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ABSTRACT

Understanding fundamental processes which drive the behavior of photoexcited
charge carriers is essential to the development of novel semiconducting materials. The
studies presented in this work combine ultrafast microscopy with a novel data analysis
technique to provide an in-depth characterization of the excited state transport and
recombination dynamics which occur in a series of lead halide perovskites. An
investigation of the impact halide composition has on recombination dynamics in
CsPbLBr revealed that trap-mediated recombination dominates at low fluences, with
Auger recombination becoming increasingly important as the excitation density
increases. Additionally, the average diffusivity measured for CsPbI,Br (Da = 0.27 cm?/s)
is nearly 10x lower than that observed in MAPDIs. Further, it was determined that the
dielectric constants relevant to photoexcited charge carriers in CsPbBr; and MAPbBr3
perovskites (11.5 and 13, respectively) are intermediate between the high and low
frequency limits, and that halide chemistry plays an integral role in determining the
screening ability of lead halide perovskites. By correlating charge carrier diffusivities to
locally measured crystal quality, it was found that solution processing methods can cause
subtle lattice defects which act to impede transport and risk going undetected by bulk
measurement techniques. Finally, to improve upon the traditional method for extracting
diffusivities from transport measurements, which relies on perfectly Gaussian point
spread functions, a new method was developed which instead relies on a numerical
convolution of the actual point spread function with the diffusion equation. Compared to
the traditional Gaussian method, the numerical convolution method proved to more
accurately determine the diffusion coefficient, especially in the case of an anomalous
point spread function.
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CHAPTER ONE

INTRODUCTION

1.1 Introductory Remarks

In 2009 the first mention of lead halide perovskites (LHPs) as light absorbers for
solar cells marked the beginning of a new era in the photovoltaic community.! The
unique photophysical properties of LHPs, combined with easy, low-cost fabrication
techniques have provided exciting opportunities for researchers with the future design of
photovoltaic and optoelectronic devices in mind. High optical absorption coefficients,?
long carrier diffusion lengths,** chemical tunability,’ and high photoconversion
efficiencies,® have led to device applications which include solar cells, light emitting
diodes,”® lasers,”!! and photodetectors.!>!3 However, despite a decade of research and
tremendous progress implementing LHPs into a variety of devices, a predominately trial
and error approach to innovation has resulted in uncertainty regarding fundamental
photophysical properties intrinsic to this class of material. For example, in the case of
CsPbBr3, values reported for the static dielectric range from 22 to >103,'%15 and the
carrier mobility values range from 20 — 4500 cm?/V s!6-1°,

Much of the reported variation in LHP properties stem from the fact that high-
performance LHPs can be fabricated via a wide array of solution processing techniques.
Solution processability, while advantageous for achieving low-cost devices, inherently
20-22

introduces structural and chemical heterogeneities into the resulting thin-films.

Structural defects which act to impede transport can be detrimental to device performance
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and need to be carefully considered. For example, defects introduced during fabrication
have been shown to reduce both photoconversion efficiency and stability in LHP thin-
film devices.?® Further complications arise from chemical heterogeneity often introduced
as a way to tune the band structure of LHPs. Again, while desirable for device design,
modifying the chemical composition of LHPs can result in photoinduced ion migration,**
bandgap instability,?> and disorder in the energetic landscape of the material.?®

Unfortunately, bulk measurement techniques with macroscopic probing volumes
can only treat sample defects in an average way and as a result provide an incomplete
picture of the underlying photophysics. Therefore, to obtain a more complete
understanding of charge carrier transport and decay dynamics in LHPs it is necessary to
employ microscopy techniques capable of making precise correlations between structure
and functional properties observed in this class of material. Ultrafast microscopy, with
high spatial (sub-micron) and temporal (sub-picosecond) resolution, has emerged as an
effective tool for characterizing photoinduced excitations in disordered and low
dimensional semiconductors.?’2° Resolution at the length-scale of structural
heterogeneities provides a means for understanding how structural and chemical disorder
impact the behavior of photoexcited charge carriers.

This dissertation summarizes efforts aimed at disentangling the impacts of
chemical and structural heterogeneity on properties intrinsic to lead halide perovskites.
Through a series of ultrafast pump-probe microscopy (PPM) experiments and

development of a more accurate and robust approach for measuring transport, we provide
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novel insight into photophysical properties driving the behavior of photoexcited charge
carriers in disordered semiconductors.

The remaining sections of Chapter 1 provides motivation for the work presented
in the following chapters as well as necessary background summaries of both lead halide
perovskites and pump-probe microscopy. Each of Chapters 2-5 are directed toward
elucidating specific aspects of the photophysical properties of LHPs and how they are
determined by structure and composition. Chapter 2 addresses the impact of partial halide
substitution on carrier transport and decay dynamics in cesium lead mixed-halide
perovskites. Chapter 3 provides insight into the role of halide chemistry on dielectric
screening and how it determines the behavior of photoexcited charge carriers. Chapter 4
discusses the impact of subtle lattice defects on carrier transport and also provides a
method for characterizing lattice strain in LHPs. Chapter 5 develops an alternative
approach for analysis of spatially separated pump-probe microscopy images which
provides more accurate diffusion coefficients, especially in the case of anisotropic
diffusion and non-Gaussian shaped beams. Finally, Chapter 6 provides a summary and

future directions for the work presented herein.
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1.2 Lead Halide Perovskites

Perovskite is a mineral composed of calcium titanate (CaTiO3) that was first
discovered by Gustav Rose in 1839 and named after Russian mineralogist Lev
Perovski.>® Since that time, perovskite has lent its name to any compound with a crystal
structure that follows the same form, ABX3. In the ABX3 structure, a divalent metal (B)
coordinates with six anions (X) to form corner sharing octahedra [BXs]* which surround
an A-site cation. Within the constraint of a Goldschmidt tolerance factor (t = (14 +
Txy/ V2(rg + 1y) , where r is the ionic radius of the respective component) the perovskite
structure can accommodate different combinations of elements (or molecules)
represented by A, B and X213 After development of the tolerance factor, it was found
that T alone was not enough to reliably predict stable perovskite structures so an
additional factor, the octahedral factor (4 = 15 /1y), has been added to increase
predictability of the model.>* Most perovskites have a tolerance factor value between 0.75
and 1.0, and an octahedral factor greater than 0.41.3 In the ideal case, T = 1 and the
crystal adopts a cubic lattice structure, however even the prototypical perovskite, calcium
titanate, has an orthorhombic lattice structure and a tolerance factor of T = 0.84. In the
case of lead halide perovskites, the divalent metal is lead (15 = 1.19 A), X represents I
(ry = 2.20 ), Br (ry = 1.96 &), or Cl (y = 1.81 &), and the A-site cation is typically
cesium (r; = 1.67 A), methylammonium (MA, 7, = 1.8 A)* or formamidinium (FA,
ry = 1.9 — 2.2 A)*7. For stable LHPs at room temperature, T is typically between 0.81
and 1.11 and u is between 0.44 and 0.90.37 When 7 is between 0.89 and 1 the crystal is

likely to form a cubic structure, and tetragonal or orthorhombic structures below 0.89.37-38
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Figure 1.1. LHP XRD patterns. The red, green and blue traces represent XRD patterns for
tetragonal MAPbI3, cubic MAPbBr3 and orthorhombic CsPbBrs3, respectively. MAPbI3
(red) is shifted to smaller degrees (26) due to an expansion of the lattice, and CsPbBr;3

(blue) peaks is shifted to larger degrees (26) due to a contraction of the lattice relative to
cubic MAPDBI3.

For example, cubic MAPbBr3 has a tolerance factor of T = 0.91, whereas
tetragonal MAPbI; and orthorhombic CsPbBr; have tolerance factors of 0.83 and 0.81,

respectively. XRD patterns presented in Figure 1.1 illustrate changes in lattice structure
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due to chemical modification. Cubic MAPbBr3 (green trace) has a lattice parameter of ac
=5.919 A. Substituting MA for a smaller Cs atom results in a contraction of the lattice to
an orthorhombic geometry with pseudo-cubic lattice parameter of apc ~ 5.85 A.
Therefore, according to Bragg’s Law (nd = 2dSin(0)), the XRD pattern for CsPbBr3
(blue trance) is shifted to larger diffraction angles, relative to MAPbBr3. Alternatively, if
bromide ions are substituted for larger iodide ions, the lattice expands slightly to a
tetragonal geometry with a pseudo-cubic lattice parameter of a,c ~ 6.30 A. As a result,
the XRD pattern for MAPbI; (red trace) is shifted to smaller diffraction angles, relative to
MAPbBBT3.

For semiconductors like LHPs, the energy required to create an excited state in
the material is determined by the bandgap energy (Evg). The bandgap is simply the
difference in energy between the conduction band (analogous to the LUMO) and the
valence band (analogous to the HOMO) of the material. Distortions of the lattice, like
those described above, have a direct impact on the band structure of the resulting material
as illustrated in Figure 1.2. First principles calculations determine that the valence band
maximum (VBM) in lead halide perovskites (APbX3) is dominated by contributions from
lead s and halide p antibonding states, whereas the conduction band minimum (CBM) is
derived from poorly overlapped lead p and halide s orbitals. Due to the poor orbital
overlap between the lead p and halide s orbitals the conduction band is relatively
unaffected by chemical modifications of the halide or A-site cation species.**-*! Thus,
changes in bandgap energy that accompany chemical modification are primarily due to

energy shifts of the valence band. For example, when iodide ions are substituted for
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bromide ions orbital overlap between the lead p and halide s increases causing
destabilization of the valence band.*! As a result, the VBM shifts to higher energy (closer
to the CBM) and the bandgap energy is reduced. Accordingly, the change in energy from
MAPbBr; (panel B) to MAPbI; (panel A) is AE,; = —0.68 eV. Alternatively, because
the A-site cation doesn’t directly contribute to bonding, changes in bandgap energy upon
substitution result only from structural deformations of the lattice to accommodate a
change in volume.*®- 4142 Specifically, the octahedra tilt and cause a mild reduction of the
Pb-X orbital overlap and as a result, the valence band energy is reduced. Consequently, a

slight bandgap increase is observed (AE,,; = +0.07 eV) from MAPbBr3 to CsPbBr;3

(panel C).
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Figure 1.2. Bandgap tuning in LHPs. Diagrams of valence band shifting upon chemical
substitution are shown in panels (A), (B) and (C), with the corresponding emission
spectra (dashed lines) and absorption spectra (solid lines) collected from MAPbI3,
MAPbBBr3; and CsPbBr3 perovskite thin films shown in panels (D), (E) and (F),
respectively.



Bandgap tuning, combined with low non-radiative recombination rates, long
carrier lifetimes and photoconversion efficiencies >23% (>25% for tandem LHP-Si cells
as reported by NREL) have led to rapid innovation of LHP based technologies.*® Further,
with photoconversion efficiencies comparable to Si (~28%), several companies are
beginning to invest in the commercial production of both tandem perovskite-silicon and
perovskite modules.** The efficacy of LHPs as photovoltaics comes despite anisotropic
lattice strain,?? sub-grain boundaries,* surface defects,*® and other non-uniformities
resulting from simple solution processing techniques. So, while the commercial success
of LHP devices remain to be seen, this class of material present a unique opportunity to
study the role of structural and chemical heterogeneity in determining excited state carrier
behavior in disordered materials. We explore the impact of various chemical

modifications on LHP transport and recombination kinetics in Chapters 2 and 3.

1.3 Ultrafast Pump-Probe Microscopy

The foremost investigative tool used for this research is ultrafast pump-probe
microscopy. Pump-probe microscopy (PPM) is a third-order (sample interacts once with
the probe and twice with the pump) nonlinear spectroscopic technique used to study
excited state dynamics of nano- and micro-scale materials. Simply put, PPM utilizes two
pulses of different energies; a pump which creates an excited state population in the
material, and a probe which monitors the spatial and temporal evolution of the
photogenerated excited-state density via changes in the detected probe intensity.*’

For semiconductors, the excited-state population is comprised of free electrons

and holes, which we collectively refer to as free carriers, and excitons, which are
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coulombically bound electron-hole pairs. The presence of an excited state population
changes the material’s dielectric function (¢ = &) + ig;’).**? The dielectric function is

related to the complex index of refraction by Equation 1:

= A2 = (n+ ik)? (1)

Mm>

where n is the refractive index and k is extinction coefficient. Free-carrier contributions
to changes in the dielectric function are commonly described using the Drude model
which treats the carriers as an electron-hole plasma, or small mobile particles interacting
with large and relatively immobile, lattice ions.>> When carriers are injected into a
material (i.e. the material is photoexcited) the material’s dielectric is reduced by an
amount proportional to the density of free charges. In the limit that the probe energy is far
below the material bandgap, k approaches 0 and photoinduced changes in the refractive
index can be reduced to the real part of the complex refractive index function (& = n?).
The relationship between photogenerated carrier density (N) and change in refractive
index (An) can then be described by the following equation:

An = No“e” 2
n= 2m*nyey(1 + w?t?) @

where q is the fundamental charge of an electron, 7 is the mean carrier scattering time,
m” is the optical mass of the carrier, n, is the ground state refractive index of the
material, &, is the static permittivity and w is the angular frequency of the probe pulse.*®

52,5456 Since the change in reflectance scales with An, a convenient observable is the

ey 2
pump induced change in the reflected probe light (%R = (4 An (+An+mo o ))

(ng—1)2(1—An+ng)?

Experiments designed to detect changes in the reflected probe light are referred to as
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transient reflectivity (TR) experiments. Given Equation 2, the detected TR signal will be
directly proportional to the density of photoexcited carriers providing a convenient way

to track carriers as they move and recombine in the material.

Instrumentation

The primary excitation source for our homebuilt pump-probe microscope is a
mode-locked Ti:Sapphire oscillator (80 MHz, ~70 fs) with a fundamental that is tunable
from 690-1040 nm. The fundamental beam from the oscillator is split via a 50:50 beam
splitter (b/s) into two separate lines, the pump and probe, which are modulated via
acousto-optic modulators (AOMs) at 4 MHz and 8 MHz, respectively. Modulating the
pump and probe at different frequencies enables lock-in detection of pump-induced
changes in the probe intensity. To control the temporal and spatial coordinates of the
probe relative to the pump, the probe is first directed onto a delay stage then coupled onto
galvanometer mirrors (GV). The pump is coupled into either a continuum generating
photonic crystal fiber (PCF) or Beta barium borate crystal (BBO) to tune the pump to a
wavelength appropriate for the bandgap of the material under investigation. The pump
and probe beams are then recombined and sent through a 4f lens system and focused via a
100x objective onto the sample, which is mounted onto a piezoelectric x, y translation
stage. It is possible to place a second set of galvanometer mirrors and 4f lens system after
the two beams are recombined to achieve spatial control of the pump and probe
independently, rather than using an x,y translation stage. For transient reflectivity
measurements, as diagramed in Figure 1.3, pump-induced changes in the reflected probe

intensity are detected using a balanced photodiode and lock-in amplifier.
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Figure 1.3. Diagram of a pump-probe microscope in reflective geometry. The

fundamental out of the laser (red) is split into two lines. The probe (red) and the pump
(blue). The probe beam is aligned onto a delay stage and then coupled onto a first set of

galvanometer mirrors. Subsequently, the probe is recombined with the pump via a

dichroic beam splitter and the two beams are coupled onto a second set of galvanometer
mirrors and then directed onto the back aperture of a 100x objective. Pump-induced
changes in the reflected probe beam are detected using a balanced photodiode and lock-in

amplifier.
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Measurements

The homebuilt pump-probe microscope described above is configured such that
three types of measurements can be collected: decay kinetics, spatially overlapped
images, and spatially separated images. Each measurement benefits from the sub-micron
spatial resolution and sub-picosecond temporal resolution of the instrument to provides a
direct probe of the ultrafast photophysical processes in single crystalline domains. While
the diagram below illustrates a reflective geometry, each measurement can also be

performed such that the transmitted probe light is detected.
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Figure 1.4. Pump-probe experimental measurements. (A) Kinetics trace collected by
spatially overlapping the pump and probe beams while increasing their relative time
delay via a translation stage. (B) Spatially overlapped pump-probe image taken by raster
scanning a domain beneath the spatially overlapped pump and probe beams at a fixed
temporal delay (t = Ops). (C) Spatially separated pump-probe image taken by raster
scanning the probe beam over the stationary, localized excitation at a fixed temporal
delay (t = 1ps).
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Power Dependent Decay Kinetics. Decay kinetics are collected by spatially

overlapping the pump and probe beams while varying them temporally via a translation
stage. By collecting a set of kinetics measurements at increasing pump-fluences and then
globally fitting the data to the rate equation given by Equation 3, it is possible to
determine the mechanism of carrier recombination which dominate excited state

relaxation.

