric ratios of 1:2, 1:1, and 2:1 to grow mixed cation
alloys. 'H-NMR spectra were measured on the dissolved crystals with Bruker Avance Il

600 MHz system with BBI probe.

C.l2 Exfoliated Crystal Preparation
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Samples for the TAM measurements were prepared by mechanical exfoliation. Plate-like

single crystals were picked and were put on a clear scotch one-sided tape, on top of which
another clean area of the tape was folded. Parts of the crystals were detached from the crystals
for further exfoliation, exposing fresh cleaved layers, and the rest of the crystals remained on the
tape. This process was repeated for several times to obtain optically thin 2D perovskite sheets
(see Figure S11 for an optical image). The exfoliated crystals were then transferred on to a piece
of coverslip by pressing the tape on top of the coverslip. After that, a protective layer of poly
(methyl methacrylate) (Mw ~ 120000 by GPC, PMMA) was deposited on the coverslip by spin-
coating a solution containing 4 wt% PMMA in chlorobenzene at 3000 rpm for 30 s. The samples
were sealed by another coverslip using parafilm as a spacer on a hot plate (100 °C) in the

ambient air.

C.13 Single Crystal Structure Determination

Single-crystal X-ray diffraction experiments were performed using a STOE IPDS Il or IPDS
2T diffractometer with Mo Ka radiation (A = 0.71073 A) and operating at 50 kV and 40 mA.
Integration and numerical absorption corrections were performed using the X-AREA, X-RED,
and X-SHAPE programs. The structures were solved by charge flipping and refined by full-

matrix least-squares on F? using the Jana 2006 package.

Cl4 Photoluminescence Spectrum

Steady-state PL spectra of single crystals were collected using HORIBA LabRAM HR

Evolution confocal Raman microscope with 532 nm laser excitation. The crystals were
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exfoliated by scotch tape once to expose fresh surface, and same excitation power density was

used for all the measurements.

C.15 DFT Calculations

The calculations were performed within the DFT® 2% a5 implemented in SIESTA package?!
with a basis set of finite-range of numerical atomic orbitals. We used the Generalized Gradient
Approximation (GGA) with PBE functional to describe the exchange-correlation term, and
norm-conserving Troullier-Martins pseudopotentials were used for each atomic species to
account for the core electrons.?? 1s!, 2s22p?, 2s22p®, 5s25p° and 5d'°6s26p> were used as valence
electrons for H, C, N, I, and Pb respectively. Polarized Double-Zeta (DZP) basis set with an
energy shift of 50 meV and a Mesh cutoff 200 Rydberg were used for the calculations. The
Brillouin zone was sampled with 2x2x6 and 4x4x1 Monckhorst-Pack grids for the primitive
cells and slab systems, respectively. The electronic and dielectric properties were calculated with
the experimental lattice parameters, and atomic coordinates were transformed to their primitive
cells whenever applicable. SOC was taken into account in the calculation of the electronic
properties, although it was not considered in the high-frequency dielectric constant
computations. For the high-frequency dielectric constant profiles, the (010) surface of
(BA)2(MA)2Pbsl1o was considered. For technical reasons, the surface was rotated such that the
stacking corresponds to the z-axis. Slabs based on the respective systems were constructed and
an electric field of 0.01 eV/A was applied along the [001] direction with the relaxation of the

sole electron density as described elsewhere.?3 24
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Additional TB-mBJ calculations were done with the ABINIT code.?® The relativistic, norm

conserving, separable, dual-space Gaussian-type pseudopotentials of Hartwigsen, Goedecker,
and Hutter were used for all atoms.?® More specifically, we considered 6st, 5s?5p? and 6s26p? as
valence electrons for Cs I, and Pb, respectively. TB-mBJ in ABINIT was invoked from the
library of exchange-correlation functionals Libxc.2” We used optimized pseudopotential TB-mBJ
(ppTB-mBJ) parameters a = 0.65 and = 1.023 for hybrid perovskites within pseudopotential

implementation of DFT as detailed elsewhere.?® All the calculations take SOC into account.

