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Abstract

Interplay between structural dynamics and optoelectronic properties in lead halide
perovskites

by
Yoonjae Park
Doctor of Philosophy in Chemistry
University of California, Berkeley

Associate Professor David T. Limmer, Chair

Lead halide perovskites are the subject of great interest owing to the unique photophysical
properties of perovskites where elucidating the nature of those properties highly relies on the
understanding the photophysics of semiconducting materials. Upon photoexcitation, excited
electrons and holes are generated, where bound electron-hole pair is called an exciton, what
decides the optoelectronic properties depends on how charges carriers are relaxed back to
their ground state. Given that the charges carriers can be coupled to lattice vibrations, called
phonons, while relaxing, taking a closer look at how the structural fluctuations produced by
the lattice affects the behavior of charge carriers is crucial to elucidate the microscopic origin
of the properties of semiconducting materials. However, including the dynamical effects of
phonons is in general difficult. Although the study on how phonons affect the properties
of free charges has a long history, there still remains active open area for studying how
excitonic properties are altered by the interaction with phonons. Especially for perovskites,
the complex structure and anharmonic nature makes theoretical study even more challenging.

Herein, in this thesis, we explore the properties of lead halide perovskites in various dimen-
sions by using an atomistic molecular dynamics simulations, allowing us to capture all orders
of anharmonicity. For the system of layered perovskites with bulky organic molecules, it is
showed that how the anharmonicity of organic molecules affects the vibrational relaxation
dynamics following photoexcitation. And for a system of single chain perovskite nanowire,
we are able to analyze the structural dynamics. In terms of studying excitonic properties in
bulk perovskites, with this explicit anharmonic perovskite lattice, we describe quantum par-
ticles with path integral framework and we have developed a Gaussian field theory to describe
the effective interactions between electrons and holes as mediated by the perovskite lattice
using path integral molecular dynamics, illustrating the method of use to study exceptional
excitonic properties of perovskites. Lastly, we end this by briefly introducing the application
of this framework for studying the multiparticle excitations in perovskite nanocrystals.
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Chapter 1

Introduction

Lead halide perovskites are a class of materials that exhibit unique optoelectronic properties
owing to their anharmonic lattices and predominately ionic bonding. Upon photoexcita-
tion, the key to understanding the photophysics of semiconducting materials is to study the
dynamics of charge carriers while they are relaxing back to the ground state, interacting
with their surrounding lattice. The interplay between charge carriers and the lattice has
been a significant research subject in solid state physics. However, due to the complexity of
materials, theoretical description of the material properties of perovskites still remains as a
challenge. In this thesis, we have studied how the structural fluctuations of the lattice affect
the optoelectronic properties of perovskites by developing and applying the theory of path
integral approach combined with atomistic molecular dynamic simulations.

Chapter 1 discusses the structure and optoelectronic properties of lead halide perovskite
of interest from bulk three-dimensional lead halide perovskites to low-dimensional perovskites
such as layered perovskite quantum well (2D), single perovskite nanowire (1D), and per-
ovskite nanocrystal (0D), with the brief summary of path integral framework. As the study
on these material properties requires the understanding of the behavior of charge carriers,
Chapter 2 describes the way to study excitonic properties such as effective mass, exciton
binding energy, and electron-hole recombination rate within path integral framework using
model semiconductors. In Chapter 3, we apply the method to elucidate the exceptionally
long charge carrier lifetime in MAPbI3 perovskite. Subsequently, since the origin of these
properties are attributed to the structural fluctuation, given that layered perovskite has an
additional source for anharmonic lattice fluctuation from organic spacer molecules, Chapter
4 has the discussion on how the interaction between organic spacer molecules affects the
lifetime of phonons through phonon dephasing phenomena. Finally in Chapter 5, we con-
clude this thesis by including preliminary results on the study of multiexcitation (biexcitonic
behavior) in perovskite nanocrystals.
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Figure 1.1: The structure of lead halide perovskite

1.1 Lead halide perovskite

Perovskite structure is referred to the structure whose chemical formula has the form of
ABXj3 and lead halide perovskite is the case where B is lead ion, X is halide ion, and A
is a cation with 41 charge whose size is small enough to fit in the octahedral structure
as shown in Fig. 1.1. Lead halide perovskites are soft, polar, and ionic semiconductors
where atoms are chargely balanced by each other, which are considered as promising ma-
terials for optoelectronic devices due to their unique properties [206, 185, 102]. On top of
the solution-based method of producing perovskite materials with high reproducibility, the
optical absorption wavelength can be controlled by changing or mixing the composition of
halide ions [218, 185]. Especially, their high power conversion efficiency reaching over 20%
make these materials ideal for photovoltaic devices, which is attributed to the long lifetime
and diffusion length of charge carriers even with moderate mobility, exceptionally low rate
of charge recombination, and low rate of carrier scattering [148, 203, 180]. For more than a
decade, there have been large amount of experimental and theoretical studies on elucidating
the origin of the properties of lead halide perovskites [227, 26, 21, 88, 128], yet due to the
anharmonic nature and complex structure of perovskites, unified description is still missing.

1.2 Optoelectronic properties of lead halide
perovskite

Understanding the nature of material properties mentioned above requires the detailed de-
scription of the behavior of charge carriers in the lattice, i.e. the study on how charge
carriers are relaxed within or between electronic bands after photoexcitation. As schemati-
cally shown in Fig. 1.2(a), in the ground state, the valence band is fully filled by electrons
with empty conduction band, separated by the band gap energy. In the excited state, once
the material absorts light, an electron is excited to the conduction band, leaving a positively
charged quasiparticle, called a hole, behind, followed by the relaxation of charge carriers to
the band edge while interacting with their surrounding lattice (shown in Fig. 1.2 (b)) where
the bounded electron-hole pair is called an exciton. Exciton binding energy denoted as Ejy



CHAPTER 1. INTRODUCTION 3

(a)w (b) (©)
1 E, \}</> N
/ /{%\ /ﬁ\
Ground state Excitonic state Recombination Charge separation

Figure 1.2: Schematics of (a) ground state band structure with valence band (VB) and
conduction band (CB) whose energies are separated by the band gap energy E,, (b) excitonic
state having bounded electron-hole pair, exciton, with Ej, as an exciton binding energy, (c)
electron-hole recombination, and (d) charge separation.

indicates the strength of interaction between electron and hole where a small exciton binding
energy implies that it’s relatively easy to generate free charge carriers.