ON[t]
dat

= —ky - N[t] — k, - N[t]? — ks - N[t]? (3)

Equation 3 includes terms for first order (trap-mediated), bimolecular, and third order
(Auger) processes. Trap-mediated recombination is a two-step process whereby a mobile
carrier is immobilized at a lower energy state (trap) and then, in a second step,
recombines with an oppositely charged carrier.’’>° When carrier excitation densities are
in excess of traps the concentration of trapped carriers is nearly constant and thus the
mechanism follows pseudo-first-order kinetics.>-** Bimolecular recombination is second-
order and commonly describes the process of an electron and hole radiatively
recombining across the bandgap. Third-order Auger recombination occurs when two
carriers (an electron and hole) recombine and the energy is transferred to a third carrier. If
the third carrier is an electron, the gained energy will push it higher into the conduction
band. If instead the third carrier is a hole, the gained energy will push it deeper into the
valence band.”’->% ¢! [1lustrations of first, second and third order recombination
mechanisms are shown in Figure 1.5. Recombination kinetics of different LHP species

are discussed in Chapters 2 and 3.
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Figure 1.5. Carrier recombination. A diagram illustrating three types of mechanisms by
which carriers recombine. From left to right: trap-mediated recombination is a two-step
process which follows pseudo-first-order kinetics. Bimolecular recombination is second
order and typically involves an electron and hole recombining radiatively across the
bandgap. Auger recombination is third order and involves two carriers recombining and
transferring the resultant energy to a third carrier.

Spatially Overlapped Imaging. Spatially overlapped pump-probe images are

collected by raster scanning (either by using a piezoelectric x,y stage or galvanometer
mirrors) spatially overlapped pump and probe beams at a fixed temporal delay. Spatial
resolution of the resulting images is determined by the product of the pump and probe
point spread functions (Figure 1.6). The distinct fringe pattern shown in Figure 1.4(B) is
a consequence of Fabry-Perot interference of the probe light in the cavity formed
between the air-perovskite interface and the perovskite-glass interface. Spatially
overlapped images collected at increasing pump-probe time delays can be used to build a

spatiotemporal map of the excited state across individual domains.
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Figure 1.6. Diagram of the product and convolution of two Gaussian point spread
functions. The product (black dashed line) of a 400 nm probe point spread function (blue)
and an 800 nm probe point spread function (red) will result in spatial response with a
reduced width relative to the pump or probe. Comparatively, a convolution (black solid
line) of the two Gaussian point spread functions produces a spatial profile that is
broadened relative to either the pump or the probe.

Spatially Separated Imaging. Spatially separated pump-probe images are used to

determine the rate at which photoexcited charge carriers move through a material. Images
are collected by spatially scanning the probe beam over the fixed pump volume at a series
of delay times using galvanometer mirrors. Typically, profiles of the time dependent
images are obtained by integrating the spatially separated images along either axes

(vertical or horizontal). The resulting profiles represent a double convolution of the pump

point spread function, the diffusion equation (exp[—12/(4 D, t)]//4 7 D, t ), and the

probe point spread function. In the limit that the pump and probe point spread functions
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are both Gaussian shaped, each profile can be fit with a Gaussian distribution to obtain a

delay-dependent full width at half maximum (FWHM), given by Equation 4.

B(AE) = /B (to)? + 161n(2) D, - (At — t,) (4)

where B (t,)? is the square of the FWHM of the normalized excited state distribution
profile when At = Ops and D, is the ambipolar diffusion constant. Under conditions of
diffusive motion, a plot of Ap? = B(At)*> — B(t0)? versus At produces a linear trend and the
slope is proportional to the diffusion constant D, of the material. The diffusion coefficient

(D) is proportional to the more commonly used parameterization of transport, mobility

(u), by the Einstein equation (D = ”’iTBT ).
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Figure 1.7. Measuring diffusivity coefficients. (A) Excited state carrier distribution
profiles obtained from spatially separated images collected at increasing time delays.
Panel (A) illustrates the time dependent change in FWHM (AB?) associated with the
spatially evolving carrier distribution. Panel (B) shows a plot of AB? vs. At. The slope of
the fit line is proportional to the diffusion coefficient.
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As researchers try to better understand charge transport in novel materials,
particularly those fabricated by solution processing techniques, pump-probe microscopy
has become an increasingly important tool for measuring excited state transport. Owing
to its intrinsically high spatial resolution, pump-probe microscopy is advantageous over
the multitude of other methods capable of measuring carrier transport because it has the
capability to resolve structural heterogeneities.®> However, the method for extracting
diffusivities described above, which is nearly universal practice, cannot accurately treat
non-Gaussian point spread functions. Beam aberrations due to the sample or imaging
optics, which cause the point spread function to deviate from Gaussian, can lead to
incorrectly measured diffusion coefficients. Therefore, to circumvent the limitations of a
Gaussian fitting regime, we developed a new approach for analysis of spatially separated
images which uses a numerical convolution of the Green’s function solution to the
diffusion equation with the experimentally determined point spread function. Our aim in
developing this technique is to advance the field of ultrafast microscopy by providing a
more robust method for determining diffusion coefficients from transport data. Our

numerical convolution fit method is discussed in detail in Chapter 5.
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2.1 Introduction

The recent resurgence of research interest in lead halide perovskites has revealed
a promising array of photo-physical properties and inspired the development of high-
performance photovoltaic cells, light-emitting diodes, and laser technologies.®* While
photoconversion efficiencies greater than 22% have been demonstrated for hybrid
organic-inorganic perovskites (HOIPs),%* the materials suffer from thermal and chemical
instability. One route toward improving material stability is by substitution of the volatile
organic moiety with a cesium cation.® Like the HOIP analogues, nanocrystal-line
CsPbX;3 perovskites exhibit favorable photophysical properties including bright
photoluminescence and a tunable band gap through the visible spectrum.%¢-%7 In the bulk,
CsPblz forms a non-perovskite insulator at room temperature. However, partial
substitution of I for Br results in a mixed halide perovskite that is compositionally robust
with respect to both heat and humidity and shows no evidence of halide migration.%3- 68-6?
Computational studies suggest that charge transport and optical properties are unaffected
upon exchange of the organic moiety with an inorganic Cs cation;’® however, outside of a
few spectroscopic studies of nanocrystals, there is little work investigating the ultrafast
photophysics of the Cs-based perovskites.”!-7?

In this Letter, we report measurements of both recombination dynamics and
transport properties of individual CsPblbBr microcrystals using ultrafast pump-probe
microscopy. The high spatial resolution of the technique provides a direct probe of the

spatial and temporal relaxation dynamics in individual domains. Our results show that in

contrast to methylammonium lead tri-iodide (MAPbI3) perovskites, which exhibit
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bimolecular recombination at higher excitation densities, Auger recombination is the
dominant nonlinear recombination mechanism in CsPblxBr. In addition, by directly
imaging the spatial evolution of the photogenerated excited state, we find ambipolar
mobilities that are nearly an order of magnitude lower than those of MAPbI; at

comparable pump excitation densities.

2.2 Results and Discussion

Low-coverage thin-films were prepared by spin-casting a precursor solution of 0.4
M CsBr and 0.4 M Pbl, in DMSO onto a glass substrate. The films were subsequently
annealed in a saturated DMSO atmosphere on a 65 °C hot plate for 1 h. While
morphological variation exists on the film, our spectroscopic studies focused on the
faceted, crystalline structures shown in the widefield scanning electron microscopy
(SEM) image shown in Figure 2.1(A). Panel B of Figure 2.1 shows the absorption
spectrum of a single CsPblBr domain collected with an optical microscope. A fit to the
spectrum using the Elliot model*> 7> convolved with a hyperbolic secant line shape (full
width at half-maximum of 76.5 = 1.0 meV) recovers a band gap energy of 1.97 + 0.01 eV
and an exciton binding energy of 10.0 + 0.5 meV. The fit deviates from the spectrum at
higher energies because of band nonparabolicity and higher lying states which are not
included in the model. We note that because the absorption spectrum reflects only an
induced polarization, the binding energy recovered from the fit does not necessarily
reflect the binding energy of an incoherent exciton population.”>7¢ Also presented in
Figure 2.1(B) is the (ensemble) steady-state photoluminescence spectrum, collected after

photoexcitation at 2.50 eV.
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Figure 2.1. CsPbl2Br perovskite thin films. (A) SEM image of the low-coverage film
produced via solvent annealing. (B) Absorption (red circles) and emission (green solid
line) spectra of perovskite thin films. The emission spectrum is peaked at 1.87 eV. The
black solid line shows a fit of the experimental absorption spectrum using the Elliot
model comprising excitonic (blue solid line) and continuum (black dashed line)
contributions. (C) Powder X-ray diffraction (XRD) pattern showing highly crystalline
thin films with orthorhombic geometry.
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The XRD pattern of the thin film is shown in Figure 2.1(C). The diffraction peaks
are assigned based on a comparison with the published pattern for CsPbBr3 (see Table Al
of Appendix A), accounting for an expected volume increase in the unit cell associated
with substitution of the relatively larger iodine ions.”” The orthorhombic unit cell has

lattice parameters a = 8.60 A, b=12.21 A, and ¢ = 8.50 A, which correspond to a ~ 4%

increase along all three unit cell axes relative to CsPbBrs.

Figure 2.2. Faceted CsPbl,Br perovskite domain. (A) SEM image and (B) the
corresponding transient reflectivity image collected at a pump—probe delay of 0 ps. The
distinct fringe pattern reflects shifting of probe beam Fabry—Perot resonances upon
photoexcitation.

A SEM image of a single CsPbl,Br domain is shown in Figure 2.2(A). A survey
with SEM and atomic force microscopy (AFM, see Figure A2 of Appendix A) shows the
domains are, on average, 10 um in length and increase in thickness from ~0.8 um at the
center to ~1.3 um along the edges. The morphology of the domain gives rise to the
distinct fringe pattern seen in the corresponding transient reflectivity (TR) image shown
in Figure 2.2(B). The TR image is collected by scanning the domain beneath spatially and

temporally (At = 0 ps) overlapped pump (2.25 eV) and probe (1.55 eV) beams (see
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Appendix A for instrumentation details). Because the microscope has a spatial resolution
of ~350 nm (determined by the product of the pump and probe point spread functions),
and the probe energy is well below the band gap energy, the reflected probe intensity is
primarily determined by the position of the probe beam Fabry-Perot resonances in the
perovskite domain. Photoexcitation causes a transient decrease in the refractive index of
the material that is proportional to the excited-state population density, shifting the probe
Fabry-Perot mode positions to thicker regions of the domain.>> %% As a result the TR
response, which reflects the difference between the equilibrium and photoexcited mode
position, provides a sensitive probe of the excited-state dynamics.

Figure 2.3 shows representative TR decay dynamics from a second CsPbl>Br
domain. In panel A, we show power-dependent kinetics collected from the circled
location on the domain in Figure 2.3(B). The probe energy (1.55 eV) is well below the
emission spectrum (peaked at 1.87 eV), so the material response largely stems from
pump-induced changes in reflectivity. As shown in the inset of Figure 2.3(A), the initial
TR signal amplitude (—ARO, At = 0 ps) is linearly proportional to pump fluence over the
full range we measured, from 33 to 460 pJ/cm?. However, at fluences greater than 65
uJ/cm?, the recombination dynamics become faster, indicating that first-order processes
are insufficient to describe the observed kinetics. To model the power-dependent decay
kinetics, we used the rate equation given by Equation 1, which includes terms accounting

for first-order, bimolecular, and Auger recombination mechanisms.

ON[t]
at

= —ky - N[t] — k, - N[t]? — k5 - N[t]? (1)
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Global fits to the power-dependent decay kinetics collected from five individual
CsPblbBr domains were performed using excitation densities calculated by averaging
over the 1/e width of the Gaussian pump pulse and the 1/a absorption depth (o =2 um™!;
see Appendix A). The three shared rate constants were the only fitted parameters. For all
five domains, the second-order rate constant, k2, was found to have negligible amplitude
(zero within error, see Table A2 of Appendix A), suggesting that the bimolecular, direct

recombination mechanism is not relevant in the decay dynamics of these materials.
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Figure 2.3. Power-dependent TR kinetics of a single CsPbl.Br domain. (A) The circle,
square, triangle, diamond, and hourglass markers correspond to kinetics data collected at
increasing fluences. The kinetics traces are scaled to the (normalized) lowest fluence
kinetics trace. Solid lines correspond to fits of the data to the first- and third-order terms
in Eq. 1. The inset shows that —AR at At = 0 ps scales linearly with pump fluence, i.e., the
initial signal amplitude doubles if the pump power is doubled. Excitation densities were
calculated based on a measured absorption coefficient (see the Supporting Information) of
2 um ! and range from 1.25 x 10" cm™ (33 wJ/cm?) to 1.75 x 10" cm™3 (460 uJ/ cm?). A
global fit to the kinetics in panel A yielded ki = 8.65 (£0.14) x 10® s™! and an Auger
coefficient (k3) of 5.6 (£0.1) x 1073° cm%/s. (B) TR image of the domain from which the
kinetics shown in panel A were collected, with a black circle indicating the location of
measurement.

The kinetics shown in Figure 2.3 suggest that recombination in Cs-based

perovskites differs substantially from that of the MAPbI3 perovskite under typical
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excitation densities. In MAPDI3, the dominant recombination mechanism in the absence
of surface recombination is a second-order, direct process where an electron and hole
recombine across the band gap.”®” First order (Shockley—Read—Hall, SRH) lifetimes in
MAPDI; are on the order of 10'—10? ns.”> % In contrast, the five individual domains we
investigated exhibited first-order kinetics with lifetimes between 0.98 and 1.87 ns. Time
correlated single photon counting (TCSPC, see Appendix A) performed on a CsPbl,Br
thin film (2.25 eV excitation, 1.87 eV detection) shows a biexponential
photoluminescence decay with a short lifetime of 444 + 31 ps (0.75) and a long lifetime
of 6.16 + 0.13 ns (0.25). Although it is difficult to compare ensemble and single structure
measurements, the close correspondence between the majority (fast) component in TR
and TCSPC is consistent with a low PL quantum yield, suggesting that the ~1 ns decay
lifetime of the CsPbl;Br domains is largely determined by trap-mediated nonradiative
(SRH) recombination.