C.16 Transient Absorption Microscopy

The block diagram of the home-built TAM is shown in Figure_Apx C.13 and our previous
paper.2® Briefly, the fundamental 1030-nm beam was generated from an Yb:KGW amplifier
system (Light Conversion, PHAROS) operating at 200 kHz with a pulse duration of 190 fs. The
beam was split into pump and probe arms. The pump was focused into a BBO crystal to produce
second harmonic generation light centered at 515 nm. The pump was then delayed relative to the
probe with a high resolution motorized linear stage (Aerotech). White-light probe (1.74-2.28 eV)
was generated by focusing the fundamental beam into a YAG crystal and then compressed with a
pair of chirped mirrors (LayerTec). Both beams were recombined and focused collinearly onto
the sample with a 74x reflective objective (NA 0.65, Beck). The beam spot size was ~0.6 pm.
The sample was taped on a piezo-driven XYZ stage with a resolution of 0.2 um
(PiezosystemJena, Newport XPS). The signal was collected using a 100x refractive objective
(NA 0.70, Leica), spatially filtered through a 300-um pinhole, and then spectrally dispersed in a
spectrometer (Horiba, IHR-320). The TA signal was detected using a high-speed CCD camera

(Andor, Ixon Ultra 897). Linear absorption of probe and PL maps were measured within the
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same setup. The results shown in the main text are the average of about 10-15 exfoliated flakes

on each sample at an excitation power of 450 nW. The decay associated spectra (DAS) was
obtained by globally fit the entire TA dataset. Multiple-exponential fit was performed at each
wavelength to extract the lifetimes of the DASs. The fitting algorithm used was the “fminuit”

package in MATLAB. A “seek” step was added to avoid convergence at the local minimum.
C.2  Supplementary Discussion

Here we discuss our understanding of the origin of the different spatial localization of holes

and electrons in BA>2MA2Pbzlig and BA2EALPD3l 1.
C.21 Localization of (BA)2(MA)2Pbsl1o

In (BA)2(MA)2Pbsl1o, the inner layer has the shortest Pb-1 bond lengths and the smallest
octahedral tilt angles (see Figure_Apx C.1 and Table_Apx C.1).% In addition, the octahedra are
almost perfect with identical equatorial and axial Pb-1 bond lengths (3.15A). This leads to
increased anti-bonding character of Pb(6s)-1(5p) and thus to the most destabilized VBM, which
undergoes clear localization on the inner layer. The situation is more involved for CBM due to
periodicity, i.e. averaged in-plane Pb-Pb distances are equal. The slight anti-bonding character
with halide orbitals leads most likely to localization on the other planes, namely the outer layers

where it is expected to be slightly reduced.
C.22 Delocalization of (BA)2(EA)2Pbsl1o

With (BA)2(EA)2Pbsl1o, in-plane structural features are more homogeneous on the outer-

layers than on the inner-layers (small B in-plane octahedral tilt angles and Pb-1 bond length
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~3.19A) but the reverse occurs for out-of-plane structural features. For instance, & (out-of-plane

octahedral tilt) is smaller and 3 larger in the inner layer as compared to the outer ones. This leads
to a compensation between the various interactions underlying hybridization and almost full
delocalization over all three layers. The slightly more localized nature of CBM might stem from
the more uniform distribution of in-plane Pb-Pb distances in the outer-layers (6.33 - 6.35 A) as
compared to the inner layer (6.22 - 6.46 A) leading to a bonding character between in-plane

Pb(p) orbitals slightly increased in the outer-layers (most stabilized CB).
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Table_Apx C.1 Calculated octahedral tilt angles (B, ) for (BA)2(EA)2Pbsli and

(BA)2(MA)2Pbzl1o.

B (deg) o (deg)
Outer 0.7 6.1
(BA)2(EA)2Pbslio
Inner 11.7 4.6
Outer 0 7.4
(BA)2(MA)2Pbzl1o
Inner 0 5.3

Table_Apx C.2 Crystal and structural refinement data of (BA)2(EA)2Pbzl1o in comparison with

(BA)2(MA)-Pbglyo.18

(BA)2(EA)2Pbsl1g

(BA)2(MA)2Pbsl 1o

Crystal system
Space group

Temperature

Unit cell dimensions

Volume

Orthorhombic
Cmc2;

298.01 K
a=52.0158(16) A
b =8.9727(3) A
c=8.9745(3) A
o=p=y=90°

4188.6(2) A

Orthorhombic
C2cb

298.01 K
a=8.9275(6) A
b =51.959(4) A
c=8.8777(6) A
o=p=y=90°

4118.0(5) A3
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Z 4 4

Density (calc) 3.379g-cm 3.392g-cm™

Independent reflections 6246 [Rint =0.0564] 3633 [Rint = 0.0722]
Completeness to 25° 100%