Once charge carriers are generated, there is a competition between two phenomena,
electron-hole recombination (shown in Fig. 1.2(c)) and charge separation (shown in Fig.
1.2(d)). For the application on such as photovoltaic devices and solar cells, the high ratio of
charge separation is required, implying low rate of charge recombination and long lifetime
of charge carriers, whereas for light-emitting devices such as lasers, high ratio of radiative
charge recombination is needed [38, 77, 20, 86]. Therefore, understanding the photophysics
and excitonic properties allows us to design the application of semiconducting materials.

Among the material properties mentioned in section 1.1, the optoelectronic properties
which are mainly discussed in this thesis are exciton binding energy and electron-hole recom-
bination rate motivated by the fact that lead halide perovskites have small exciton binding
energy [26, 203] and exceptionally low rate of electron-hole recombination, implying the long
lifetime of charge carriers [148, 203, 180], which is ideal for photovoltaic devices.

1.3 Anharmonic structural fluctuation

Excitonic properties discussed above are highly affected by the structural fluctuation of the
lattice. From the traditional perspective on the effect from the lattice, starting from the
static lattice as schematically shown in Fig. 1.3(a), atoms can vibrate at finite temperature,
generating dipoles (Fig. 1.3(b)). In semiconducting materials, an excess charge (either an
electron in the conduction band or a hole in the valence band) can be coupled to the dipoles
generated by the lattice and induce the distortion of the lattice as shown in Fig. 1.3(d)
where a charge with induced polarization is called a polaron.

For a classic semiconductors, atoms in the crystalline material vibrate around their local
minima and displacements are small as schematically shown in Fig. 1.4(a, top). In this case,
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Figure 1.3: Schematics on the traditional perspective on the effect of the lattice of (a)
static lattice, (b) lattice with dipoles due to the vibrations, (c¢) an excess charge carrier with
dipoles from the lattice, and (d) an excess charge with polarization from the lattice, forming
a polaron.

the lattice vibrations can be well described within harmonic approximation as the collection
of phonons, harmonic modes representing the nuclear motions of the lattice. Whereas in
perovskites, they have double well potential energy surface, depicted Fig. 1.4 (a, bottom),
which is strongly anharmonic [210, 88]. Additionally, bending and tilting motions between
neighboring PbX3 octahedra or motions of A-site cations increase the disorderness in these
materials (Fig. 1.4 (b-d)) [43, 10, 16, 210]. Especially, for the study of excitonic properties in
perovskites, due to the opposite charges of electron and hole, electron and hole form polarons
with induced polarization fields being opposite as schematically described in Fig. 1.4 (e) where
green arrows are dipoles of A-site cation [26]. Therefore, to explain and predict the properties
of lead halide perovskites, it is essential to capture these anharmonic structural fluctuation.
In perovskites, these properties have been thought to arise from the large polaron for-
mation where the Coulomb interaction between charges and polarization from the lattice is
relatively weak and charges are delocalized over few unit cells. And it has been proposed that
the small exciton binding energy and low rate of electron-hole recombination are attributed
to the dynamical screening from the fluctuating lattice [227, 26, 21]. If the lattice vibra-
tions can be well described by harmonic phonons, then the classic theoretical framework for
studying a charge interacting with phonons from the lattice can be used, known as Frohlich
polaron model where a charge is linearly coupled to longitudinal optical phonons [129, 57,
39]. However, in perovskites, the vibrational modes largely deviate from harmonic phonons,
whose anharmonicity makes elucidating the origin of excitonic properties difficult.
Historically, the effects of phonons on a free charge has been largely studied [103, 79,
50, 56, 6, 127]. However, in terms of the study on the excitonic properties, little is known
about the effects of phonons. With the static lattice, the approach of taking account of the
interaction between electron and hole has been an active area of research on semiconducting
materials [56, 66] nonethelesss, including the dynamical effects from the fluctuating lattice
on excitonic properties is extremely challenging and still remains as an open research area.
In other words, to study the excitonic properties of perovskites where the unit cell is complex
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Figure 1.4: Schematics on (a) the potential energy surface as a function of structural displace-
ment from the equilibrium position for classic semiconductor (top) and lead halide perovskite
(bottom), (b) distortion between neighboring octahedra adapted from Ref. [43], (c) rota-
tional motion adapted from Ref. [10], and (d) motion of A-site cation with methylammonium
(MA) as an example, (e) electron and hole polarons with opposite induced polarization field
with green arrows as dipoles from A-site cation, adapted from Ref. [26].

and charges are diffusive at finite temperature and delocalized forming an large polaron, for
a length scale and time scale of interest, describing all the details quantum mechanically is
infeasible. Therefore, the simulation method considered in this thesis to study the lattice
effects on excitonic properties of perovskites is to treat the lattice classically with atomistic
molecular dynamics simulation combined with quantum mechanical description of the charge
carriers (electron and hole) with the method of path integral molecular dynamics, which is
described in Chapter 2.