Kinetics collected on each of the five domains at higher excitation densities
showed modest Auger coefficients between 3.3 x 1073% and 1.5 x 1072 cm®s. This range
of Auger coefficients is smaller than, but still comparable to those found in Cs-based
perovskite nanocrystals (3 x 10728 to 4 x 10727cm%/s),”! perhaps reflecting a stronger
Coulomb interaction in quantum-confined particles. The observation that Auger
recombination dominates over radiative recombination in CsPbl>Br is somewhat
surprising, given that Auger proceeds via a three-particle interaction, whereas radiative
recombination is a two-particle (electron and hole) process. We note, however, that the

rapid first-order SRH decay may dominate bimolecular recombination in these materials
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at lower fluences, and the Auger term becomes relevant only because of its n® scaling.
Furthermore, the probability of each decay pathway is subject to both energy and
momentum conservation, restrictions which may favor the Auger process depending on
the material band structure and whether the Auger process is trap-mediated.?5 6!+ 8!
Finally, we note that at low temperatures (<160 K), MAPbI; adopts an orthorhombic
phase like room-temperature CsPbl;Br. Under these low-temperature (orthorhombic
phase) conditions, the decay dynamics of MAPbI; are faster than those collected at room
temperature, with Auger recombination dominating over second-order processes.”’ 82
Taken together, our results indicate that the dominant recombination mechanisms change
significantly upon substitution of the A-site cation in lead halide perovskites, supporting
conclusions that cation reorientation may play an important role in the carrier dynamics
of MAPDI3.33-8% However, further comparative studies of the recombination dynamics in
HOIPs and all-inorganic perovskites, particularly those that resolve the full transient
spectra, will be valuable for refining an understanding of recombination in this class of
materials.

We next turn to characterizing the transport properties of individual CsPblLBr
perovskite domains. To do so, we directly image the spatial evolution of the excited state
using spatially separated pump-probe microscopy. For these measurements, the pump
beam is positioned at a fixed location on an individual CsPbl>Br domain while the probe
beam is spatially scanned over the field of view at a series of delay times. The resultant

At-dependent images reflect the spatial and temporal evolution of the excited state. Figure

2.4(A) shows a representative set of spatially separated images, collected from an
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individual perovskite domain at pump-probe delay times of 0, 200, and 800ps. The
profiles shown in Figure 2.4(B) (obtained by integrating the images along the horizontal
axis, see Appendix A) increase in width because of the diffusive motion of the excited
states from a region of high excitation density to the surrounding low-density region. A
fit to each profile with a Gaussian distribution (solid line, Figure 2.4(B)) provides a

delay-dependent full width at half-maximum (fwhm), given by Equation 2:

B(AE) = {B(to)? +16In(2) D, - (At — t,) (2)
where B(t0)? is the square of the fwhm of the normalized excited-state distribution profile

when At = 0 ps and D is the ambipolar diffusion constant.®
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Figure 2.4. Spatially separated TR data for determination of CsPbL>Br diffusion constant.
(A) Spatially separated TR images at At =0, 200, and 800 ps. (B) Excited-state
distribution profiles for At =0 ps (red diamonds) and At = 800 ps (black circles). The
solid lines show Gaussian fits to the data. (C) Plot of AB? vs At: slope is proportional to
the diffusion constant, and error bars correspond to 90% confidence intervals. (D)
Histogram of diffusion constants measured for 12 individual domains.
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Under conditions of diffusive motion, a plot of AR? = B(At)? — B(t0)? versus At
produces a linear trend, whose slope is proportional to the diffusion constant (D¢) of the
material (Figure 2.4(C)). For the data presented in panels A and B, the diffusion constant
recovered is 0.39 cm?/s, which can be related to the more commonly referenced
ambipolar charge carrier mobility through the Einstein relation (ua = Deq/kT, 15 cm?/Vs).
Measurements performed on 11 additional individual domains revealed similar values for
the diffusion constants. Figure 2.4(D) summarizes the distribution of D values found,
ranging between 0.13 and 0.39 cm?/s (5 and 15 cm?/Vs). All measurements were
performed in a regime where Auger recombination does not contribute to the observed
recombination kinetics, i.e., at fluences below 65 pJ/cm?. We note that while it is not
clear to what extent the overall signal intensity in our measurements arises from excitons
versus free carriers, exciton diffusivity is expected to be closely comparable to ambipolar
carrier diffusion under our experimental conditions.3¢

It is surprising that the ambipolar mobility of CsPbl;Br is significantly lower than
in, for example MAPbI3,*® particularly in light of recent results that suggest the MA
moieties rearrange around charge carriers to form large polarons.®* Under conventional
theories of carrier transport in semiconductors, polaron formation should strongly reduce
mobility.>* Because Cs* does not form a dipole, carriers in CsPbI,Br ought to exhibit
higher mobilities, in contrast to our results. While we are not aware of any reports of
carrier mobilities in the mixed halide, bulk CsPbLLBr perovskite, electron and hole
mobilities derived from photoconductivity measurements of CsPbBr3; were reported to be

over 1000 cm?/V s, a value nearly 2 orders of magnitude higher than what we find.”” One
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possible reason for the apparent reduction in mobility is the difference in halide
composition. A comparison of mixed halide formamidinium lead halide perovskites
(FAPbBryl(3-y)) using terahertz photoconductivity showed decreased mobility for the
mixed halide case (y = 0.6—1.5) relative to neat samples (y = 3 or 0).2 While similar
effects may be relevant to the Cs-based perovskites, only a 5- to 10-fold decrease in
mobility was observed in the mixed halide formamidinium perovskites, suggesting other
factors are likely at play. Scattering from grain boundaries and twin boundaries in the
microcrystals may also contribute to the unexpectedly low mobility. Polarized light
microscopy of the films we studied (See Appendix A) shows the microcrystals are
birefringent and composed of several well-ordered grains, arranged symmetrically around
the center of each microcrystal. While we cannot completely rule out scattering due to the
domain interfaces, we expect that if the diffusing excited state encountered a grain
boundary with significantly reduced mobility, subdiffusive behavior would be observed,
i.e., plots like that shown in Figure 2.4(C) would exhibit nonlinear behavior. Our data
showed no indication that the diffusing excited states encountered low-mobility domain
boundaries during their spatial evolution. Nevertheless, to confidently establish whether
grain and twin boundaries impede transport, we are currently working to fabricate larger
single crystal domains (10 um x 10 um) so that diffusion dynamics can be imaged far
from any lattice defects. A final possible cause of the reduced mobility in CsPbBrl; is
interaction of charge carriers with trap sites in the lattice. The transient kinetics collected
with TR and TCSPC suggest that recombination proceeds primarily via a trap-mediated

process. Carrier trapping can impact transport as well. If either electrons or holes are
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trapped in the lattice (and thus exhibit lower mobility than free carriers), space charge
effects will reduce the overall ambipolar transport of the photogenerated carrier cloud
depending on the depth of the trap sites and the intrinsic mobility of the carriers.?’-38
While we have recently shown that trapping plays a minimal role in MAPbI3 transport
because of the high static dielectric and the short intrinsic carrier scattering time,® there
may be significant differences in material properties, e.g., the static dielectric constant,
that enhance the impact of trap sites in Cs-based perovskite carrier transport (and
recombination) relative to the organic-inorganic analogues. Temperature dependent
transport measurements should provide further insight into the role of trap sites and their

impact on carrier mobility in these materials.

2.3 Conclusion

In summary, we have characterized the ultrafast recombination dynamics and
excited-state diffusion in individual CsPbloBr perovskite microcrystals using pump-probe
microscopy. We find that trap-mediated (first-order) recombination dominates at low
fluences, with Auger recombination becoming increasingly important as the excitation
density increases. By direct imaging of the excited-state spatial evolution, we find an
average diffusivity of Dc = 0.27 cm?/s, nearly a factor of 10 lower than in MAPbI3. The
distinct differences in recombination dynamics and mobilities highlight the need for
further comparative studies of cesium lead halide perovskites and organic-inorganic
hybrid perovskites to establish a fundamental understanding of the structural and

chemical parameters that impact perovskite photophysical properties.
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3.1 Introduction

A decade of intense research efforts have established lead halide perovskites
(LHPs) as promising candidates for low-cost photovoltaics and other optoelectronic
applications. However, the unusual material properties characteristic of LHPs have so far
prevented a comprehensive understanding of the photophysical parameters which
determine performance in device applications.?*! In particular, the roles played by
extensive dynamic disorder at room temperature, the unusually low-frequency and highly
anharmonic lattice modes, and the extent of polaron formation remain poorly understood,
especially with respect to how these phenomena influence band-edge charge carrier
transport and recombination at room temperature.”?-3

In a crystalline material at carrier densities relevant to a photovoltaic device,
charged impurity scattering and carrier-phonon scattering impose fundamental limits on
the intrinsic charge mobility.”**° Scattering processes, either between two charged
centers (carrier-carrier or impurity scattering) or between a charge carrier and the
surrounding lattice (carrier-phonon scattering), are determined by Coulomb coupling.>?
Therefore, the effective dielectric function that mediates the Coulomb potential is a key
parameter influencing transport. It is typical to consider the static dielectric in this

context. For example, the well-known Debye screened potential, which accounts for

screening of a fixed charge by the polarization of its surroundings, is given by, V(r) =

q Exp[—r/Ap]/(4meye,r), with the Debye length A, = /€,e,kT /nq?, n the carrier
density, kT the thermal energy, &, the permittivity of vacuum, and & the relative static

dielectric. The Debye screened potential strictly holds only in the low frequency and low
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spatial variation limit (small wavevector). However, when these limits cannot be
assumed, the full momentum- and frequency-dependent dielectric function, which is
reduced relative to the static dielectric, must be considered.”® The frequency-dependent
dielectric function can be considered as a sum of low- and high- frequency contributions.
In polar semiconductors, the low-frequency contributions arise from lattice polarization
as well as (in some cases, like the LHPs”7) ion mobility, leading to strong screening in the
true static limit.”® In the high frequency limit, electron polarization is the only
contribution to screening since nuclear degrees of freedom respond too slowly.

Under conditions of quasiequilibrium transport, such as in an operating solar cell
or after photoexcitation with a laser, the question arises as to what the relevant dielectric
is that determines screening for the mobile carriers. On one hand, LHPs are a polar
semiconductor so it is reasonable to expect lattice polarization to play some role in
determining the effective screening length. On the other hand, it is well-established that
the lattice modes in LHPs are unusually low frequency for an inorganic semiconductor.
For example in MAPbI, optical phonons are resonant near 1-4 Thz.*® Thus, vibrational

motion is far slower than the characteristic motion of the electrons. An estimate of the

thermal charge carrier velocity, (V= /BZ(H—B*T, m* = 0.25 m, for MAPbI), is Vi, =

2.3 x 107 €M/ which yields a characteristic frequency of motion (across a unit cell) of
285 Thz. While a classical argument, the disparity in frequencies between electronic and
nuclear degrees of freedom suggests that the low-frequency motion of the lattice may not
be entirely effective in its ability to shield the highly mobile charge carriers from other

charged centers in the lattice.!% It is therefore plausible that the mobile charges in the
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lattice are instead screened by an effective dielectric that is intermediate between the high
and low frequency limits.

To test this hypothesis, we have utilized transient absorption microscopy to
directly measure the ambipolar diffusion constants of several LHPs as a function of
excitation density. We find the effective dielectric for band-edge mobile charges is a
factor of 2-10 lower than previously reported values for the static dielectric in both
cesium lead tribromide (CsPbBr3) and methylammonium lead tribromide (MAPbBr3).
These findings are corroborated by a study of the power-dependent recombination
kinetics, which finds that nonlinear recombination onsets earlier and scales more strongly
with excitation density in the lead bromide perovskites relative to MAPbIs. Together,
these results indicate that the relevant dielectric for photogenerated charge carriers is an
intermediate value between the low and high frequency limits, and that screening is

strongly influenced by halide composition via differences in electronic polarizability.

3.2 Methods

We employ a simple solution processing technique, which utilizes spin-coating
and solvent annealing, to produce low-coverage lead halide perovskite thin-films
(Appendix B). This approach produces well-resolved crystalline domains, but like all
solution-processing techniques, intrinsically introduces structural heterogeneity
(polycrystallinity, grain boundaries, etc.) into the resulting thin film. Therefore, in an
effort to probe properties representative of the bulk, we utilize ultrafast pump-probe

microscopy (PPM) to directly measure the ambipolar (both electron and hole) diffusion
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and decay dynamics in individual microcrystalline domains. Our homebuilt microscope
has been described in detail elsewhere. !

Photoexcitation by the pump (2.9 eV for CsPbBr3 and 3.1 eV for MAPbB13)
causes a transient decrease in the refractive index of the material at the probe energy of
1.55 eV. The band gaps of CsPbBr; and MAPDbBr; are ~2.37 eV and ~ 2.30 eV,
respectively (Appendix B). The measured change in probe reflectivity is proportional to
the photogenerated charge carrier density (—AR o« n[t]),!°!"1%2 and is linear with respect
to excitation density over the range of excitation densities used in these experiments
(Appendix B).

To determine the ambipolar diffusion coefficient, D, the spatial evolution of
pump-excited charge carriers is directly imaged with a spatially scanned probe beam for a
series of increasing pump-probe delay times. Changes in the width of the carrier
distribution can be analytically related to the diffusion coefficient of the charge carriers
(Appendix B). To determine the dependence of D, on carrier density, a series of diffusion
measurements are taken over a range of excitation fluences. Carrier densities are
calculated by averaging over the 1/e? width of the Gaussian pump spot (300nm, measured
by imaging a known diameter SiC nanowire and deconvolving the beam diameter) and
the 1/a absorption depth (oo = 9 um™ at 425 nm for CsPbBr3; and 400 nm for MAPbBr;3
(Appendix B)). Power-dependent carrier recombination dynamics were measured by
spatially overlapping the pump and probe pulses and collecting transient reflectivity

kinetics over an 800 ps delay stage.
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3.3 Results and Discussion

We first measure D,, which reflects the average of a material’s electron and hole
transport characteristics and is dependent on the mean scattering rate (Ke¢r), and the
average effective mass of the charge carriers (m”),

Dy = kgT/m kepr (1)
where kpT is the thermal energy. Figure 3.1 shows the distribution of D, found for 42
individual CsPbBr3 (Fig. 3.1B) and 13 individual MAPbBr; (Fig. 3.1D) domains.
Although unconfirmed, the variation in measured diffusivities is likely a consequence of
differences in the local lattice disorder or trap density. On average, the measured
ambipolar diffusivity is similar in CsPbBr3; (D, = 1.3 ¢cm? /s ) and MAPbBr; (D, =
1.5 cm? /s ) perovskites. The diffusion coefficient of an electron or hole (De) is related
to the mobility through the Einstein relation, t./, = De/nq/kgT, with q the fundamental
charge. The mean scattering rate is a phenomenological term which quantifies the
summed scattering rates from various physical phenomena in the material. For this work,
we consider ks = k; + k., which describes the effective rate as a sum of intrinsic
(phonon and defect) scattering processes (k;) and a carrier-carrier scattering rate (k..),

which becomes increasingly important as excitation density increases.
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Figure 3.1. Ambipolar diffusivity measured on CsPbBr; and MAPbBr3 perovskites.
Spatially overlapped transient reflectivity images of single CsPbBr3; (A) and MAPbBr3
(C) domains collected at At = 1 ps . The black scale bars each correspond to a length of
4 pm. Panels (B) and (D) illustrate the distribution of ambipolar diffusion coefficients
(D4) measured on several individual CsPbBr; and MAPbBr3; domains, respectively. An
average diffusivity of D, = 1.3 cm? /s was found for CsPbBr; (panel B, black line) and
D, = 1.5 ¢cm? /s for MAPDbBTr; (panel D, black line).