Data/restraints/parameters 6246 /15/95 3633/3/84

Goodness-of-fit 1.077 1.103

Final R indices [[>=2c ()] Robs = 0.0444, WRqps = 0.1257 Robs = 0.0781, WRops = 0.1748
R indices [all data] Ran = 0.0599, wRa = 0.1425 Ran=0.1234, wRa = 0.1997
Largest diff peak and hole 2.088 and -1.696 e- A3 3.289and-1.719 e- A3

Table_Apx C.3 Comparison of structural parameters and optical bandgap (i.e. PL emission) for
various 2D lead iodide perovskites with n = 3 at 293 K.18 313 BA s n-butylammonium
(C4HoNH3"), PA is n-pentylammonium (CsH1:NHs"), HA is n-hexylammonium (CeH13NHs"),
GA is guanidinium ([C(NH2)s] *), ODA is Octane-1,8-diammonium [(NH3CsH1sNH3)?*], NDA is
Nonane-1,9-diamino [(NH3CoH1sNH3)?*], 3AMP is protonated 3-(aminomethyl)piperidinium,
4AMP is protonated 4-(aminomethyl)piperidinium.

PL Ave. Pb-1 Ave.cage  Ave.Pb-1-  Spacer

emission bond length  volume Pb bond distances

(eV) A) (A%) angle (°) (A)
(BA)2(EA)2Pbsl 1o 2.12 3.213 267.21 166.1 13,51
(BA)2(MA)2Pbsl1o (ref®)  2.00 3.165 255.12 169.4 13.83

(PA)2(MA)2Pbslio (ref3)  2.00 3.172 253.76 167.9 14.02



(HA)2(MA)2Pbsl o (ref?*)  2.00
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(GA,MA)( MA)2Pbsl1o 1.96
(ref3d)
(ODA)(MA)2Pbsl10 2.00
(refd)
(NDA)(MA)2Pbsl 1o 2.00
(ref®)
(3AMP)(MA)2Pbsl 10 1.90
(ref?)
(4AMP)(MA)2Pbsl 10 1.99
(ref®?)

3.171 254,51
3.163 252.08
3.168 249.88
3.171 252.31
3.169 251.23
3.181 251.42

168.4 15.22
169.9 9.22

167.7 12.52
162.9 13.22
167.7 10.24
162.9 10.25

Table_Apx C.4 Crystal and structural refinement data of (BA)2(EAxMA1x)2Pbslig alloys

(BA)2(EA)0.35(MA)o.65Pbsl10

(BA)2(EA)0.55(MA)g.45Pbsl 10

(BA)2(EA)0.73(MA)o.27Pbsl 1o

Crystal system
Space group

Temperature

Unit cell

dimensions

Volume

Monoclinic

Cc

293 K
a=52.297(10) A

b =8.9569(18) A ¢ =
8.9339(18) A

£=90.02(3) °

4184.8(14) A3

Monoclinic

Cc

293(2) K
a=52.424(10) A

b=8.9841(18) Ac =
8.9429(18) A

£ =90.15(3) °

4211.9(15) A3

Monoclinic

Cc

293 K
a=52.169(6) A

b=8.9731(6) Ac=
8.9417(11) A

£ =90.073(9) °

4185.8(7) A3
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z
Density (calc)

Independent

reflections

Completeness to
25°

Data/restraints/para

meters
Goodness-of-fit

Final R indices
[[>=20 ()]

R indices [all data]

Largest diff peak
and hole

3.338g-cm™

7134 [Rint = 0.0822]

98%

7134/16/175

5.09

Robs = 00923, WRobs =
0.1302

Ran= 0.1646, WRa = 0.1316

493 and -3.87 e- A3

3.316g-cm

10593 [Rinc = 0.0609]

99.9%

10593/22/174

1.005

Robs = 00870, WRobs =
0.2259

Ran= 0.1577, WRa = 0.3134

7.837 and -2.464 e- A3

3.3817 g-cm®

7176 [Rint = 0.1024]

98%

7176/20/172

4.59

Robs 0.0778, WRobs = 0.0870

Rai = 0.0851, wRa = 0.0872

2.20 and -4.49 - A3

Table_Apx C.5 Comparison of optical bandgap (i.e. PL emission) and structural parameters for
the perovskite phases of 3D lead iodide perovskites APbls (A* = Cs*, MA*, or FA*).36-38

A
PL Average Average verage Bond Bond
T Space cage Pb-1-Pb  |ength
K) emission  Pb-I bond volume bond anal drati angle
group ond angle quadratic _
(eV) length (A) (A3) ) elongation variance
FAPDI3 Trigonal
298 1.52 3.174 256.30 179.8 1.00001 8x10°
(refe’)
P3ml
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Tetrago
MAPDI3 nal
208 1.60 3.174 25059  169.1 1.00000 2x 103
(refe®)
1422
Orthorh
CsPbls .
300 Ombic 475 3.176 238.46  155.5 1.00001 1.1
(refe®)
Pbnm

Table_Apx C.6 Comparison of the effective masses between (BA)2(MA)2Pbsli and
(BA)2(EA)2Pbzl1o computed at different levels of theory, namely PBE+SOC and ppTB-

mBJ+SOC. me, my and my stand for the electron, hole and reduced effective masses, respectively.