1.4 Low dimensional lead halide perovskites

As the last topic of this section, the discussion on the low dimensional lead halide perovskites
are presented. Depending on the dimension and the size, as the dimension of lead halide
perovskite decreases, the quantum confinement effect increases, resulting in unique optical
properties different from the properties of bulk counterpart such as strong photolumines-
cence, wider optical bandgap, efficient charge carrier transport, high stability, etc. Below,
from two dimensional to zero dimensional lead halide perovskites, the structure and optical
feature of interest are introduced.
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1.4.1 Layered perovskite quantum wells (2D)

As discussed above, lead halide perovskites have possessed desired optoelectonic properties
for a broad range of applications. However, for the practical purposes, they have an intrinsic
unstability in moisture environment, which prevents these materials from being commercial-
ized. Two-dimensional perovskites have emerged as an alternative which still has the similar
properties but with enhanced moisture resistance [78, 80, 8]. Compared to 3D perovskites
(Fig. 1.1), 2D perovskites can be formed by using larger cation which is large enough not to fit
in octahedral cages. With bigger cations, PbXj5 inorganic layers are separated, forming two
kinds of layer, the layer with inorganic framework and the layer with organic molecules, often
called organic spacers, schematically shown in Fig. 1.5 (b). The inorganic framework consists
of the units with ABX3 octahedral structure as described in section 1.1 and for the organic
layer, molecules containing hydrophobic part such as hydrocarbons are usually used, which
is responsible for the higher stability against the moisture environment. Layered perovskites
are referred to the family of these perovskites with layers. Among layered perovskites, if the
organic spacer has overall +1 charge, the resultant structure has adjacent inorganic layers
shifted by the half of lattice spacing whose structure is called Ruddlesden-Popper phase [27,
179].

In terms of optoelectronic properties of these materials, on top of the flexibility coming
from the compositional variance as the 3D counterpart, the thickness of the inorganic frame-
work and the types of organic spacer can affect the optical properties as well. Shown in
Fig. 1.5 (b) is the schematics of layer perovskites with various number of inorganic layers up
to bulk perovskites [224]. With a few number of layers, quantum and dielectric confinement
effects emerge. As pictorially described in Fig. 1.5 (a), since the band gap of inorganic frame-
work and the energy difference between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are different, they form a quantum well
structure where inorganic layer acts as a well and organic layer as a barrier in this case.
Additionally, since inorganic layers are much polar medium with high dielectric constant
compared to the layers with organic spacers, charge carriers tend to reside in the inorganic
layers due to the mismatch in dielectric constant, whose phenomena is known as dielectric
confinement. These confinement effects have been thought to be responsible for the large
exciton binding energy of layered perovskites.

Once exciton is generated, the relaxation of charge carriers takes place through the in-
teraction between charges and the lattice vibration, so-called exciton-phonon coupling. So,
excitonic properties can be altered by the structure and interaction within organic spacer
molecules as well. In other words, since exciton interaction is mediated by phonons pro-
duced by the surrounding lattice, the relaxation of phonons known as phonon dephasing can
be an important factor to decide excitonic properties of semiconducting materials. Accord-
ingly, as emphasized in section 1.3, on top of the anharmonic lattice fluctuation of inorganic
framework, since phonons lose their coherency through anharmonic interaction, anharmonic-
ity from organic molecules should be considered to explain excitonic properties in layered
perovskites. For example, if the organic cation consists of linear hydrocarbons such as buty-
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Figure 1.5: Schematics of (a) quantum well structure and (b) layered perovskites with various
number of inorganic layers n from n = 1 to n = oo indicating the bulk perovskite where
repeated diamond represents the unit with ABXj3 octahedral structure and green arrow
represents organic spacers, adapted from Ref. [224].

lammonium, then the interaction between organic molecules are relatively weak with more
disorderness compared to the case with aromatic cation such as phenethylammonium which
exhibits 7 — 7 stacking. Even only the motivation of studying the behavior of phonons
to understand the optical properties of layered perovskites is addressed in this section, the
detailed analysis with experimental observations will be presented in Chapter 4.

1.4.2 Atomically thin halide perovskite nanowire (1D)

Beside the 3D and 2D counterparts, perovskite nanowires which are considered as one-
dimensional perovskites have been suggested to be an ideal candidate for the application on
photonic devices such as photodetectors, lasers, light-emitting diodes. Owing to their inher-
ent anisotropic structure and large surface ratio, they have better charge carrier transport,
lateral conductivity, and light propagation etc. Even though the application of perovskite
nanowires necessitates the profound understanding of the structure and dynamics of these
materials, due to their intrinsic instability, real-time investigation of the structure dynamics
of halide perovskite nanowire is challenging. Below, the study on the structural dynamics
of halide perovskite nanowires in atomically thin carbon materials is introduced, showing
experimental method, observation, and theoretical calculations, which is largely borrowed
from the work, J. Am. Chem. Soc. 145, 8, 4800-4807 (2023).

Understanding and visualizing dynamical processes in halide perovskite on the rele-
vant timescales is essential for fundamental knowledge and technological applications of
this emerging optoelectronic material [127, 130, 181, 63, 20]. It has been shown that in
halide perovskites, lattice fluctuations due to large ionic framework and stereochemically
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active electron lone pairs could contribute to the intriguing electronic properties, such as
dynamical dielectric screening [135, 144, 101, 59]. On a longer timescale, structural transfor-
mations such as ionic transport and phase transitions have led into new applications beyond
conventional optoelectronics [13, 178, 167, 41]. Although the high ion diffusivity and rich
phase diagrams of halide perovskite are manifestation of the vitality of the halide perovskite
chemistry, these structural features also overshadow the commercialization of perovskite-
based devices that demand long term stability. Whereas the importance of the dynamical
characteristics of halide perovskite has been well appreciated, an atomic-level investigation
affording temporal information is still missing.

In recent years, in situ transmission electron microscopy (TEM), equipped with a high-
speed electron camera, has been recognized as a powerful tool to capture real-time dynamics
at a single-particle level [222, 154]. With the sub-angstrom resolution imaging capability, in
situ TEM could resolve local, irreversible structural dynamics that are usually beyond the
reach of conventional laser spectroscopy, though the latter has a much better time resolution
(216, 97]. However, one of the most critical limitations of using the high-speed electron cam-
era to visualize fast chemical processes is its high electron dose rate [104, 153], which is well
above the tolerance level of biological, organic molecules and some inorganic materials, such
as halide perovskite [213, 217, 44, 156]. Moreover, to investigate nanoscale chemical pro-
cesses or local inhomogeneity in a material, it is necessary to thin the material to the length
scale of interest, which inevitably makes beam damage more pronounced [12]. Therefore,
atomic resolution imaging using in situ TEM is typically limited to beam-tolerant materials,
such as carbon allotropes [169, 95] or metallic nanoparticles [58, 89, 85|, or reveals only
slower dynamics [207]. Because of the demanding dose condition, there have been few in
situ TEM studies on halide perovskite with high temporal and spatial resolution [37, 155].