To find the scattering rates from the diffusion measurements, we assume an effective

mass that is an average of previously reported values: m,,, = 2u = 0.25 where p =

% is the reduced mass (see Table B1 for values and citations). Note that while this
e h

value falls roughly in the middle of the values reported for all three LHPs, deviations
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from this average value in specific reports have a negligible influence on our determined
parameters within the error of our measurements.

Figures 3.2(A) and 3.2(B) show carrier-carrier scattering rates determined by
pump-fluence dependent diffusion measurements collected on individual microcrystals of
CsPbBr; and MAPDbBr3. Panel C shows previously reported results collected from
MAPDI; individual domains.®> Because the intrinsic scattering rate varies from domain to
domain, we show only the term arising from carrier-carrier scattering, k.. = Kerr — k;.
As can be seen in panels A and B, at carrier densities > 10'8 cm™, the rates of carrier-
carrier scattering increase significantly for both CsPbBr3 and MAPbBr3 perovskites. The

carrier-carrier scattering rate can be described by Equation 2:

-1

3/2
k., = (12\/§ﬂ3/2n‘18r2€02q‘4u”2 (kgT) ) 2)

Log[1+256m2¢,2g52n—2/3q=4kg T2]

where n is the carrier density, €, is the relative permittivity, and &, is the vacuum
permittivity.*> 193 Global fits of the carrier-carrier scattering rate (Eq. 2) across two data
sets for CsPbBr3 (Fig. 3.2(A)) and three data sets for MAPbBr;3 (Fig. 3.2(B)) yield
relative dielectric constants of €, = 11.53 + 2.23 and ¢, = 13.01 £ 1.76, respectively.
The fits are indicated by the black solid lines in panels A and B. For CsPbBr;3 (panel A)
and MAPDBr3 (panel B), the red dashed lines indicate the predicted behavior using Eq. 2
under the assumption the optical dielectric (€4 ) screens charge carriers. The blue dashed
line indicates the modeled behavior if the static dielectric (&) is the relevant value. In
both cases, chosen values are based on measured indices of refraction!® and egvalues are

14, 19

taken from previous reports, although we note that there is some variation in reported

values for the static dielectric in all three materials. These differences (22 to > 103 for
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CsPbBr3,'* 12 20 to 50 for MAPbBr3,'* 1% 1% and >70 for MAPbI3!4 97 105-106) are ikely
due to a number of factors including sample morphology, measurement technique, and
the lower frequency limit measured. Regardless, the fit determined values for the

effective dielectric in MAPbBr3; and CsPbBr; fall between the reported optical and static

dielectric constants (&, < & < &).
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Figure 3.2. Excitation-fluence dependent transport in lead halide perovskites. Panels (A),
(B) & (C) show plots of k. vs carrier density collected over a range of 5 X 1017 to

2 X 10*° for CsPbBr; (two data sets, black circles and triangles), MAPbBr; (three data
sets, black circles, triangles and squares), and MAPDI; (two data sets, black circles and
triangles), respectively. A global fit of the data sets in panels (A) and (B) to Eq. 2 (solid
black traces) yields relative dielectric values of €, = 11.53 + 2.23 and &, = 13.01 £
1.76 for CsPbBr; and MAPbBT3, respectively. The red and blue dashed lines in panels
(A) and (B) illustrate Eq. 2 assuming the optical dielectric (£, = 5.3 for CsPbbr; and

£ = 4.8 for MAPDbBr3) and static dielectric (&, = 20 for both CsPbbr; and MAPbBr3),
respectively. The measured k.. rates shown in panel (C) are insensitive to changes in
carrier density. The red and blue dashed lines illustrate expected density-dependent
diffusion behavior (Eq. 2) assuming the optical (e, = 6.8) and static dielectric (&, = 30),
respectively. Error bars shown in (A, B, C) correspond to one standard deviation.

Although greater carrier-carrier scattering with increasing excitation density is
apparent in CsPbBr3; and MAPDbBr3, the measured diffusion constants for MAPbI3 (panel
C) are insensitive to changes in carrier density. This behavior is reproduced by Eq. 2 if

& > 30, (blue dashed line, panel C) as we have previously reported.®® For comparison,
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we also show the expected carrier-carrier scattering rate for MAPbI3 assuming an optical
dielectric (red dashed line) of €, = 6.8. While the observed carrier-carrier scattering rate
in MAPbI; clearly does not follow the trend predicted by the optical dielectric, it would
not be surprising if the effective dielectric in this system is also an intermediate value
between the optical and static limits. As noted above, reported values for the static
dielectric in MAPbI; range between 70 and 130, suggesting this may be true, however
our measurements are insensitive to changes in the diffusion coefficient in this regime, so
we can only determine a lower limit to &,..

It is worth noting at this point three technical limitation that suggest the dielectric
values we report are in fact overestimates of the effective dielectric. The first is that at
higher excitation densities, nonlinear recombination begins to influence the transient
kinetics (see below), producing faster decay in the middle of the photoexcited volume
relative to the edges. It is well-known that such effects result in apparently larger
diffusion coefficients than the true low-fluence value.?> 17 While it is, in principle,
possible to include such effects in a model which simultaneously tracks diffusion and
nonlinear recombination, we have found the fits to be of poor quality, with high levels of
covariance between the coefficients that parameterize the population decay (which
depends on excitation density) and the spatial evolution (which also depends on
excitation density). We have therefore elected to analyze the data assuming the simplest
possible (density-independent) recombination model. Based on simple continuum models
(Appendix B), we estimate the error introduced by this effect is approximately 15% in the

measured carrier-carrier scattering rate at the highest fluences. Second, both
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recombination and diffusion contribute to a reduction in average carrier density with
increasing pump-probe delay time. This decrease in carrier density implies that the mean
carrier-carrier scattering rate will also decrease as a function of delay time. To mitigate
the effects of the time-dependent excitation density, we measure diffusion only at early
delay times (0 - 300 ps). Under these conditions, we estimate the excitation density varies
by at most a factor of two, causing a decrease in the determined k. that lies within
experimental uncertainty. The third factor that may depreciate our reported effective
dielectric value is that at excitation densities = 5 X 108, deviations from the carrier-
carrier scattering model occur because the photogenerated carriers begin to fill states with
greater kinetic energy than the band edge states, i.e. the quasi Fermi level is raised. This
effect is especially noticeable in Figure 3.2(C) (and in Ref. 51), where the model deviates
from the data at high excitation densities. Without detailed calculations that accurately
account for the band edge density of states, it is difficult to know the extent to which this
factor influences our measurements. However, given the optical response is linear even at
densities as high as 5x10'” cm™ and that such effects become apparent only at densities
near 2x10' cm™ in MAPbI;3, we estimate such band filling effects are within the error of
our measurement. Regardless, all three contributions will serve to decrease the apparent
carrier-carrier scattering rate (that is, they increase the measured diffusion coefficient),
and reduce the fit-determined effective dielectric.

The diffusion measurements presented in Fig. 3.1 and Fig. 3.2 strongly suggest
that halide composition is of greater importance to carrier transport in lead halide

perovskites than cation composition. The two bromide perovskites, CsPbBr3; and
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MAPDBI3, have similar low carrier density diffusion coefficients averaged over 42 and
13 individual domains (D; = 1.3 cm? /s for CsPbBr; and D; = 1.5 cm? /s for MAPbBr3).
Furthermore, the effective dielectric constants for the two lead bromide perovskites are,
within error, the same (~11-13). On the other hand, while MAPbI; has a closely
comparable average intrinsic diffusivity of D; &~ 1.2 cm?/s%-%7, the effective dielectric is
at least a factor of 2 - 3 larger than its bromide analogue. This difference in dielectric
screening is likely a consequence of the increased polarizability of the bound iodide
electrons in MAPDI; relative to those in CsPbBr; and MAPbBT3.

Like carrier-carrier scattering, nonlinear recombination (2" order and Auger)
mechanisms are also contingent on pairwise interactions between charge carriers in the
lattice. It therefore stands to reason that a larger effective dielectric in MAPbDI; relative to
the bromide analogues should also be manifest in the recombination dynamics.
Specifically, it would be expected that nonlinear recombination in lead iodide perovskites
ought to scale less strongly with carrier density because screening is enhanced relative to
MAPbBBr3; and CsPbBr3. To probe this relationship, we measured decay kinetics in each
LHP for a series of increasing excitation fluences. Panels A, B, and C of Figure 3.3 show
representative decay kinetics spanning an order of magnitude difference in excitation
density for MAPbBr3, CsPbBr3, and MAPbI3, respectively.

Because the magnitude of AR is proportional to the population of photoexcited
charge carriers, any observed change in AR over time reflects the number of carriers that
have recombined. At low-carrier densities, the decay in the transient reflection kinetics is

due to recombination via first order-processes (trap-mediated). As excitation density is
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increased, a difference between low fluence and high fluence kinetics therefore represents
the fraction of carriers recombining via nonlinear processes. This fraction of the
population (i.e. the fraction of carriers recombining via second and third order processes)
is illustrated by the shaded areas in panels A, B and C of Figure 3.3 Over an order of
magnitude, the fraction of carriers recombining via higher order processes is much
greater (2.5 — 5 X) in MAPbBr3 and CsPbBr3; than in MAPbI3. Panel D of Figure 3.3
shows the relative change in AR at At = 600 ps over a range of excitation densities that
bridge the transition from a power independent regime (with kinetics characterized by
linear recombination) to one that is dominated by nonlinear recombination. At the lowest
fluences, the kinetics are power independent, and so the difference, AAR = 0. However,
as pump fluence is increased, nonlinear recombination has a greater relative contribution
to the decay kinetics for MAPbBr3 and CsPbBr3 than in MAPbI3. Note that AAR values
shown in panel D are normalized to the low-fluence amplitude for each perovskite system
at At = 600 ps. Differences in the low-fluence decay rate between MAPbI3 and the
bromide analogues have a minimal effect on the carrier dependence of AARy orm

(Appendix B).
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Figure 3.3. Excitation-fluence dependent transient reflectivity kinetics. Panels (A), (B)
and (C) show kinetics collected on MAPbBr3, CsPbBr3, and MAPbI3, respectively. The
top trace in each panel shows -AR vs At collected in a low fluence regime where charge
carrier recombination is primarily occurring via first-order, trap mediated processes. The
bottom traces show transient reflectivity kinetics taken at high fluences where second-
and third-order processes strongly contribute. The shaded area in each panel therefore
represent the portion of free-carriers recombining via second and third order processes.
Panel (D) shows a plot of AARyogm Vs. carrier density for two data sets collected on each
of the perovskite species.

The relatively greater importance of nonlinear recombination in the lead bromide
perovskites over MAPbI;3 is consistent with the power dependence observed in the

diffusion coefficients. For MAPDI;, the large effective dielectric efficiently screens
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charge carriers from one another, reducing the effects of carrier-carrier scattering on the
diffusion coefficient. This same screening mechanism limits nonlinear recombination. On
the other hand, charge carriers in the lead bromide perovskites are less effectively
screened. As a result, carrier-carrier interactions are more prevalent at intermediate
excitation densities. While it is a simplification of the competing scattering processes and
many-body effects occurring in these dynamical materials, a comparison of the Coulomb

2
q
TTELEQT

interaction energy of two point charges (V(r) = — " ) in the bromide and iodide

perovskites provides some insight into the correlation between diffusivity and the
recombination kinetics. For an effective dielectric of ~ 12 as in MAPbBr3; and CsPbBr3,
the pair-wise interaction energy exceeds kzT when the excitation density rises above ~
2.3 X 108 cm3. For an effective dielectric of ~ 30 as in MAPbI3, the Coulomb energy
exceeds kg T only for excitation densities greater than ~ 3.6 X 10 cm. Comparison of
these characteristic carrier densities to the trends observed in Figures 3.2 and 3.3 reveals
that the many body effects which limit diffusion or enhance recombination begin to “turn
on” only once the respective critical density is reached.

The results described above allow a number of important conclusions to be
drawn. First, the value at which the critical density for enhanced recombination is
reached in MAPDbBr3 is similar to CsPbBr3. The similarity suggests that the A-site cation
plays relatively little role in screening charge carriers in the lattice, at least while they
occupy band edge states after cooling from their initial photoexcited energies. On the
other hand, the significant difference in effective dielectric between MAPbI3 and

MAPDBTI; highlights the importance of halide composition in determining screening
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efficacy. Our results suggest that bromide LHPs will be far more susceptible to scattering
and recombination events near lattice defects and impurities, perhaps explaining the
wider range of ambipolar diffusion coefficients measured in CsPbBrs (0.4 —2.67cm? /s,
Fig. 3.1(B)) and MAPbBr3 (0.1 —2.92cm? /s, Fig. 3.1(D)) compared to MAPbI; (0.74 —
1.77¢cm? /s).% Future experiments exploring the correlation between local defect density
and measured ambipolar diffusivity will help test this hypothesis. Finally, our observation
that charge carriers are more effectively screened in MAPbI3 than in MAPbBr3; and
CsPbBr3; has important implications for the design of photovoltaic devices. A screening
mechanism which shields Coulomb interactions between two charge carriers will also
serve to shield charge carriers from charged impurities or structural defects in the lattice.
Therefore, even at carrier densities relevant to photovoltaic devices (~ 1016cm™3),
charge transport in MAPDbI; is likely to be less influenced by fluctuations in the local

defect density compared to CsPbBr3 or MAPbBr3 perovskites.

3.4 Conclusion

We have presented excitation-fluence dependent transport and decay dynamics
data for individual CsPbBr;, MAPbBr3, and MAPbI3 perovskite domains. From the
power dependent diffusion coefficients, we find the dielectric constants relevant to
photoexcited charge carriers in CsPbBr; and MAPbBr3; perovskites (¢, = 11.53 + 2.23
for CsPbBrs; and €, = 13.01 £ 1.76 for and MAPDbBr3) are intermediate between the high
and low frequency limits. These results strongly suggest that low frequency contributions

to the static dielectric are ineffective screening mechanisms for the rapidly moving
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mobile charges at room temperature. A comparison of density-dependent recombination
and transport between MAPbI; and MAPbBT3 (or equivalently CsPbBr3) highlights the
critical role halide chemistry plays in determining the screening ability of the materials.
Practically, this suggests charge carriers in MAPbI3 are more tolerant of lattice defects

relative to CsPbBr3; and MAPbBr3 perovskites.