The effective masses are in unit of the electron mass at rest (mo) and m, = %
PBE+SOC ppTB-mBJ+SOC
Direction
M Me mr Mh Me my
[100] 011 011 0055 -047 032 019
(BA)2(MA)2Pbzl1o
[011]  -011 013 006  -048 034 020
[001] 030 022 013  -166 042 034

(BA)2(EA)2Pbsl1o
[011] -0.34 0.29 0.16 -3.37 0.86 0.69
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C.4  Supplementary Figures

Figure_Apx C.1 Octahedral tilt angles (B, ) used to rationalize effect of octahedral tilting on the
optoelectronic properties of layered halide perovskites.® (a) B is the angle between the projection
of Pb1-I in the plane perpendicular to the stacking axis and Pb1—Pb2. (b) ¢ is the angle between
Pb1'—1" and Pb1'—Pb2’. Note that Pb2’ is the periodic image of Pb1’ along the stacking direction.
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Figure_Apx C.2 The determined MA content in the alloys versus the MA content in the

precursor solutions
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Figure_Apx C.3 Calculated tolerance factor as a function of EA content of the alloys
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Figure_Apx C.4 Absorption spectra of 15 randomly selected exfoliated crystal of the
MAGo.s5EAo.45 structure
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Figure_Apx C.5 Photographs of the set of (BA)2(EAXMA1x)2Pbzlio (x = 0-1). From left to right,

the x value increases from 0 to 1.
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Figure_Apx C.6 PL spectra collected in the interior and edge of (BA)2(EA)2Pbslio crystal.
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Figure_Apx C.8 High-frequency dielectric
profiles €.(z) computed without SOC along the
stacking axis in (BA)2(MA)2Pbal1o (black) and
(BA)2(EA)2Pbsl1o (red). This highlights the
contrast between the dielectric constants of the
molecular spacer and the perovskite sheet. The
(010) surface was considered. For technical
reasons, the surface was rotated such that the

stacking direction corresponds to the z-axis.

200
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Figure_Apx C.9 Decay associated spectra of the set of (BA)2(EAxMA1x)2Pbsli obtained with

global analysis.
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Figure_Apx C.10 Power-dependent study on (BA)2(MA)2Pbzl1o. (first and third row) TA spectra

at representative time points taken with different excitation power (blue: low, red: high) are

shown. Inset: normalized TA spectra show minimal change between spectra taken at different

excitation power. (second and fourth row) Maximum Intensity of the main bleaching peak as a

function of excitation power entering the microscope.
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Figure_Apx C.11 Power-dependent study on (BA)2(EA)2Pbzlyo. (first and third row) TA spectra
at representative time points taken with excitation power (blue: low, red: high) are shown. Inset:
normalized TA spectra show minimal change between spectra taken at different excitation
power. (second and fourth row) Maximum Intensity of the main bleaching peak as a function of

excitation power entering the microscope.
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Figure_Apx C.12 Optical image of exfoliated (BA)2(MA)2Pbsl1g crystals.
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Figure_Apx C.13 Block diagram of the TAM.?® Beta Barium Borate (BBO), Electron
Multiplying CCD (EMCCD).
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APPENDIX D Appendix to CHAPTER 5

D.1  Synthesis Methods

All starting materials for synthesis were purchased commercially and were used without
further purification, except for Methylamine hydrochloride and Allylamine hydrochloride which
were dried in an oven at 70°C. PbO (99.9%), Methylamine hydrochloride > 98% (CH3NH.-HCI
= MACI), Hydroiodic acid (HI) (57 wt % in H20, distilled, stabilized, 99.95%) and
Hypophosphorous acid solution (50 wt % in H,O) were purchased and used as received from
Sigma-Aldrich. Allylamine hydrochloride (CsHsNH2-HCI = AA*CI") (98%) was purchased from

TCI America.