To address this problem, in this work, a system that comprises single-unit-cell thick halide
perovskite nanowires encapsulated in carbon nanotube, suspended on graphene TEM grids,
is developed. The perovskite nanostructures synthesized with this method are remarkably
stable under various conditions (humidity, heating, and electron flux), which therefore pro-
vides the means to directly observe structural dynamics of a soft semiconductor lattice within
an in situ TEM. In terms of structural dynamics, due to the strong geometrical confinement,
the atomically thin 1D perovskite nanowires exhibit local and correlative features that are
overlooked by conventional characterizations techniques. Even though the experimental and
simulation details are not discussed in this thesis, the experimental observation with theo-
retical validation is presented in the order of static structural aspect, transient structural
dynamics, and simulational analysis.

For the static structural characterization, conventional TEM and scanning transmission
electron microscopy (STEM) characterization techniques were used to identify the structure
and phase of 1D perovskite nanowires. Interestingly, contrary to the bulk CsPbl;, whose
thermodynamically stable phase at room temperature is an edge-shared, non-perovskite
d-phase [183], at an atomically thin 1D geometry, the stable phase is the corner-shared
perovskite phase. From both annular dark-field STEM (ADF-STEM) and bright-field TEM
images, two typical orientations of the perovskite lattice are found. Compared with an ideal
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Figure 1.6: Typical ADF-STEM images of 1D perovskite nanowires in different crystal-
lographic orientations, (a) viewed along [100], (b) viewed along [110]m, and (c¢) a peculiar
observation that within a single nanowire two segments display two different crystallographic
orientations. (d) Representative atomic-resolution TEM image of a segment of the nanowire.
(e) Time-series of TEM images of a single unit cell in the nanowire. (f) Real time trajec-
tories of cesium, lead, and iodine atoms within the 5-second timeframe (time interval is 53
millisecond). Figures are from Ref. [62].

cubic perovskite lattice, these two orientations resemble the atom arrangement viewed from
[100] and [110] directions, shown in Fig. 1.6(a) and (b). Even though the periodic structure
of the nanowires resembles the perovskite lattice, structural distortion is obvious. Instead of
having a cubic unit cell, the unit cell of the nanowires has a contracted cesium framework
and an expanded iodine framework by roughly 10% and 15%, respectively, compared to an
ideal cubic perovskite structure.

Besides the two typical crystallographic zone axes observed in different wires as men-
tioned above, some interesting but unexpected features also emerged during the acquisition.
Nanowires whose different segments display two orientations simultaneously are captured and
even the orientation of a nanowire changes from [100] to [110] as shown in Fig. 1.6 (c). As
typically STEM takes seconds for the electron beam to scan across the sample, the observed
nanowire twisting might be either due to the intrinsic torsional instability of 1D octahedral
structure [138] or because the nanowires were rotating during the acquisition time window,
implying that the 1D perovskite nanowires inside carbon nanotubes are not trivial structures
categorized as ordinary low-dimensional perovskite. Moreover, the dynamical details of the
1D perovskite are likely overlooked by slow acquisition methods, such as STEM. The atoms
or even the segments of nanowires undergo constant motion, leaving blurred or even missing
contrast in the acquired images. The difficulties by employing techniques with slow probes
to target at atomic resolution necessitate the re-evaluation of the structural understanding
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Figure 1.7: (a) Contrast line scan along the center of the nanowire segment. (b) Trajectories
of atoms overlaid to show the twisting effect. Scale bars: 5A. Figures are from Ref. [62].

of atomically thin perovskite and a proper technique to capture the intriguing dynamics.

To achieve the real-time observation of transient structural dynamics, transmission elec-
tron microscopes are used and owing to the stability of the encapsulated nanowires, a wide
range of electron dose rate can be applied to achieve both atomic resolution and a high
frame rate, while the sample integrity is maintained. The atomic sample thinness provides
the means to use the phase contrast mode to unambiguously resolve atomic structures with
time resolution unreachable by STEM as shown in Fig. 1.6 (d). Taking advantage of the time
resolution and reliable contrast interpretation, an atom tracing algorithm was performed to
track the time trace of every atom column in the nanowire segments. The coordinates of
atom columns and the atom species were determined for every frame in our time series ac-
quisition, and thereafter, the dynamical behaviors of the perovskite nanowires are recovered.
For the local dynamics, how the individual perovskite frameworks distort and vibrate around
their equilibrium positions is analyzed and described in Fig. 1.6 (e). From the trajectories of
cesium and iodine atoms, it is observed that the cesium atoms are relatively stable, and the
fluctuation of their coordinates is isotropic; however, spatial distributions of iodine atoms
are more anisotropic compared with cesium atoms (Fig. 1.6 (f)). The bridging iodine atoms
in the center line of the nanowire are more mobile than the terminating iodine atoms at the
edges of the nanowire. Owing to the different coordination environments of the iodine atoms,
iodine framework turns out to be more distorted compared with the framework composed
of cesium atoms.