50

CHAPTER FOUR

DIRECT CORRELATION OF CHARGE CARRIER TRANSPORT TO LOCAL

CRYSTAL QUALITY IN LEAD HALIDE PEROVSKITES

Contributions of Authors and Co-Authors

Manuscript in Chapter 4

Author: Casey L. Hickey

Contributions: Synthesized and characterized all samples. Collected and analyzed all
ultrafast microscopy and EBSD data. Assisted in writing and editing the manuscript.

Author: Erik M. Grumstrup

Contributions: Assisted with analysis and editing of the manuscript for final submission.



51

Manuscript Information

Casey L. Hickey and Erik M. Grumstrup
Nano Letters

Status of Manuscript:

____ Prepared for submission to a peer-reviewed journal
_X_ Officially submitted to a peer-review journal
___Accepted by a peer-reviewed journal

_____ Published in a peer-reviewed journal

Date Submitted: March 24, 2020



52

4.1 Introduction

Functional materials produced using solution processing techniques offer a
compelling route toward the fabrication of low cost, high-performance optoelectronic and
electronic devices. While promising, solution processing can intrinsically introduce
structural heterogeneities, particularly for cases in which material morphologies are
determined by kinetically controlled approaches like spin or drop casting.!%-112
Understanding the impact of such structural heterogeneities on a material’s functional
properties remains an experimental challenge, even while their importance is increasingly
evident. For example, in solution processed organic thin films, variation in excited state
response and relaxation rates have been linked to mesoscale structural defects.?-2!
Structural defects introduced during fabrication have been linked to both reduced stability
and photoconversion efficiency (PCE) in thin-film lead halide perovskite (LHP)
photovoltaics.*- 108113 Another piece of evidence, albeit more circumstantial, can be found
with the LHP CsPbBr;, where the range of reported charge carrier mobilities spans more
than two orders of magnitude (20 - 4500 cm?/Vs).!5!® While some of this variability
likely stems from different measurement techniques, sample-to-sample differences
cannot be overlooked. In fact, in our own lab, we have observed an order of magnitude
difference in the ambipolar diffusion coefficient from grain to grain on a single CsPbBr;
thin-film. '

In LHPs, the impact of microscopic structural defects has been probed using a
number of experimental approaches. Ensemble and device-level characterization

techniques have been used to study the effects of grain boundaries, polycrystallinity, and
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chemical modification via sample comparisons and careful modeling.!'>-!'” However, the
macroscopic probe volume of these techniques requires that heterogeneity be treated only
in an average way. A number of groups have therefore elected to use microscopic probes
of LHP photophysics to provide insight on, for example, charge carrier transport across
grain boundaries and grain-to-grain anisotropy in excited state dynamics.!'®!2° In general,
these works have relied on correlating spectroscopic observables to mesoscopic structural
features like grain boundaries, which can be detected in an optical microscope. Similar
efforts have utilized micro X-ray diffraction in combination with photoluminescence
microscopy to correlate excited state lifetime with structural variation in polycrystalline
thin films.!?!

Thus, while it is now well understood that the polycrystallinity of LHP thin films
gives rise to variation in excited state functional behavior, knowledge of the specific
nanoscale structural factors that influence the functional properties of LHPs is still
lacking. Here we utilize electron backscattering diffraction (EBSD), which provides an
atomic-level measure of the local crystalline order, along with pump-probe microscopy
(PPM) to directly correlate ambipolar charge carrier transport to the local crystal quality
on an individual single crystal CsPbBr; domain. We develop an analysis approach that
provides a relative measure of the local crystal quality, and by measuring the diffusion
coefficient in those locations, reveal that nanoscale structural defects play a significant
role in determining the upper limit of charge transport in CsPbBr;. Importantly, the
defects are not the mesoscopic defects (grain boundaries) that have been earlier linked to

reduced transport rates, but rather nanoscale lattice defects, likely anisotropic strain or
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point defects, that are only detectable using measurement techniques sensitive to the local

atomic spacing.

4.2 Results and Discussion

The results we present below were collected on a single CsPbBr; domain from a
low-coverage thin film fabricated on gold coated, quartz substrate. The domain pictured
in Figure 4.1, which is approximately 14 ym x 50 pm, is representative of much of the
film. A scanning electron micrograph (SEM) shown in panel (a) suggests that the domain
has a smooth surface with no obvious structural defects. Panels (b) and (c) show
reflectivity (R) and transient reflectivity (AR/R) images, respectively, collected on a
homebuilt pump-probe microscope. Transient reflectivity images are collected by
scanning the spatially overlapped pump (400nm) and probe (800nm) beams at a set
pump-probe delay time (At = 1 ps) and measuring the pump-induced change in probe

reflectivity. For the sub-bandgap probe light used here, the AR/R intensity is directly
proportional to the photoexcited population density (— A?R o n[t])."?> The distinct positive

and negative fringes seen in the R and AR/R image are a consequence of Fabry-Perot
interference of the probe light in the cavity formed by top and bottom interfaces of the
CsPbBr; domain. Photoexcitation causes a change in the material dielectric function,
which shifts the mode position. The R image can be interpreted qualitatively in terms of a
topological map; thus, the low spatial frequency of the fringes indicates the domain is

gently sloped. A rough estimate based on the index of refraction of CsPbBr; (n ~ 2.3)'4
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indicates that the thickness difference, Ah, between the neighboring maximum and

minimum reflectivity (yellow and blue) fringes is ~ 90 nm (Ah = Aprope/4n).'>

AR/R

1.0

x10°

Figure 4.1. High resolution images of a single crystalline CsPbBr3; perovskite. Panel (a)
shows a SEM of a single crystalline CsPbBr3 perovskite. Panels (b) and (c) show
corresponding spatially overlapped reflectivity and transient reflectivity images,
respectively, collected at At = 1ps.

We measured the local ambipolar diffusivity in nine different locations on the
domain displayed in Figure 4.1 by spatially scanning the probe beam over the expanding
photogenerated charge carrier density. By collecting profiles at a series of increasing
pump-probe delay times, the radially averaged diffusion coefficients can be determined.
Note that while we measure the ambipolar diffusion coefficient (D) the Einstein relation

can be used to express D in terms of the electron and hole mobilities (u,/1p), D =

-1
k%T (ui + ﬂi) . Figure 4.2(a) shows representative profiles from At = 1 ps (black) to
n p

At =200 ps (blue) at two locations (I and II) marked on Figure 4.1(a). To extract the

diffusion coefficient, time-dependent profiles are fit to a numerical convolution of the
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experimental point spread function with the Green’s function solution to the diffusion
equation.'* Figure 4.2(b) shows a histogram of the diffusion coefficients measured from
nine separate locations on the domain. The smallest value measured was 0.60 cm?/s and
the largest was 2.61 cm?/s. These values compare favorably with the highest reported

mobilities of charges in CsPbBr; perovskites.!: 18114
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Figure 4.2. Radially averaged diffusivity measurements. Diffusivity measurements were
collected from nine separate locations on the domain shown in Figure 4.1. (a)
Representative profiles (dots) and fits (solid lines) of spatially separated TR data
collected at At = 1 ps (black) and At = 200 ps (blue) from two of the nine location are
shown in plots I and II. (b) Histogram of the nine ambipolar diffusion coefficients (Da)
measured from the domain shown in Figure 4.1.
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The wide variation in observed diffusion coefficients suggests that some form of
intra-domain heterogeneity strongly impacts charge transport rates. To establish the
source of heterogeneity, we performed EBSD analysis of the same domain. As shown in
Figure 4.3, the EBSD patterns can be used to extract the local crystal orientation by
fitting the pattern collected from each location to a reference pattern.'> An example fit is
shown on the averaged EBSD pattern displayed in Figure 4.3(b), which was collected
from the 0.56 um? area indicated in white on Figure 4.3(a). The orientation map shown
in Figure 4.3(c) was constructed by applying fits to each EBSD pattern collected across
the domain. A uniform color designation suggests that domain is single crystal, with the
[001] direction oriented orthogonally to the substrate. Note the single pixel variations in
orientation that can be seen in Figure 4.3(c) are attributed to instrument noise, as
confirmed by visual comparison of patterns collected from the noise pixels with adjacent
pixels that fit as a [001] orientation. The absence of grain boundaries in both the
orientation map and SEM suggests that the structural heterogeneity contributing to
variance in transport measurements arises from a more subtle source of structural

disorder than polycrystallinity.
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[001]  [100]

Figure 4.3. Orientation map of a single crystal CsPbBr; domain. Panel (a) reproduces the
SEM of the single crystalline CsPbBr3 perovskite shown in Figure 4.1. Panel (b) shows
an EBSD pattern and corresponding fit with the [111], [201] and [101] directions
identified. Panel (c) shows the corresponding orientation map of the domain imaged in
panel (a). In this case, red indicates that the crystal’s [001] direction (c-axis) is orthogonal
to the substrate.

To understand how subtle distortions of the crystal structure may be influencing
excited state transport, we turned to EBSD pattern contrast. Local perturbations in crystal
structure (anisotropic strain, vacancies, polycrystallinity) will result in an EBSD pattern
with reduced contrast relative to a uniform single-crystal diffracting volume.'26-128 A
common metric for quantifying diffraction pattern contrast is image quality (/Q), often
calculated using the Hough transform method.!?¢ Here we have elected to use a
generalized form of the Hough transform, called a Radon transform, which reduces
undesirable artifacts caused by irregular pixel sampling.'?*-13 Figure 4.4 illustrates the

Radon transform we implemented to analyze the EBSD patterns in the LHP domain
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discussed above. The three EBSD patterns shown in Figure 4.4(a) were collected from
locations marked I, II, and III in Figure 4.1(a). Application of the Radon transform,
followed by a median filter (to remove the low frequency background) and a minimum
intensity threshold, yields the plots shown in Figure 4.4(b). Peaks in Radon space indicate
the angle (6) and center distance (x’) of lines detected in the respective diffraction
pattern. For the same minimum threshold value, the number of peaks decreases from
location I to III, reflecting the smaller number of diffraction lines in the EBSD patterns
that rise above the background level. Application of the inverse Radon transform yields
the reconstructed patterns shown in Figure 4.4(c). While in all cases the reconstructed
patterns illustrate good agreement between the lines picked out by the Radon transform
and those that appear in the original diffraction patterns, the difference in contrast
between the three is clearly captured by the algorithm. Image quality values (/Qgy) are
calculated by finding the average Radon space intensities. In accordance with the level of
contrast present in each EBSD pattern, we measure /Qgy values of 5.39,2.63 and 0.63 for

areas I, I and III, respectively.
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Figure 4.4. Image quality analysis of a single crystal CsPbBr3 perovskite. Column (a)
shows three EBSD patterns with decreasing levels of contrast (I, IT and III). The
corresponding Radon transform of each pattern is shown in column (b). Qg values
measured for I, II, and III are 5.39, 2.23, and 0.63, respectively. (c) The reconstructed

diffraction patterns obtained by inverse Radon transform show good agreement with the
original pattern.

To understand how the variation in lattice quality impacts charge transport, we
numerically calculated IQzr for each of the 30,055 EBSD patterns we collected from the
CsPbBr; domain. Figure 4.5(a) shows the resultant /Qg; map, which represents high
crystal quality (as determined by the magnitude of the /Qrr value) as warmer colors and

low crystal quality as cold colors. The bulk of the domain is dominated by moderate Qg
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values (light blue, ~3) with regions of reduced quality (dark blue, ~0.5) distributed
throughout, and high 1Qr regions (yellow, ~9) located within 5 ym of the top edge.
While the IQ map only provides a relative measure of the crystal quality, the differences
in diffraction pattern contrast strongly suggests that nanoscale variations in crystal
structure are present even in a single crystal structure. When the nine ambipolar diffusion
coefficients measured on the domain are plotted vs. the co-located average Qg value (In

Figure 4.5(b)), a clear correlation between the two measurements is found.
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Figure 4.5. Correlation between image quality and ambipolar diffusivity. Panel (a) shows
an Qg map of the domain shown in Figures 4.1-4.3. IQz; measurements across the
domain range from 0 to 9.2, with mostly moderate values (~3) throughout the bulk of the
domain. (b) Measured diffusion coefficient vs. average IQzr for nine locations on the
LHP domain. The I1Qgr values, which range from 0.63 to 5.39, are determined by
averaging over a 0.56 um? area in same nine locations in which diffusivity
measurements were collected. Error bars correspond to one standard deviation. The black
solid line is a guide to the eye.

The positive correlation between D, and IQyr is strong evidence that local crystal

quality plays an important role in determining charge carrier transport in CsPbBr;. As
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indicated in Fig. 4.3, the domain is single crystalline and therefore grain boundaries and
other mesoscale defects can be ruled out as impeding transport. Instead, the reduced
diffusion coefficients must relate to the periodicity of the lattice through which the charge
carriers are transported. While it is difficult at present to identify the specific
morphological defects that gives rise to reduced charge carrier mobility and reduced
diffraction pattern contrast, the most likely candidate is anisotropic lattice strain, caused
by, perhaps, a mismatch of thermal expansion coefficients upon cooling.!?!-13!-132

In the band picture of charge carrier transport, disruption of the periodicity of the
lattice will reduce the mean scattering time of charge carriers, reducing the observed
mobility. It may also be that point defects (vacancies and interstitials) or dislocations
formed during the fabrication process give rise to lower energy, more strongly localized
states that act as trap sites. In either case, our results suggest that structural disorder is
manifest not only as mesoscopic structural defects (wrinkling, grain boundaries, etc.), for
which the impacts on performance have been well documented,!%8-10%: 131133 byt also as
nanoscale disruptions of the lattice periodicity. These nanoscale defects strongly
influence charge carrier transport while remaining undetectable unless local structural

probes are employed.

4.3 Conclusion

In conclusion, we have coupled EBSD and ultrafast microscopy to directly
correlate microscopic crystal quality to local charge carrier transport in a single crystal
CsPbBr; domain. We find the ambipolar diffusion coefficient is reduced in regions of

lower crystal quality, varying by nearly an order of magnitude across a single crystal
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domain. Our results highlight not only the importance of crystal quality on device
performance and stability, but also the critical need for correlative microscopy techniques
in determining the impact of subtle defects on functional properties of nanoscale

materials.

4.4 Experimental Methods

Low-coverage CsPbBr; thin films are produced using a solution processing
technique which employs drop-casting and annealing steps. Specifically, 25 uL of CsBr
(0.023 M) and PbBr; (0.023 M) precursors dissolved in DMSO are drop cast onto gold
coated quartz substrates. Immediately after drop casting, the substrate is transferred onto
a hotplate and annealed at 45°C overnight in a DMSO saturated atmosphere.