D.11 2-lodopropylammonium iodide (IPA™I")

AA'CI (10 mmol; 1 g) is dissolved in a mixture of 8 mL HI and 0.5 mL hypophosphorous
acid (HsPO.) by heating to boiling for four hours, under constant magnetic stirring where a clear
solution was obtained. Afterwards, the solution mixture is lowered to 130°C (as stated on

hotplate) until the solvent has fully evaporated and a white solid is yielded.

D.1.2 2D Perovskite Series with Allylamine Spacer Cation

(AA)2MA2Pbsl10 (n=3): PbO (2 mmol; 446 mg) and MACI (1.3 mmol; 88 mg) powders
were dissolved in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (HzPO2) by heating
to boiling under constant magnetic stirring, until a clear yellow solution was obtained. The
reaction solution was left on the hotplate to cool to room temperature, under continuing stirring.

Next, AA"CI salt (2 mmol; 187 mg) was added to the reaction solution at room temperature
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(R.T.), under continuous stirring. The stirring was discontinued after 10 minutes and the reaction

solution was transferred to a petri dish for slow evaporation. Dark red crystals precipitated from
the petri dish within 1 day. The crystals were isolated by vacuum filtration and dried under

vacuum overnight.

(AA)2MAsPDbsl13 (n=4): PbO (2 mmol; 446 mg) and MACI (1.5 mmol; 101 mg) powders
were dissolved in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (HzPO2) by heating
to boiling under constant magnetic stirring, until a clear yellow solution was obtained. The
reaction solution was left on the hotplate to cool to room temperature, under continuing stirring.
Next, AA"CI salt (1 mmol; 93 mg) was added to the reaction solution at room temperature
(R.T.), under continuous stirring. The stirring was discontinued after 10 minutes and the reaction
solution was transferred to a petri dish for slow evaporation. Black crystals precipitated from the
petri dish within 1 day. The crystals were isolated by vacuum filtration and dried under vacuum

overnight.

D.1.3 2D Perovskite Series with lodopropylamine Spacer Cation

(IPA)2MA2Pbsl10 (n=3): PbO (2 mmol; 446 mg) and MACI (1.3 mmol; 88 mg) powders
were dissolved in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (HzPO2) by heating
to boiling under constant magnetic stirring, until a clear yellow solution was obtained. Next,
IPA*I" salt (2 mmol; 372 mg) was added to the reaction solution, under continuous stirring and
heating. The stirring was discontinued after 15 minutes and the reaction solution was left on the
hotplate to cool to room temperature. Dark red crystals precipitated from the reaction solution.

The crystals were isolated by vacuum filtration and dried under vacuum overnight.
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(IPA)2MAsPDbal13 (n=4): PbO (4 mmol; 892 mg) and MACI (3 mmol; 202 mg) powders

were dissolved in a mixture of 8 mL HI and 0.5 mL hypophosphorous acid (HsPO) by heating to
boiling under constant magnetic stirring, until a clear yellow solution was obtained. Next, IPA*I
salt (2 mmol; 372 mg) was added to the reaction solution, under continuous stirring and heating.
The stirring was discontinued after 15 minutes and the reaction solution was left on the hotplate
to cool to room temperature. Black crystals precipitated from the reaction solution. The crystals

were isolated by vacuum filtration and dried under vacuum overnight.

D.14 2D Perovskite Series with Mixed Spacer Cations (Allylamine + lodopropylamine)

[(AA)x(IPA)1x]2MA2Pbslio (n=3): PbO (3 mmol; 669 mg) and MACI (2 mmol; 135 mg)
powders were dissolved in a mixture of 5 mL HI and 0.5 mL hypophosphorous acid (H3PO-) by
heating to boiling under constant magnetic stirring, until a clear yellow solution was obtained.
Next, AA'I" salt (2 mmol; 187 mg) was added to the reaction solution, under continuous stirring
and heating. The stirring was discontinued after 5 minutes and the reaction solution was left on
the hotplate to cool to room temperature. Dark red crystals precipitated from the reaction

solution. The crystals were isolated by vacuum filtration and dried under vacuum overnight.

[(AA)x(IPA)1x]2MA3Pbal1s (n=4): PbO (1 mmol; 223 mg) and MACI (0.75 mmol; 55 mg)
powders were dissolved in a mixture of 1.5 mL HI and 0.25 mL hypophosphorous acid (HsPO>)
by heating to boiling under constant magnetic stirring, until a clear yellow solution was obtained.
Next, AA'I" salt (1 mmol; 93 mg) was added to the reaction solution, under continuous stirring

and heating. The stirring was discontinued after 5 minutes and the reaction solution was left on
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the hotplate to cool to room temperature. Black crystals precipitated from the reaction solution.