Besides the local dynamics, nanowire rotations in situ are also captured. As discussed
earlier, when using STEM, the orientation of the nanowires could change during scanning.
With the fast electron camera and atom tracing algorithm, the nanowire rotation with a
better time resolution can be analyzed. For a nanowire segment, shown in Fig. 1.7 (a) the
contrast line scan of the center line which is shifted by half of the unit cell length. When
the nanowire is oriented along [100], the brightest atom contrast is attributed to the I-Pb-I
column, while when viewed along [110], the brightest atom contrast is attributed to the Cs-
I-Cs column. Because of the rotation from [100] to [110], the terminating halide will move
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Figure 1.8: Molecular dynamics siulation of the 1D perovskite nanowires confined in sin-
gle walled carbon nanotubes. (a) Snapshot of simulation on perovskite nanowire in carbon
nanotubes where red, orange, and blue atoms represent Pb**, 1=, and Cs*. (b) Probability
distribution of the distance between center lead atom and cesium (blue symbols), bridg-
ing iodides (orange symbols), and terminating (brown symbols) iodides in a unit cell. (c)
Representative time series of angles © between neighboring Rpy,_1 vectors. (d) Time auto-
correlation function of Rpy,_1 for bridging (orange symbols) and terminating (brown symbols)
iodides. (e) Probability density of atoms projected onto the plane along the nanowire for
iodides (red) and cesium atoms (blue) within a unit cell where darker color indicates higher
density.

closer to the center of the unit cell, while the cesium atoms on the corner of the unit cell will
move away from the centerline of the nanowire. The trajectories of the atom contrast in a
single unit cell are tracked and Fig. 1.7 (b) shows the trajectories overlaid to demonstrate the
real-time observation of the nanowire rotation. The direct observation of nanowire rotation
points to the intrinsic octahedral instability of perovskite [6], especially when octahedral
coordination constraints are relieved in lower dimensionalities.

To support the analysis on the underlying structure and dynamics of perovskite nanowires
in carbon nanotubes, we performed molecular dynamics simulations of a simple empirical
model [141]. We find that carbon nanotubes with a diameter of 1.39 nm stabilizes the
octahedral structure of the one-dimensional chain. The stoichiometry of the perovskite
nanowire studies was CszPbls, where a Cs™ vacancy is introduced for charge neutrality. A
characteristic snapshot of the simulation is shown in Fig. 1.8 (a). Analogous to the inferences
from the TEM images, the simulations illustrate highly anisotropic fluctuations of the atoms
along the nanowire. This is quantified by evaluating the distributions of distances between
a central lead atom and the neighboring cesium, bridging, and terminating iodides (Fig. 1.8
(b)). In agreement with the experiment, the fluctuations away from equilibrium distance for
cesium atoms and terminating iodides are relatively symmetric whereas the distribution of
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bridging iodides has a tail due to the stretching motions of Pb-I, consistent with that in Fig.
1.6 (f). Motivated by the rotations of nanowire captured experimentally, we also analyzed the
angle, ©, between a Pb-I unit vector Rp,_; in a unit cell and another Pb-I unit vector in an
adjacent unit cell Rp,_; using the relation of cos(©) = Rp_1-Rp,,_;. Figure 1.8 (¢) shows the
representative time series of these angles, which shows that the unit cell routinely rotates by
roughly 90° and the rotation occurs in the timescale of few ns, much slower than the expected
vibrational timescale for atoms. To characterize the timescale of rotations, we computed time
auto-correlation function C(t) of Rpy,_i, defined as C(t) = (Rpp_1(t) - Rpy_;(0)). Figure 1.8
(d) illustrates C(t) for both types of iodides where the correlation related to bridging iodides
does not decay due to the fixed Pb-I-Pb orientation whereas the correlation associated with
terminating iodides slowly decays, indicating that the source of the loss of correlation is
from rotations of individual unit cells. Such rotations are thermally accessible in part due
to the distortions around the Cs™ vacancies. Static evidence of rotations is clear from the
probability density of atoms in a unit cell using coordinates projected onto the plane along
the nanowire. Shown in Fig. 1.8 (e) is the probability density of iodides and cesium atoms
where x and y axis represent the direction along and perpendicular to the nanowire. The
broad density of cesium atoms implies the rotation of unit cell and the contraction in cesium
framework observed in the experiments can be attributed to slightly shorter Cs-Cs distance
near the edges.

The comprehensive spatiotemporal description of 1D perovskite nanowires has directly
revealed the unprecedented dynamical structure of halide perovskite. Due to the geometri-
cal confinement of nanotubes, the 1D perovskite nanowires have maintained their structural
integrity under the high-dose acquisition conditions, permitting reliable real-time observa-
tion of the structural dynamics. The resilience of the structural fluctuations protected by
ultrathin carbon materials against the impinging electron flux suggests a new route for quan-
titative studies of the structural transformation (such as phase transition or ion diffusion)
of low dimensional systems which are otherwise susceptible to e-beam damage.

1.4.3 Lead halide perovskite nanocrystal (0D)

Lastly, considered as zero-dimensional perovskite, perovskite nanocrystals are the subject of
great interest due to the unique photophysical properties of perovskites combined with the
controllable properties, whose remarkable optical and electronic properties make themselves
ideal for diverse applications [96, 143, 163]. To study the optical properties of materials
with large quantum confinement effect where energy levels are more discrete and optical
band gap is wider, understanding the excitonic fine structure (FS) is important to assess
their suitability as quantum light sources. Below has the discussion on how size-dependent
lattice structure affects the exciton fine structure of perovskite nanocrystals, which is largely
borrowed from the preprint, arXiv:2303.00707v1 (2023).

As just introduced, elucidating an exciton fine structure is an essential step in the appli-
cation of nanocrystals including quantum dots. However, unlike the systems with negligible
spin-orbit coupling where the electron and hole spins are decoupled from the spatial degrees
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of freedom, for materials like perovskites with significant spin-orbit coupling, the spatial and
spin degress of freedom are not separable. Further, it is known that the excited state prop-
erties of the perovskites are sensitive to the lattice structure, as the charge-lattice coupling
in these materials is significant [135, 134, 119, 161], implying the need of fully atomistic
theory to model the exciton fine structure of perovskite NCs which accounts for the lattice
distortion for a range of NC size. The mentioned work includes the detailed discussion on
how the Rashba effect resulting from spin-orbit coupling and inversion symmetry breaking,
NC shape anisotropy, and lattice distortion affect the splittings in exciton fine structure and
optical properties but in this thesis, it is mainly focused on how important including the
lattice distortion is to explain the splittings in exciton fine structure under various NC shape
anisotropy.