Transient reflectivity measurements were carried out using a homebuilt ultrafast
pump-probe microscope. The primary excitation source is a Ti:sapphire laser that emits
70 fs pulses at 80 MHz and has a tunable range of 690 nm to 1040 nm. For the
experiments described in this manuscript, the fundamental at 800 nm was split via a beam
splitter into pump and probe lines. The probe beam is aligned onto a translation stage and
coupled onto galvanometer mirrors to achieve temporal and spatial separation,
respectively, relative to the pump beam. The pump is frequency doubled using a beta
barium borate (BBO) crystal and recombined with the probe using a 50:50 beam splitter.
The two beams are focused onto the sample using a 0.90 NA microscope objective, and
the reflected probe signal is detected using a balanced photodiode coupled to a lock-in

amplifier.'??
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Transport data was collected by spatially scanning the probe beam over the
expanding photogenerated excited state density at increasing pump-probe time delays.
Sets of spatially separated images were then used to determine radially averaged
diffusion coefficients by fitting angle-resolved profiles to a numerical convolution (NC)
of the experimentally-determined point spread function (measured at At = 1 ps) with the

exp[—rz/(4 D, t)]

JinDot ) Radial

Green’s function solution to the diffusion equation (K (r;t) =

profiles at angle ¢ are obtained by first rotating the 2D signal profile by —¢ radians (with
appropriate interpolation), and then integrating along the columns. The resulting 1D
profile is fit while only weighting data points on the right side of the profile. The reported
diffusion coefficients are an average of 8 angle-resolved fits performed at intervals of
/412

EBSD patterns were collected using a Physical Electronics 710 scanning Auger
nanoprobe with a 20keV electron beam. Patterns were collected on a 250 nm square
sampling grid. A commercial computer software (EDAX’s TEAM) was used to fit each
diffraction pattern to a user-defined reference pattern'?, constructed from structure data
obtained on the Crystallographic Open Database (COD) for orthorhombic CsPbBr; (a =
8.207A, b = 8.255A, c = 11.7594).13+1%

To determine IQgy values for collected EBSD patterns, a Mathematica script was
written to perform the Radon transform and apply a median filter (radius of 5 pixels) to
remove low-frequency background from the Radon space image. After a minimum
threshold of the Radon space image (at 12% of the global intensity maximum), /Qrr

values were calculated by finding the average Radon space intensity.
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5.1 Introduction

Diffusion coefficient measurements are a critical component of the work
presented in the previous three chapters. While such approaches are increasingly utilized

17. 141-143 e have often noticed that the

to characterize diffusion in a variety of systems,
point spread function is not an ideal Gaussian. To understand what effect non-ideality has
on the determined diffusivity value, we have compared the traditional Gaussian approach
against a newly developed approach which accounts for the experimentally determined
point spread function.

Ultrafast microscopy has emerged as a versatile method for characterizing excited
state behavior of charge carriers in semiconducting materials. One particularly powerful
capability of the technique is direct imaging of excited state spatial evolution on sub-
micron length scales and sub-picosecond time scales.%? 144-146 By photoexciting a

spatially confined excited state population and optically imaging its subsequent spatial

evolution, ultrafast microscopy provides the ability to probe excited state transport in a

k 29, 147-151 28, 152-153

contact-free manner in the bul and on nanoscale objects. The excellent
spatial resolution of the technique also provides a means to measure transport in
proximity to localized structural or chemical defects so that their impact on bulk
properties can be directly probed.?”- 120, 154-135

Because the optical configurations of ultrafast microscopes vary from instrument
to instrument, the effective point spread function that is convolved with the light-matter

interaction of interest varies for each practitioner. Although some authors have accounted

for sample or instrument specific variability in the point spread function,'* it is far more
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prevalent to analyze excited state transport data assuming a Gaussian model when fitting
the evolving excited state distribution. In the limit of perfectly Gaussian beams, fits with
a Gaussian model will clearly recover the correct diffusion coefficient. However, from an
experimental perspective, it is often impractical to completely eliminate non-idealities in
the point spread function due to, for example, minor wavefront distortion or spherical
aberrations.!*® As we show below, even subtle deviations from Gaussian beam profiles
can cause significant error in the determined diffusion coefficient. To circumvent the
limitations presented by the Gaussian model, we propose a simple alternative approach
which instead relies on numerical convolution of the Green’s function solution to the
diffusion equation with the experimentally determined point spread function. We
demonstrate that this approach provides more accurate diffusion coefficients, especially

in the case of anisotropic diffusion and non-Gaussian shaped beams.
5.2 Methods

Photoexcitation with a focused laser produces a highly localized distribution of
excited states. In the absence of a potential gradient and on time scales much longer than
the mean scattering time of these excited states (i.e. when the excited state population has
thermalized), the population (P,, ) spatially evolves according to the diffusion equation,
which, with a spatially invariant diffusion coefficient (D,), is given by (in 1D):

0Pox 0%Poy
pyale D, 52 (Eq. 1)

The well-known solution to the diffusion equation for a point (delta function) source at

t = 0 is the Green’s function,’
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-r2/(4 D,
K(r;t) = % (Eq. 2)

If excited state generation scales linearly with pump intensity, the excited state density at
a time At after photoexcitation is given by the convolution of the diffusion kernel,
K (r; At), with the spatial profile of the pump pulse intensity, Ly (1),

P, (r,At) o I, (r)®exp[—12/(4 D, At)] (Eq. 3)
Expressed in this way, the spatial evolution of excited state density can be interpreted as
follows: At At =0, the pump pulse creates a distribution of localized excited states, with
a probability determined by the pump intensity at a given location. Each delta function
source evolves according to Eq. 2 to produce a Gaussian-broadened new distribution. The
overall excited state density is given by the sum over each (now broadened) distribution,
yielding P, (7, At). Note that, for this manuscript, we are neglecting excited state decay,
which is generally accounted for by additional terms in Eq. 1 that describe linear and
nonlinear decay mechanisms. For cases in which nonlinear decay is relevant, coupling
between excited state decay and transport can significantly influence experimental
measurements.'>® However, for cases where excited state decay is independent of the
population density (typically low photoexcitation densities), the excited state decay is
decoupled from transport, allowing us to neglect it for clarity.

To determine a diffusion coefficient with time resolved microscopy, P,, is imaged
by scanning a focused probe over the field of view of the microscope or, alternatively by
using wide-field illumination in combination with a two-dimensional detector.?- 15!
Mathematically, this operation corresponds to a spatial convolution of the excitation

density and the probe beam spatial profile (or equivalently, the point spread function of
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the microscope). Thus, the spatially- and temporally-dependent excited state signal is
given by:
I(r,At) o 1 (N ®L,, (M) QK (1; At). (Eq. 4)
If the pump and probe spatial profiles are Gaussian in shape, the convolution can be

performed analytically, yielding a signal that is also a Gaussian,

I(r, At) < exp (_—rz) = exp (2;2:2)' (Eq. 5)

202+4D At

2 . o .
/ is the time-independent standard deviation of the pump-

Here, 0o = (02, + 02 !
probe spatial convolution, typically measured at a delay time before the excited state has
undergone any spatial evolution. Thus, by simply measuring the delay-dependent

standard deviation (y,;) of the expanding signal profiles, the diffusion coefficient can be

determined.

2 _ 2
D. = % (Eq. 6)

An advantage of this approach is that the ability to measure small diffusion coefficients
(or equivalently, small diffusion lengths) is not determined by spatial resolution, but
rather by the minimum resolvable differences in signal profile width, which is determined
by the signal to noise level of the measurement.

While the assumption of Gaussian pump and probe spatial profiles allows a closed
form expression for fitting signal profiles, it can, as we show below, lead to significant
error in the experimentally determined diffusion coefficient. The error arises from non-
Gaussian beam profiles, which can be introduced through a number of aberration sources

which result in beam spots that are distorted from their ideal spatial distribution. Even in
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the case that deviations from Gaussian are subtle and the convolved pump-probe point
spread function appears to be high quality, error can be introduced by fitting with a
Gaussian model.

An alternative to assuming a Gaussian pump-probe spatial profile is to instead use
the true, non-analytic profile, as experimentally measured. The convolution operation is
associative, and therefore, from Eq. 4,

I1(r,At) « [1, (D®,, (N]|®K(r;At).  (Eq.7)
The term in brackets is the time-independent convolution of the pump and probe beams,
which, in a practical sense, can be measured experimentally at At = 0. We refer to this
quantity as the effective point spread function (PSF) as it is a time-independent measure
of the spatial resolution of this class of measurements. The Green’s function kernel is
analytic and well-defined at a given pump-probe delay time. Thus, rather than assuming a
Gaussian function throughout, the numerical convolution represented by Eq. 7 ought to
produce the exact profile of the time-dependent signal, even in the limit of a complex

shaped effective PSF.

5.3 Results and Discussion

To determine the efficacy of the numerical convolution (NC) fit, we compare it to
the commonly utilized Gaussian fitting analysis on modeled data designed to illustrate
three common experimental scenarios. In all cases, we used a Kinetic Monte Carlo
(KMC) approach to model the two-dimensional diffusive motion of excited state

particles. Each fitting algorithm is used to determine the radial diffusion coefficient for
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16 angles about the center of the 2D signal profile. An example signal profile is shown in
Figure 5.1(A). For both fitting routines, the signal profile is rotated to the angle normal,
integrated, and then fit while weighting only one side of the modeled data. For example,
to determine the diffusion along the n/4 vector direction, the image is rotated by -n/4 and
integrated along the columns. The resultant 1-dimensional data set is then fit while
weighting data points only on the right side of the profile.

In Figure 5.1(A-C) we compare the Gaussian fit and NC approaches for an initial

excited state distribution given by [Ipr(r)®1pu (r)] = exp (%) ; 0o = 0.64 um. Not
surprisingly, for an initial Gaussian distribution, both fits accurately determine the
isotropic modeled diffusion coefficient, D, = 1.95 cm? /s (panel B). Panel C shows
representative fits of each model (NC in red and Gaussian in blue) to the simulated data

in the n/4 direction. Negligible residuals, plotted below panel C, illustrate the ability of

each model to accurately capture a Gaussian effective PSF.

Figure 5.1(D-E) shows a similar analysis, except the effective PSF is now given

r2

2
by a sum of Gaussians, [Ipr(r)®1pu (r)] = exp ( ) + 0.03 exp (#) ; Og1 =
0,2

z_ag1
0.64 um, 0y, = 1.60 um. We highlight that the second Gaussian term has only 3%
relative amplitude but is much broader, effectively increasing the amplitude of the wings
in the initial distribution. Surprisingly, the fitting methods extract substantially different
diffusion coefficients. As shown in panel E, the Gaussian fit determines, on average, a

value of D, = 2.11 + 0.02 cm? /s, which represents an approximately 8%

overestimation of the true diffusion coefficient. Comparatively, the NC fit determines an
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average diffusivity of D, = 1.92 £+ 0.04 cm?/s. A plot of the residuals, shown below

panel F, suggests the Gaussian fit does not capture the tail of the modeled distribution.
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Figure 5.1. Diffusion modeled on Gaussian and near-Gaussian PSFs. Gaussian (panel A)
and near-Gaussian (panel D, see text for functional form) initial distributions. Panels (B)
and (E) shows the ambipolar diffusion coefficient for 16 radial direction as determined by
NC (red) and Gaussian (blue) fits for the two initial distributions. In the case of a
Gaussian PSF (panel B), both the NC and Gaussian fits accurately determine the modeled
diffusivity (D, = 1.96 £+ 0.02 cm?/s and 1.95 + 0.02 cm? /s, respectively).
Representative fits to the modeled distribution at 7t /4 radians when At = 100 ps are
shown in panel (C). Panel (E) shows that for a near-Gaussian distribution, the Gaussian
fit, on average, overestimates the true diffusivity by 8% (D, = 2.11 + 0.02 cm?/s),
while the NC fit only deviates by 1.5% (D, = 1.92 + 0.04 cm? /s). Corresponding fits
along ™/, for At = 100 ps are shown in panel (F). The residual plot shows the Gaussian
fit overestimates the values of the distribution near the top of the profile and
underestimates it near the tail compared to the NC fit, which accurately captures the
entire shape of the profile.
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It is worth noting that the Gaussian fit can be substantially improved by, for
example, weighting the data points in the fit by their relative amplitude or by cropping
the image to eliminate the low signal data points. In either case, the effect is to reduce
importance of the low signal regions in the fitting routine. If these procedures are
followed, one can force the Gaussian fit to retrieve the correct diffusion coefficient. On
the other hand, the NC approach retrieves the correct diffusion coefficient without any
human input or weighting, which in our view makes it a more robust approach.

While the near-Gaussian of Fig. 5.1(D-F) illustrates the importance of low-
amplitude deviations from Gaussian, it is not a realistic representation of aberrations
encountered in practice. To explore the effects of these often-anisotropic aberrations, we
next modeled diffusion, again using KMC generated data, except with initial conditions
determined by two experimentally-collected PSFs. These profiles, [Ipr (N®I,, (r)] ,
shown in panels (A) and (B) of Figure 5.2, were collected on a pristine Si (111) wafer.
Panel (A) shows a typical effective PSF with minor aberrations and panel (B) shows an
effective PSF with obvious aberrations caused by reflection of the pump off of a warped
dichroic beamsplitter. Figure 5.2(B) shows the angle-resolved diffusion coefficients
determined by each method for the profile in panel A. The NC and Gaussian fits measure
average diffusion coefficient values of D, = 1.85 + 0.19 cm?/s and D, = 1.99 +
0.29 cm? /s, respectively. While the traditional Gaussian method only overestimated the
value by ~2%, a greater concern is that the error of the fit increases to nearly 15% along
the 3m/2 direction. The deviation stems from the large amplitude tail shown in panel C.

As can be seen in the residual plot, the Gaussian model is clearly a poor fit along this
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direction, leading to the significant overestimation of the diffusion coefficient in the
3m /2 direction. In contrast, despite the anisotropic PSF, the NC approach recovers a

nearly isotropic diffusion coefficient that is quantitatively correct within error.
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Figure 5.2. Diffusion modeled on experimentally collected PSFs. Excited state diffusion
was simulated for a typical (A) and a strongly distorted (D) PSF. Panels (B) and (E) show
angular resolved diffusion coefficients determined by both models for the typical and
distorted PSFs, respectively. In the case of the typical PSF, the NC fit determines an
average diffusion coefficient of D, = 1.85 + 0.19 cm? /s and the Gaussian determines
D, = 1.99 + 0.29 cm?/s. In the case of the distorted PSF, the NC fit determines an
average diffusion coefficient of D, = 1.98 + 0.29 cm? /s and the Gaussian approach
determines D, = 2.18 + 0.44 cm?/s. Panels (C) and (F) show representative PSF
profiles and corresponding NC (red) and Gaussian (blue) fits. Residual plots, shown
below the respective fits, illustrate that the Gaussian fit systematically overestimates PSF
signal values near the top of the profile and underestimates values near the tail.

In the case of the strongly distorted PSF shown in panel D, the error associated

with a Gaussian fit analysis is significantly increased. As can be seen in panel E, the
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average diffusion coefficient determined by the Gaussian fit is D, = 2.18 + 0.44 cm?,
representing an 11% average error, however, the determined values are highly variable,
spanning 1.7 cm?/s at m/4 to 2.4 cm?/s at 3w /2. It is clear from the profiles and
corresponding fits shown in panel F that the failure of the fitting routine derives from a
poor fit of a Gaussian to the shape of the experimental PSF, particularly when long tails
distort the PSF. Comparatively, the NC method extracts an average D, = 1.98 +
0.29 cm?/s. While this average value is nearly quantitatively correct, the agreement is
due in large part to cancellation of error, as evidenced by the significant variability along
different radial components. Nevertheless, the NC approach has less variability than the
Gaussian approach, suggesting that it is more robust to artifacts stemming from effective
PSFs which strongly deviate from optimal.