The crystals were isolated by vacuum filtration and dried under vacuum overnight.
D.2  Characterization Methods
D.21 Single-Crystal X-Ray Diffraction

Single crystal diffraction experiments were performed

(1) Using a four-circle Rigaku XtaLAB Synergy system equipped with a PhotonJet (Mo, A=
0.71073 A) micro-focus sealed X-ray tube and Hybrid Pixel Array Detector at 273 K, 293 K and

323 K.

(2) Using either a Bruker Molly or Duo instrument with MoKa IuS microfocus source (A=

0.71073 A) with MX Optics at 293 K.

The collected data were integrated and applied with multiscan absorption correction using the
APEX3 software. The structure was solved by charge flipping and refined by full-matrix least

squares on F? with the Jana2006 package. *°
D.2.2 Powder X-Ray Diffraction

Powder X-ray diffraction patterns were collected on a Rigaku Miniflex system (CuKa
radiation) operated at 40 kV and 15 mA. A typical scan rate was 15 sec/step with a step size of

0.02 deg.

D.2.3 Optical Absorption Spectroscopy
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Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600

UV-VIS NIR spectrometer operating in the 200—2500 nm region at room temperature. BaSO4
was used as a non-absorbing reflectance reference for all measurements. The bandgap was
estimated by diffuse reflectance spectroscopy on powder samples of the studied materials, where

the Kubelka-Munk model was used to derive absorption values.

D.24 Steady-State Photoluminescence

The samples were excited at 405 nm with an optical parametric amplifier, which was pumped

by a Ti:sapphire amplifier (Spectra-Physics) with 800-nm output at 5-MHz repetition rate.

D.25 Transient Absorption Microscopy

The fundamental 1030-nm beam was generated from an Yb:KGW amplifier system (Light
Conversion, Pharos) operating at 200 kHz with a pulse duration of 190 fs. The fundamental
beam was split into pump and probe arms. The tunable pump was generated using a collinear
optical parametric amplifier (OPA, 200 — 3000 nm, Light Conversion, Orpheus) and then
delayed compared to the probe with a high resolution motorized linear stage (Newport). The
pump was modulated at the frequency of 2 kHz by a mechanical chopper (New Focus, Newport).
The chopper was synced to the camera using the same clocking source generated by the Pharos
laser. The white-light probe (550-750 nm) was generated by focusing the fundamental beam into
a YAG crystal. Both beams were recombined and focused collinearly onto the sample with a 74x
reflective objective (NA 0.65, Beck). The beam spot size of 0.6 um was determined by
measuring the power passing through a pinhole and then calculated using a Gaussian beam

profile. The sample was clamped on a piezo-driven XYZ stage with a resolution of 0.2 um
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(nanoPl, Physik Instrumente). The signal was collected using a 100x refractive objective (NA

0.70, Mitutoyo), spatially filtered through a 150-pm pinhole, and then spectrally dispersed in a
spectrometer (Shamrock). The TA signal was detected using a high-speed CMOS camera
(Andor, Zyla 4.2). The system was controlled using custom LabVIEW program. Linear

absorption and PL maps were measured within the same setup.
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D.3  Supplementary Figures
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Figure_Apx D.1 (A) PXRD pattern for n=3 compounds (AA)2(MA)2Pbsl1o, [(AA)x(IPA):-
x]2(MA)2Pbzlio and (IPA)2(MA)2Pbsl1o along with the expanded view of the (100) reflections.
(B) PXRD pattern for n=4 compounds (AA)2(MA)3sPbal1s, [(AA)x(IPA)1x]2(MA)3Pbal1z and
(IPA)2(MA)3Pbsl1z along with the expanded view of the (100) reflections.
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Figure_Apx D.2 Optical absorption spectra of n=3 compounds (AA)2(MA)2Pbzl1o, [(AA)x(IPA):-
x]2(MA)2Pbzl1o, and (IPA)2(MA)2Pbzlio and n=4 compounds (AA)2(MA)zPbal1z, [(AA)x(IPA):-
x]2(MA)3Pbsliz and (IPA)2(MA)3Pbals.
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Figure_Apx D.3 Band-edge emission of (AA)2(MA)2Pbsl1o, (IPA)2(MA)2Pbsl1o,
(AA)2(MA)3Pbaliz, and (IPA)2(MA)sPbalys
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