To fully understand the roles of the Rashba effect and lattice symmetry, we must con-
sider the relaxed structure of perovskite NCs, especially including the lead halide framework
that contributes strongly to the valence and conduction band states. To do this, we use a
previously developed atomistic force field [15] to find the lowest energy configuration for a
series of CsPblz perovskite NCs shown in Figure 1.9(a). The bulk properties of this model
have been extensively validated [147, 109]. As the measurements of the exctionic FS occur
at cryogenic temperatures, these single minimized structures accurately represent the atomic
configuration of the NCs, and the effects of lattice dynamics are not taken into account. The
relaxed structures can be compared to the bulk cubic and orthorhombic structures on the
basis of the average Pb-I-Pb bond angles. These are shown in Figure 1.9 (b) and reveal that
these relaxed structures lie somewhere between the cubic and orthorhombic structures. The
cubic structures have no octahedral rotation and therefore all bond angles are 180 degrees.
For the orthorhombic structures, the significant octahedral rotation leads to an average bond
angle of 154 degrees. The smallest relaxed structures take more cubic forms, but the larger
ones approach the orthorhombic configuration which is the stable bulk structure.

To quantify the extent to which the NC relaxation breaks crystal symmetries, we define
a lattice anisotropy parameter. It is defined by taking the average of the Pb-Pb distances
along each of the principal axes, and then finding the difference between the direction with
the lowest average and the direction with the highest average. We plot this parameter
against NC size in Figure 1.9 (c¢). For the cubic structures, this is always zero, and for
the orthorhombic structures, the elongated z-axis gives a small constant anisotropy. The
small relaxed structures are highly symmetric so this anisotropy is near zero, but as the
size increases beyond 2 nm in size, octahedral rotations begin to emerge, which are not
uniform throughout the NC size. Significant deviation from the cubic crystal structure is
not unexpected, as although cubic phase QDs have been stabilized at room temperature
and somewhat below [219], the cryogenic temperatures at which the F'S measurements take
place should favor the orthorhombic structure. The size-dependent effect has been observed
experimentally [219], and is driven by a competition between surface energy and bulk phase
stability which had been previously explored using a continuum model [209]. The predicted
phase crossover around 2.7 nm aligns well with the region of highest lattice anisotropy. This
lends confidence to our ability to produce an atomistic description of complex structural
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Figure 1.9: (a) Relaxed structure of 1.9nm, 3.1nm, 4.4nm, and 5.7nm CsPbl; NC cubes.
Cs atoms are shown in teal, I atoms in purple and Pb are shown as grey coordination
octahedra. (b) The average Pb-I-Pb bond angle and (¢) The extent of lattice anisotropy
induced by the relaxation for cubic (blue squares), orthorhombic (green diamonds) and
relaxed (black circles) structures. (d) The standard deviation of the bright excitonic states
for the cubic (top), orthorhombic (middle) and relaxed (bottom) crystal structures. The
sizes of the symbols represent the sizes of the NCs along the x and y directions. The largest
symbols correspond to N = 6 and the smallest to N = 4.

behavior at the nanoscale. This size dependent effect has not previously been considered
in the context of the exciton FS, and will play a crucial role in understanding the size
dependence of the FS splittings.

Obtaining the exciton FS from these relaxed NC configurations requires an electronic
structure method that is responsive to the atomistic detail of the material, although the
computational details including the details on the pseudopotential method used in this work
and the success of this method are not included in this thesis. In the perovskite materials
of interest, due to the fact that the conduction band is composed mainly of Pb-6p orbitals
which are strongly split by spin-orbit coupling and the valence band has s-type symmetry
which is not split by spin-orbit coupling, the resultant exciton structure has three bright
states above a dark ground state where bright states each have dipoles polarized along one
of the principal axes. For cubic structure, bright states are perfectly degenerate and any
deviation from the cubic structure will result in splitting among these bright states. In this
work, it is shown that the relaxation has little to no impact on the splitting between dark
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and bright states whereas it has a significant impact on the splitting among the bright states.

Shown in Fig.1.9 (d) is the standard deviation of the bright states for cubic (top), or-
thorhombic (middle) and relaxed (bottom) crystal structures as a function of aspect ratio,
indicating the effect of NC shape anisotropy on the excitonic fine structure splittings which
is also observed experimentally [186]. Aspect ratio is defined as Z/N where N = 4,5 6 and
Z = 3,...,8 in a series of NCs consisting of N x N x Z lead-halide octahedra. For the
NCs with cubic crystal structures, the bright-bright splitting is zero for cube-shaped crystals
where the aspect ratio is 1, and either adding or removing layers from such a NCs causes a
finite splitting. The NCs with an orthorhombic crystal structure show a significant degree
of bright-bright splitting at all aspect ratios, consistent with effective mass theories [72].
The relaxed structures show a unique behaviour with significant bright-bright splittings at
aspect ratios less than 1, but a small and nearly constant splitting for aspect ratios larger
than 1. This behaviour may result from surface relaxation effects that become more dom-
inant for plate-like geometries. As single NC measurements remain extremely challenging,
understanding the exact impacts of NC shape anisotropy is still an experimental challenge.

In conclusion, the exciton FS for lead-halide perovskite NCs is calculated using a fully
atomistic theory to obtain relaxed NC crystal structures and the electronic states of these
relaxed NCs. The structural relaxation reveals the NC size dependent structural transition
which is previously predicted in atomistic detail. This atomistic theory would be able to dis-
cern the causes and nature of a Rashba effect and shows the impact of NC shape anisotropy
and size-dependent structural transition. In other words, in this section, the lattice effect
on one of static optoelectronic properties, exciton fine structure, is addressed, and the ef-
fect of fluctuating lattice on one of optical properties of perovskite nanocrystals, biexciton
interaction, will be briefly presented in Chapter 5.
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Chapter 2

Systematic study of lattice effect on
excitonic properties

In this chapter, we employ quasiparticle path integral molecular dynamics to study how the
excitonic properties of model semiconductors are altered by electron-phonon coupling. We
describe ways within a path integral representation of the system to evaluate the renormal-
ized mass, binding energy, and radiative recombination rate of excitons in the presence of a
fluctuating lattice. To illustrate this approach, we consider Frohlich-type electron-phonon in-
teractions and employ an imaginary time influence functional to incorporate phonon-induced
effects nonperturbatively. The effective mass and binding energies are compared with pertur-
bative and variational approaches, which provide qualitatively consistent trends. We evaluate
electron-hole recombination rates as mediated through both trap-assisted and bimolecular
processes, developing a consistent statistical mechanical approach valid in the reaction lim-
ited regime. These calculations demonstrate how phonons screen electron-hole interactions,
generically reducing exciton binding energies and increasing their radiative lifetimes. This
chapter is based on previously published work, J. Chem. Phys. 157, 104116 (2022).