A recent area of interest in ultrafast microscopy is imaging transport in the
vicinity of defects or across interfaces, where the apparent diffusion rate of an excited
state population might be expected to be anisotropic due to potential barriers'* or
anisotropic strain!>> 139160 Tq explore the limits of transport imaging under such
circumstances, we compared the Gaussian and NC fitting approaches for cases in which
the diffusion coefficient was 10% larger in the /4 radial direction, as illustrated in panel
A of Figure 5.3. Panel B compares the normalized 2D integrated profile along /4 at
At = 0 ps and At = 250 ps. While subtle, the increased probability of a hop along /4,
as parameterized in the KMC model, is visible as a slight asymmetric broadening. Panel
C shows the angle-resolved diffusion coefficients. The solid black curve shows the

theoretical diffusion coefficient based on the cosine projection of the asymmetric hop
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rate. Both fitting methods exhibit some variability due to the asymmetric effective PSF,
but the NC fit reproduces the expected angular dependence more accurately. The failure
of the Gaussian fit is particularly visible near 37 /2, where the determined diffusion
coefficient substantially deviates from the modeled value due to relatively large
amplitude wings in the effective PSF. While the NC fitting approach is not error-free, it

is, on average, more robust against artifacts caused by non-ideal effective PSFs.
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Figure 5.3. Modeled anisotropic diffusion. Excited state diffusion was simulated for the
2D effective PSF shown in panel (A) with the KMC model parameterized for a 10% greater
hopping rate in the m/4 radial direction. Integrated profiles illustrating asymmetrical
expansion of the carrier distribution are shown in panel (B). The profile for At = 250 ps,
is subtly broadened in the /4 direction. The red and blue traces in panel (C) show angular
resolved diffusion coefficients measured using the NC and Gaussian fits, respectively. The
black solid line shows the theoretical diffusion coefficient obtained by projecting the
asymmetric hopping rate along each radial coordinate. The Gaussian fit deviates
significantly near 3 /2 because of long tails in the effective PSF.
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5.4 Conclusion

In conclusion we have presented a comparison of the gaussian and numerical
convolution approaches to fitting transport data from a time-resolved microscope. The
numerical convolution approach uses the experimentally measured effective point spread
function which is convolved with the Green’s function solution to the diffusion equation.
Because the NC approach relies on an experimental measurement, it is somewhat
sensitive to noise. However, we note that the effective PSF is measured at early times
after photoexcitation, when signal to noise ratios are highest. Most importantly, by
performing a numerical convolution in the fitting routine, non-ideal effective PSFs,
which reflect the beam aberrations induced by the imaging system, are automatically

accounted for, reducing artifacts in experimentally-determined diffusion coefficients.
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CHAPTER SIX

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Future Work

Although the research in this dissertation presents progress in characterizing the
excited state transport and recombination dynamics in LHPs, there remain outstanding
questions related to the impact of chemical and structural heterogeneity on LHP
photophysics. Specifically, the future aims of this research are to determine (/) the
impact of mixed-halide compositions on the behavior of photoexcited charge carriers, (2)
how observed twin boundaries affect excited state recombination dynamics and carrier
transport in LHPs and (3) what is the cause of observed anisotropic diffusion in CsPbBrs3

perovskites.

Mixed Halides

A desirable method for fine-tuning the bandgap of LHPs is to mix the halide
composition. However, as described in Chapters 2 and 3, halide chemistry plays an
integral role in determining the behavior of photoexcited charge carriers in lead halide
perovskites. As an additional example, Figure 6.1 shows the average diffusion coefficient
measured for three different CsPbBrxl3.x) perovskites (blue squares) as a function of x.
We measure Dy,,4 values 0of 0.3, 0.8 and 1.3 cm?/s for x = 1, 2, and 3, respectively. It
should be noted that CsPbls (x = 0) is not stable at room temperature and thus the
diffusion coefficient cannot be measure for that particular species. However, as shown in

Chapter 3, the cation does not play a significant role in determining diffusivity in LHPs.
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Therefore, we can assume the diffusion coefficient when x = 0 is similar to that of
MAPbI; (red squares, Dy, = 1.25 cm?/s) and conclude that LHPs with mixed-halide
compositions (0 < x < 3) have reduced mobilities relative to LHPs with pure halide

compositions (x =0 and x = 3).
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Figure 6.1. Diffusion in cesium lead mixed halide perovskites. Diffusion coefficients
were measured for three different CsPbBrxl3-x) perovskite species (blue squares). We
observe an average diffusion coefficient of 0.3 cm?/s, 0.8 cm?/s and 1.3 cm?/s when x = 1,
2 and 3, respectively. The red square represents the average diffusion coefficient (1.25
cm?/s) measured for MAPDI;.

It is unknown if reduced mobilities observed in mixed halide perovskites are due
to disorder in the energetic or structural landscape of the material. Given the sensitivity of
perovskite band structure to changes in halide composition, it is plausible that
fluctuations in halide energy density throughout a mixed-halide lattice would impact

carrier transport. However, if energetic disorder, like that which drives alloy scattering,
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was the only reason for reduced transport we would expect the reduction in mobility
between x = 0 or 3 and x=1.5 to be less than 10%.'61-162 Alternatively, because halide
ions distribute stochastically throughout the lattice (XRD patterns show isotropic
contraction of the lattice) it is possible that structural heterogeneity is driving reduced
transport in mixed halide perovskites. The results presented in Chapter 4 show that even
in the case of single crystalline domains, subtle fluctuations in lattice structure impedes
transport of photogenerated charge carriers. Thus, it is reasonable to predict that for
mixed-halide perovskites, inhomogeneous distribution of the halides will cause disorder
in the lattice structure such that transport will be reduced relative to pure halide species.
If structural disorder is responsible for reduced mobilities in mixed halide perovskites, we
would expect locally measured lattice quality to scale inversely with carrier mobility.
Further, because distribution of the differently sized ions is heterogenous, we would

expect random fluctuations in lattice parameters which can also be detected using EBSD.

Twin Boundaries

For birefringent LHP species (i.e. species which adopt a tetragonal or
orthorhombic lattice geometry like MAPbI3, CsPbl;Br, CsPbIBr> and CsPbBr3) polarized
light microscopy (PLM) experiments have determined that solution processing
techniques lead to the formation of twin boundaries within the crystallites. Panels (A) and
(B) of Figure 6.2 show a SEM and corresponding PLM image of an individual CsPbBr;
perovskites, respectively. To confirm the observed twins, we collected a series of PLM
images and measured the transmittance as a function of polarization angle on both sides

of the proposed twin boundary which is identified by the dashed lines in panels (A) and
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(B). As shown in panel (C), the intensity on the left (blue) and right (red) sides of the

boundary are ~30 degrees out of phase with one another and indicate twinning is indeed

occurring.
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Figure 6.2. Twinning in CsPbBr3 perovskites. Panels (A) and (B) show SEM and PLM
images of an individual CsPbBr3; domain, respectively. Panel (C) shows a plot of
intensity as a function of polarization angle measured from the left (blue) and right (red)
sides of the domain and indicate a 30-degree phase difference between the two twins.

Twin interfaces are considered to be a type of grain boundary, but their impact on
solar cells is poorly understood.!®3 Grain boundaries are typically considered to be defect
rich interfaces which are known to be detrimental to photovoltaic device performance.'®*
However, twin boundaries are coherent interfaces which require lattice periodicity to be
preserved.!%* In CdTe solar cells, twin boundaries have actually been shown to improve
performance by providing an efficient channel for transport.!%3 Given the present
knowledge gap, exploiting the spatial resolution enabled by ultrafast microscopy to
explore carrier transport across twin boundaries in LHPs would be beneficial to the

photovoltaic community. A simple experiment to deduce twin boundary effects would
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include first confirming the existence of a twin, either by PLM or EBSD, then
systematically measuring diffusion as a function of distance across the boundary. In
principle, if carrier transport is impacted by the presence of a twin interface, a spike or
dip in the measured diffusivity would occur at the location of the boundary. However,
since twin-interfaces are atomically thin, a change in diffusivity may be subtle and

difficult to resolve.

Anisotropic Diffusion

The ability to capture asymmetric evolution of the excited state carrier density is
important to fully understanding carrier transport in materials. Using the NC fit method
described in Chapter 5, we see previously unobserved anisotropic diffusion in CsPbBrs3
perovskite microcrystals. Figure 6.3(A) shows a scanning electron micrograph (SEM) of
an individual CsPbBr3; domain taken with a scanning Auger nanoprobe. A corresponding
PPM image of the same domain is shown in panel (B). Spatially separated PPM data was
collected from the areas indicated by red and black circles in panels (A) and (B). The
diffusion coefficients, as measured using the NC fit, are plotted as function of radial
direction in panel (C). In both cases, diffusion is observed to be fastest (D, = 1.41 +

0.03 cm?/s and D, = 1.46 £+ 0.06 cm? /s for the red and black areas, respectively) in

the 77/ 4 direction.
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Figure 6.3. Anisotropic diffusion in CsPbBr3 perovskites. Panel (A) shows a SEM of an
individual CsPbBr3; domain, and the corresponding PPM image in panel (B). The red and
black traces in panel (C) correspond to diffusion data collected from the areas indicated
by red and black circles in panels (A) and (B). As shown in (C), diffusion is fastest in the

’7/, direction. We measure D, = 1.41 + 0.03 cm?/s and D, = 1.46 % 0.06 cm?/s for
the red and black areas, respectively.

Although the exact cause of anisotropic diffusion shown in Figure 6.3 is
unknown, it is possible that lattice strain is lowering the bandgap such that charges are
preferentially moving towards the edge of the domain. Similar effects occur when tensile

and compressive strain (i.e. bending) is applied to inorganic semiconducting

nanowires. 3% 159-1€0 Alternatively, surface recombination may be occurring at higher

rates in the 37T/ 4 direction and as a consequence diffusion appears to be faster in the

7”/ 4 direction. Importantly, Figure 6.3(C) shows that diffusion goes to zero in the 5”/ 3
direction and suggests the presence of a hard barrier in the lattice. Therefore, to
investigate this matter further, it will be important to couple spatially resolved transport

measurements with careful characterization of the lattice, perhaps via EBSD.
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6.2 Conclusions

The work presented in this dissertation provides an in-depth characterization of
the excited state transport and recombination dynamics which occur in a series of LHP
materials. In Chapter 2 we investigated the impact of halide composition on charge
transport and recombination dynamics in cesium lead mixed halide perovskites. We
found that trap-mediated (first-order) recombination dominates at low fluences, with
Auger recombination becoming increasingly important as the excitation density
increases. We also measured an average diffusivity nearly 10x lower than that observed
in MAPDI;. In Chapter 3 we found that the dielectric constants relevant to photoexcited
charge carriers in CsPbBr; and MAPDbBr; perovskites are intermediate between the high
and low frequency limits and that halide chemistry plays an integral role in determining
the screening ability of LHPs. In Chapter 4 we determined that solution processing
methods can cause subtle lattice defects which act to impede transport and risk going
undetected by bulk measurement techniques. Finally, in Chapter 5 we develop a new
method of calculating the diffusion coefficient from spatially separated PPM images
which doesn’t rely on a Gaussian shaped point spread function but rather a numerical
convolution of the actual point spread function with the diffusion equation. Our new
method has proven to more accurately determine the diffusion coefficient, especially in

the case of an anomalous PSF.
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Al. Experimental

Al.1. Materials Synthesis and Thin-Film Fabrication. The precursor solution for

the CsPbl2Br thin-films was prepared by dissolving a 1:1 molar ratio of anhydrous Pbl,
and CsBr salts in DMSO at 65 °C. Due to insolubility of CsBr, the Pbl> was dissolved
first then the CsBr was added. Once dissolved, 200 pL of the CsPbl,Br solution was spin-
casted onto a glass substrate for 20 s at 750 rpm. Immediately after spin-casting, the
sample was annealed at 65 °C in a saturated DMSO atmosphere for one hour. Thin film

samples used for pump-probe microscopy were covered with a microscope slide, using

clear enamel to seal the edges after annealing.

Al.2. Assignment of XRD Peaks. Figure A1 shows the calculated XRD pattern

based on published crystallography data for CsPbBr; in black and the experimental XRD
pattern (Cu Ko taken of fabricated CsPbl,Br thin films in red.”” Comparison of the two
patterns shows that the fabricated materials adopt an orthorhombic geometry and are
highly crystalline. Because iodine has a larger ionic radius than bromine, peaks in the

CsPbLBr pattern are shifted to lower angles, relative to CsPbBrs;.
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Figure A1. XRD pattern comparison for CsPbBr3; and CsPbl>Br. The black trace
corresponds to the calculated XRD pattern based on published crystallography data and
the red trace corresponds to the experimental XRD pattern taken of a CsPblBr thin film.
Miller indices are indicated next to each experimental peak.

Table A1. XRD peak comparison between CsPbBr; and CsPblbBr. The decrease in
scattering angle for CsPbLBr relative to CsPbBr3 corresponds to a ~4% increase in the
lattice along each axis direction.

Miller Index CsPbBr3; CsPbl,Br
Degree (26)"” Degree (26)

020 15.10 14.48

101 15.22 14.64

200 21.50 20.64

002 21.66 20.88

040 30.44 29.22

202 30.74 29.52

004 43.80 42

400 44.16 42.28
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Al1.3. CsPbl,Br Absorption Coefficient. To determine the absorption coefficients

of the materials we first collected pump (2.25 eV) transmission images of several single
crystalline domains, to calculate extinction at each location on an individual domain
(Figure S2 (A)). Next, correlated atomic force micrographs (AFM) were collected to
determine the thickness of the domains as shown in Figure S2 (B). Finally, by plotting
absorbance vs. thickness, we calculate the absorption coefficient with a linear fit, as
shown in Figure S2 (C). This calculation was performed on three different grains. The
average absorption coefficient of e =2 x10-3 nm-1 (2 pum-1) was used for calculating

excitation densities (see below).
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Figure A2. Correlated AFM and pump transmission images for absorption coefficient
calculation. (A) Extinction image of a CsPbI2Br domain collected by measuring pump
transmission through the domain. The corresponding color scale shows calculated
absorption. (B) Corresponding AFM image of the single crystalline domain where the
corresponding color scale is in nanometers. (C) Representative plot of absorbance vs
thickness of the domain for the area indicated by the black square in images A and B. The
slope of the fitted line is the absorption coefficient (¢ = 2 um™).



Figure A3. Polarized light microscopy. (A) Bright field image of faceted perovskite
domains. (B) Cross polarized image of the same domains as in A, highlighting different
crystalline orientations.

Al.4. Microscopy Methods. Pump-probe experiments were carried out using a

home-built ultrafast pump-probe microscope. The primary excitation source is a
Ti:sapphire laser that emits 70 fs pulses at 80 MHz and has a tunable range of 690 and
1040nm. The fundamental is split via a 50:50 beam splitter (b/s) into two separate lines,
the pump and probe. The probe is aligned onto a translation state then coupled onto
galvanometer mirrors. The pump is coupled into a photonic crystal fiber (PCF) creating a
continuum pump pulse from which the 2.25 eV light is selected with interference filters.
Pump and probe are recombined using a 50:50 b/s then focused onto the sample using a
0.90 numerical aperture microscope objective. The substrate is mounted onto a
piezoelectric x-y stage, which is used to scan the sample across the pump-probe fields.
The reflected probe signal is detected using a balanced photodiode coupled to a lock-in

amplifier.
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Figure A4. Diagram of homebuilt femtosecond microscope. AOM: Acousto-optic
modulator, GV: galvanometer mirrors, and b/s: beam splitter.
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A1.5. Obtaining Profiles for Diffusivity Measurements. Spatially separated

images are integrated along either the horizontal or vertical axis to obtain longitudinal or
lateral profiles of the photoexcited carrier distribution at a specific time delay. The
profiles are then fit to a Gaussian distribution to extract a time dependent fwhm from
which the diffusivity constant is determined. While lateral drift of the microscope during
the course of the experiment can move the center of the profiles ~ 40 nm, the width of the
profiles is unaffected. To account for the frame-to-frame drift, we allow the parameter

describing the center of the Gaussian model to float in the fitting procedure.
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A2. Data Analysis

A2.1. Calculation of Pump Fluence and Carrier Density. The focused pump-pulse

1s modeled as a two-dimensional Gaussian:

__IpLog[2] —4 Log[2] r?
Glr] = 28 pp |82 (S1)

Where I is the measured energy of the pump pulse accounting for transmittance
of 550 nm light through the microscope objective, and £ is the full-width at half-
maximum of the focused beam on the sample. Fluences were calculated using Eq S2 and
assuming a 1/e width, ro = 0.60* S.

J-021r JOG[r]rarae
JZE [0 ror a6

(82)
Carrier densities are calculated using Eq. S3, assuming an absorption coefficient
of e =2 pum:

1
fozn foro fo fe Glr] e Exp[—e z]r 0z or 06
2w (1o 1/
Jo [0 Sy e r 0z or a6

(53)

A2.2. Photoluminescent Lifetime via Time Correlated Single Photon Counting

(TCSPC). TCSPC kinetics of a CsPbI2Br thin film were collected at the peak of the
steady state emission spectrum (1.87 eV) after excitation at 2.25 eV. A fit to the kinetics

reveals a short 444 ps lifetime and long 6.16 ns lifetime.
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Figure AS. TCSPC for photoluminescent (PL) lifetime. TCSPC measurement of
CsPbI2Br thin film. The collected data was globally fit to two exponentials to reveal a
short 444 + 31ps lifetime and a longer 6.13 + 0.13 ns lifetime.

A2.3. Transient Reflectivity Kinetics. The following table shows the fit

parameters (with corresponding 90% confidence error margin) for the data shown in
Figure 3A for two separate models, one including k2 and one without. When the data is
fit to all three parameters (k1, k2 and k3), k2 is zero within error. Further, k1 and k3

remain the same, within error, for both fits.

Table A2. Power dependent kinetics fit parameters. Shown in this table are the resulting
parameters from two different global fits of the kinetics data shown in Figure 3A. When
the data is fit to all three parameters, k2 is zero within error. k/ and k3 remain the same,
within error, for both fits.

Fit Equation ky Error (£) k, Error (£) ks Error (£)

dn
dt

= —kyn[t] — k,n[t]? — kan[t]? | 8.9x10° | 0.5x10° | -0.6x10"1 | 1.0x10" | 5.9x103° | 0.5x103°

dn

dt

— = —kyn[t] — ksn[t]? 8.7x10% | 0.1x10% | — — 5.6x1073% | 0.1x103°
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 3
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B1. Experimental

B1.1. Material Synthesis and Thin-Film Fabrication. Precursor solutions for

CsPbBr3 thin-films were prepared by dissolving a 1:1 molar ratio of PbBr; and CsBr in
DMSO at 65 °C. Due to insolubility of CsBr, PbBr; was dissolved first and then CsBr
was added. Precursor solutions for MAPbBr3 thin-films were prepared by dissolving a
1:1 molar ratio of PbBr2 and dehydrated MABr in DMF at 65 °C. Once precursors
solutions were prepared, 200 uL of either CsPbBr; or MAPbBr3 solution was spin-casted
onto a glass substrate for 20s at 750 rpm. Immediately after spin-casting, CsPbBr3
samples were annealed at 85 °C in a saturated DMSO atmosphere and MAPbBr3 samples
were annealed at 80 °C in a saturated DMF atmosphere, each for one hour. After the
annealing process, thin film samples were covered with a microscope slide and sealed

using clear enamel. MAPbI; samples were prepared as previously described.®

B1.2. Ultrafast Microscopy. Pump-probe experiments were carried out using a

home-built ultrafast pump-probe microscope. The primary excitation source is a Ti:
sapphire oscillator which emits 70 fs pulses at 80 MHz and is tunable between 690 and
1040nm. The fundamental (850nm for CsPbBr; and 800nm for MAPbBr3) is split into
two separate lines, the pump and probe. The probe is aligned onto a translation stage,
then coupled onto a set of galvanometer mirrors. The translation stage is used to
temporally separate the pump and probe pulses and galvanometer mirrors are used to
scan the probe and pump beams independently of one another. The pump is frequency
doubled via a BBO crystal then recombined with the probe using a dichroic beam splitter.

Both the pump and probe are sent through a 4f lens system before being coupled into a
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second set of galvanometer mirrors and passed through a second 4f lens system. The two
coupled 4f-galvanometer pairs provide the ability to independently position pump and
probe. Finally, the pump and probe are focused onto the sample using a 100x (0.90NA)

microscope objective. The reflected probe signal is detected using a balanced photodiode

_>..

coupled to a lock-in amplifier.
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Figure B1. Diagram of homebuilt femtosecond microscope.
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B2. Data Analysis

B2.1. Gaussian Pump Spot Size and Carrier Density. The focused pump-pulse is

modeled as a two-dimensional Gaussian:

glr] = 2288 pxp |

—4 Log[2] rz]
BZm

= (B1)
Iy is the measured energy of the pump pulse, accounting for transmittance of the
pump light through the microscope objective and reflection off the cover slip and sample.
B is the full-width at half-maximum of the focused beam on the sample. To determine f3,
a SiC nanowire of sub-diffraction width (~140nm) is imaged by the pump beam and fit
by a model which convolves a hemispherical profile (defined to be the same width of the
nanowire, as determined by scanning electron microscopy) with a gaussian pump pulse.
Modeling performed on three different SiC nanowires produced an average pump
FWHM of B =~ 300nm. Fluence is calculated using Eq. B2, where 1o is the 1/e? width of

the pulse.

G[] fOZH Orog[r]rar 00
r| =
JZT 30 v or 00

(B2)

Carrier densities are calculated using Eq. B3, where a is the extinction coefficient

of the material.

1
N = J-0211 oro fg/aG[l"] a Exp[-az]r dz dr 30

B3
S R0 e 9z or 06 ®3)
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B2.2. Carrier Diffusion. Carrier diffusion was measured by directly imaging the

spatial evolution of the excited state. For these spatially separated measurements, the
probe is scanned over the excited pump volume at a series of increasing pump-probe
delay times. Each image is integrated along one axis and the resulting profiles are fit to
gaussians. The squares of the time-dependent FWHMs are plotted vs. time. The slope of
the fit is proportional to the diffusion constant via:

AB? = B(ty)? + 161In(2) Doy - (At — to) (B4)

B(to)? is the square of the normalized excited-state distribution profile FWHM

when At = 0 and D, is the ambipolar diffusion constant.

B2.3. Carrier Density Dependence of AR. Panels (A) and (C) of Figure B2 show

representative TR decay kinetics taken from individual CsPbBr; and MAPbBr3
perovskite domains, respectively. Panels (B) and (D) illustrate the linear dependence of
—AR—, on carrier density over the entire range measured (1.48x 1018 —

1.19 x 10°cm™3
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Figure B2. Excitation-Fluence dependent TR decay kinetics. Red, yellow, green, blue and
purple dots correspond to kinetics data taken on CsPbBr3 (A) and MAPbBr3 (C) at
increasing carrier densities scaled to the lowest carrier density measured (1.48%
10*8cm™3 for CsPbBr; and 6.98% 10 cm™3 for MAPbBr3. Panels (B) and (D) shows
that —AR at At = 0 ps scales linearly with carrier density up to 1.48x 101°cm™3 and
1.40 x 10°cm™3 for CsPbBr; and MAPbBr3, respectively. Note the y-intercepts on each
of the fits is equal to 0.

B2.4. Nonlinear Carrier Recombination. Figure B3 shows a series of excitation

dependent kinetics taken on an individual CsPbBr; domain. Low fluence recombination
occurs primarily via first-order (trap-mediated) processes, as shown by the black dots in
Fig. B3A. To best visualize contributions from higher-order processes to the observed
recombination dynamics, we have removed contributions from first-order processes.
Figure B3B shows the kinetics in (A) with the time dependent amplitude of the lowest

fluence trace (black dots) subtracted from each kinetics trace in the series. To quantitate
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the fraction of carriers recombination occurring via second and third order processes,
(AARyNoRrM), the magnitude of each trace in Fig. B3B at At = 600ps was normalized to

the initial decay of the lowest fluence trace and then plotted vs. carrier density (Fig.

4.3D).
~~~
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Figure B3. Higher-order carrier recombination. Panel (A) shows a series of excitation-
fluence dependent kinetics measurements taken on a single crystalline CsPbBr3
perovskites. Panel (B) shows the kinetics measurements in (A) after removing
contributions from first-order recombination.

Figure B4 compares AARnom values determined from modeled recombination
kinetics, where k; is increased from ki = 0.0007 ps™! (Fig S4A) to ki = 0.0012 ps™! (Fig
B4B). These values of k; give rise to kinetics that closely approximate the difference in

low-density recombination kinetics in Figure 4.3A and 4.3C. For a given set of nonlinear
recombination coefficients, ko = 2.0 x 10719 um?/ps, and k3 = 1.0 x 10°'® um%/ps, the
difference in the AARyom determined from the kinetics (Fig B4C) lies within the

experimental uncertainty.
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Figure B4. Effects of faster first order recombination on AAR determination. Panel A
shows modeled recombination kinetics (between 1x 10'8 and 4x 10! cm™) assuming a
first order rate constant of ki = 0.0007 ps™!, a second order term, ko = 2.0 x 109 pm?/ps,
and a third order term, k3 = 1.0 x 10"'® um%/ps. Panel B shows modeled decay kinetics
with the nonlinear recombination terms held constant and with k; = 0.0012 ps™'. Panel C
shows a comparison of AAR determined at At = 600 ps for the kinetics shown in panels A
(yellow) and B (blue).

Estimation of error in measured Dan introduced by nonlinear recombination: In a
continuum approximation of the photoexcited carrier density, the temporal and spatial

evolution is given (in one dimension) by,

n® _p  n® _ k,n(t) — k,n(t)? — ksn(t)s. (BS)

ot am - gy2

The first term describes the diffusive motion of charges, and ki, ko, and k3
describe trap-mediated, radiative (bimolecular), and Auger recombination, respectively.
Because the center of the excitation profile has higher carrier density, nonlinear

recombination can cause the gaussian carrier profile to “flatten out,” which can be
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interpreted as an apparently faster diffusive process than the nominal Dam. To estimate
the magnitude of this effect, we numerically solved Eq. B5 at a series of excitation
densities (calculated as described above), convolved the carrier profile with a gaussian to
model the spatial scanning of the probe beam in our instrument, and fit the resultant
profiles to extract the diffusion coefficient (also as described above for experimental
measurements). Figure B5 shows the results of this modeling. Panel A shows power-
dependent recombination kinetics. At high densities, the nonlinear recombination terms
enhance recombination leading to faster decay. Panels B and C show profiles from low
and high initial carrier densities. Panel D shows the fit-determined diffusion constants
determined by fitting these profiles. In the case of higher excitation density, the nonlinear

recombination causes an apparent 13% increase in the measured diffusion coefficient.
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Figure B5. Estimation of error associated with nonlinear recombination. Panel A shows
modeled kinetics for increasing excitation densities from 1.4 x 107 cm™ to 7.2 x 10" cm-
3, assuming Dam = 1.0 cm?/s, ki =2 x 10* ps, ko =1 x 10 cm?® s7!, and ks = 1 x 10%°
cm® s7! and a 300 nm fwhm gaussian pump pulse. Panels B and C show the time
dependent profiles (at At =0, 250, 500, 750, and 1000 ps), obtained by convolving the
probe with the evolving carrier density. Panel D shows the difference in apparent
diffusion coefficients, obtained by finding the slope of a best-fit line to the fwhm?(At)
obtained from profiles like those shown in panels B and C. The apparent 13% increase in
Dam at high excitation densities is a result of nonlinear recombination, which decreases
the signal amplitude near the middle of the profiles (panels B and C) where carrier
density is highest.
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B2.5. Optical Dielectric. Given a probe energy far below the optical bandgap of

the material, the optical dielectric is given by the square of the real index of refraction
(€, = n?). To determine n, both a ground state reflective image (GSR) and an atomic
force micrograph (AFM) of a single domain are collected. The two images (GSR and
AFM) are pixel matched and interpolated so that correlated data points from each image
lay at the same grid position. A median filter is applied to the GSR image to eliminate
any low frequency background and center the fringes at R = 0. The filtered ground state
images are fit with a Gaussian broadened transfer matrix model to account for the limited
spatial resolution of the microscope. A detailed description of the transfer matrix fitting
protocol can be found in a previous publication.!? A representative example of the
transfer matrix fitting protocol (TMF) applied to a CsPbBr3 domain is shown in Figure

B6.

2x10°

pixel

Figure B6. Determination of n in an individual CsPbBr3 domain. (A) Experimental and
(B) modeled ground state reflective image of a CsPbBr; domain assuming a refractive
index of n =2.3. (C) Slices of the GSR image (red) and modeled image (black) taken
from the black lines in figures (A) and (B), respectively. Note deviations from the model
near the edge of the domain are primarily due to surface roughness.
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B2.6. Steady State Spectra. Scanning electron micrographs (SEMs)

representative of single crystalline domains on MAPbBr3; (Fig. B6A) and CsPbBrs3 (Fig.
B6B) thin-films are shown below. The corresponding absorption and emission spectra

determine a bandgap energy of 2.30eV for MAPbBr3 and 2.37eV for CsPbBrs.
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Figure B7. Steady state spectra of MAPbBr3; and CsPbBr. (A) and (C) show
representative SEMs of single crystalline MAPbBr3 and CsPbBrs; domains, respectively.
(B) and (D) show emission and absorption spectra taken on MAPbBr3; and CsPbBr3 thin-
film. The bandgaps for MAPbBr3; and CsPbBr3 are 2.30eV and 2.37¢V, respectively.
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B1.7. Reported Reduced Masses. The following table lists reduced masses

reported in literature for the three perovskite species study in this manuscript.

Table B1. Reported reduced masses. The range of reduced masses reported in the
literature for CsPbBr3;, MAPbBr; and MAPDI3 is 0.104 to 0.144.
Perovskite u
CsPbBr3 0.126'%5,0.07316,
0.1151'6
MAPDBIr3 0.144'67,0.117'68
MAPDI; 0.135'67.0.1281¢%,
0.104!68