2.1 Introduction

The application and design of photovoltaic devices rely on understanding the photophysics of
semiconducting materials. Recent studies into novel low dimensional and hybrid perovskite
semiconductors have highlighted the need to incorporate effects of a fluctuating lattice on
the stationary behavior of excitons, moving away from the traditional perspectives in which
screening is presumed to be largely determined by electronic degrees of freedom.[195, 190,
125, 110, 161, 188, 189] While the study of electron-phonon coupling for free charges has a
long history, including foundational studies on polarons,[57, 103, 79, 50, 56, 6, 127, 39| there
is comparatively little known concerning the effects of electron-phonon coupling on excitonic
properties. Motivated by observations that suggest polaronic effects play an important role
in renormalizing exciton mobilities,[119] binding energies, recombination rates [203, 180]
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and photoluminescence yields [28] , we aim to fill this knowledge gap. In this work, we
explore the effects of phonons on the excitonic properties of traditional and hybrid perovskite
materials using a path integral approach. Working within a Frohlich model Hamiltonian,[57]
we evaluate numerically exactly the role of phonons, finding that they generally reduce
exciton binding energies and increase radiative lifetimes.

The static properties of excitons determine the power conversion efficiencies of photo-
voltaics, the quantum yields for light emission and more. Predicting these properties from
molecular models is an area of active development.|[66] Most widely used approaches build
upon ground state density functional theory, employing corrections from many-body physics
including the GW approximation and Bethe-Salpeter equations.[75, 3, 152] These and related
approaches[202] have been successful for a wide range of semiconducting materials [53, 114]
However, these theories traditionally ignore dynamical effects from phonons, as including
them within this framework beyond is challenging. While historically, analytical approaches
based on model Hamiltonians have been developed,[70, 142, 1] recent efforts have focused
on numerical methods to describe the effects of phonons approximately.[54, 173, 172, 162]
While these approaches leverage powerful ab initio many body theories, they have been lim-
ited in the strength of the electron phonon coupling that can be considered and the time
and lengthscales approachable.

Here, we present a path integral approach for describing electron and hole quasiparti-
cles interacting with phonons. Analogous quasiparticle path integral approaches have been
utilized to describe photoinduced phase separation [13, 109, 14] , charge trapping [150, 24]
, and charge recombination [135] , as well as confinement effects.[171] We can derive an
imaginary time influence functional, allowing us to incorporate dynamical and quantum me-
chanical effects of phonons within a harmonic approximation. To sample the resultant theory,
we apply path integral molecular dynamics (MD) and study how electron-phonon coupling
renormalizes the band mass, exciton binding energy, and electron-hole recombination rate
for Frohlich-type interactions between electron and hole quasiparticles and phonons. In the
followings, we first introduce the general overview of path integral framework and elaborate
theoretical details of path integral approach applied to exciton with phonons, and present
how to calculate each property within this framework followed by the discussion on the
effects of phonons.

2.2 Path integral molecular dynamics

In quantum mechanics, the fundamental interest is to study how the system evolves with
time. The usual approach is by solving differential wave equation, called the Schrodinger
equation, which is about the time evolution of the wave function which encodes the informa-
tion of the system. One of other ways to tackle this question is to answer the question of how
likely the state evolves from one state a to the other state b after time ¢ by computing the
probability amplitude. The idea of path integral approach is to sum over all possible paths
which satisfy the condition of starting at a and ending at b after time ¢, mostly formulated



CHAPTER 2. SYSTEMATIC STUDY OF LATTICE EFFECT ON EXCITONIC
PROPERTIES 18

by Richard Feynman [51, 52, 193].

The mathematical formulation of path integral approach can start from writing the prob-
ability amplitude using canonical density matrix p, which is related to the quantum mechan-
ical propagator e~Ht/h i imaginary time ¢ = ifh through Wick rotation. The probability
amplitude for a single particle with the Hamiltonian #H = K4V in the position representation
for convenience is given by,

(0, 2p; B) = (zole™ P |2,) = (mple PEHV)|z,) (2.1)

where K = p?/2m and V are kinetic and potential energy operators and 8 = 1/kgT with the
Boltzmann constant kg, temperature 7', and the mass of a quantum particle m. Since these
two operators do not commute, the approximation called symmetric Trotter factorization

should be made as follow o . ) .
e BR+Y) o o= BF o~BK 5% (2.2)

where the corresponding error scales by 3%, implying that this formalism becomes more
accurate in the high temperature limit. At low temperature, the corresponding error can
be compensated by splitting the Hamiltonian, i.e. e BH = (6_572)” with n as the number
of discretization. Then the overall error of this approximation goes by 32/n? given the fact
that the error from each piece scales by (5 /n)3 and there are n same pieces where path
integral framework becomes exact in the limit of large number of discretization, i.e. n — oo.
The analytic expression of the density matrix can be simplified by inserting the resolution
of identity in the position representation into every neighboring terms as follows
(0, 75; ) = T}L@O/d% » /d@/dml @ Qnr) . o) (@ Qlza) (2.3)
where Q refers to the right hand side of Eqn. 2.2 with Hamiltonian divided by the number

of discretization. Assuming that the potential energy operator depends only on the position,
the each matrix element becomes

A~ V(ziq1) > (4
(Tip1|Qzs) = (Tigale” B3nePKIme 62"|$ y=e P (mp|e P ey A (2.4)
V(xz+1)+v(%) _ mn
- / dpe P55 (igalp) e (pl) (2.5)
_ 5 h ﬂw/ De —Bp?/2mn zp(xz+1 x;i)/h (26)
T
- (2772;2> e o i)’ (2.7)
T

where the resolution of identity in the momentum representation is inserted in the second
line and the relation of 2wh{z|p) = e?*/" is used in the third line. Combining the analytic
expression for all the matrix elements, the amplitude becomes

mn n/2
P(Tas Tp; B) = nh—>nolo (W) /dIn—l e /dxl e~ Slim /A (2.8)
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Figure 2.1: Possible paths of a particle from x to 2’ for a case of (a) x # 2" and (b) x = 2.

where the descritized path action S[{z;}] is defined as

" mn Bh

Sl = X2 g e =20 + 5 (V) + Vi) 29)

with z, = x¢ and z, = z,, and possible paths are schematically shown in Fig. 2.1(a).
Accordingly, the corresponding partition function Q is given by

Q(p) = Tr( /da:p x,x;8) = /D e St/ (2.10)

with the compact notation for the integration over all variables written below

/D[x] = lim (27T6h2> /da:n. /dq:l (2.11)

where z is replaced by x,, for the completeness. In this case, since only diagonal elements
of the density matrix are used, the resultant path forms a closed path as described in Fig.
2.1(b). Two things to note are, first, in the continuum limit, by defining dr = gh/n, the
path action shown in Eqn. 2.11 turns into

)]:/dmeTz

whose stationary path, i.e. S = 0, is referred to the classical path. Second, we can define
the effective classical Hamiltonian H. = S[{z;}|/Bh which encodes the same statistical
ensembles as a quantum particle represented by the quantum mechanical partition function
defined in Eqn. 2.11, explicitly written as,

V(z(T)) (2.12)

1
He = Z ﬂ(xiﬂ — ) + EV(%‘) (2.13)
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Figure 2.2: Schematic of the Feynman quantum-classical isomorphism showing that there is
an equilibrium mapping from a quantum mechanical particle to a set of classical particles in
an extended space.

where the corresponding system looks like a ring polymer whose beads are coupled harmoni-
cally with the specific spring constants and each bead feels the fraction of the potential. This
mapping from a quantum mechanical particle to the set of classical particles is called the
Feynman quantum-classical isomorphism, schematically shown in Fig.2.2. The first term in
the right hand side of Eqn. 2.13 is for the quantum kinetic energy and from the spring con-
stant, we can expect that at low temperature or with small mass, the beads are delocalized
due to the small spring constant whereas at high temperature or with large mass, stiff spring
constant makes the ring polymer like a dot, consistent with the classical limit. To perform
molecular dynamic simulation of a quantum particle, fictitious momenta for the beads can
be inserted using the following identity

1
mn \? 1 »2
— | == —Brrm 2.14
(2#5?12) 2rh /dpe ’ (2.14)

where m/ is called an fictitious mass which doesn’t affect the static thermodynamic properties
of a ring polymer. A simulation method based on the effective Hamiltonian defined by Eqn.
2.13 with fictitious momenta is called path integral molecular dynamics (PIMD) [25, 22].

The path integral formalism for a single quantum particle discussed above can be gen-
eralized for the multiple quantum particles. If there are more than two indistinguishable
quantum particles, exchange correlation should be taken into account, which is known as a
quantum mechanical effect that only occurs between the same particles. Since the energy
and probability density of particles remain the same but the sign of the wave function can
change on the permutation of two identical particles, all particles can be divided into two
classes where bosons and fermions are referred to particles whose wave functions are sym-
metric and antisymmetric under particle interchange, respectively. Path integral is known as
a non-perturbative method for studying correlated quantum particles without the knowledge
of wave functions at finite temperature.

With two indistinguishable particles, which is the simplest example, the partition function
is defined as the integral of the diagonal element of the corresponding density matrix element
over all possible position space.

Q = /dx (x|e " x) (2.15)
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Figure 2.3: Pictorial description of two different paths in the system of two indistinguishable
particles.

where the notation ' represents the quantity relevant to two particle system and even though
it is not explicitly defined, H' is the Hamiltonian which includes kinetic energy terms for
two particles and potential energy term with only position dependence as discussed above.
Due to the symmetry condition, the position state of the system can be expanded as follows

1
V2
for bosons(+) or fermions(—) where the factor of /2 in the denominator is for normalization

and particles are labeled as 1 and 2. Plugging the above Eqn. 2.16 into Eqn. 2.17, the partition
function

x) = —= (|T122) £ |2271)) (2.16)

/dml/dxg $1x2|e |:171:1:2> (x1x2|e_ﬁﬁ,|x2x1> (2.17)

has two terms. Pictorially described in Fig.2.3, in the first term, each particle forms a
separate closed path whereas in the second term, the endpoints are flipped, tying two paths,
which is called as an exchange term, purely quantum mechanical effects arising from the
symmetry. For the analytic expression, following the same procedure shown above, the
partition function with the corresponding path action &’ can be compactly written as

= /D[:vl] /D[a:g] e~ S Hew@2}l/h {perm(fl) or det(fl)} (2.18)

for bosons or fermions. The notation perm and det stands for permanant and determinant
with matrix A given by

mn

A’le‘j = Aij/Aii , Aij = exp [_Qﬁsz

(z — x})Q] (2.19)

where the subscript is the particle index and the superscript is the index for the bead within
each particle [22, 151, 123, 124]. For bosonic system, since all the terms are positive, the
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numerical calculations are somewhat tractable whereas for fermionic systems, due to the
subtraction between largely fluctuating exponential terms as expected from the definition of
determinant, the convergence of numerical calculations are challenging, known as fermion
sign problem. Even though the system of two indistinguishable quantum particles is taken
as an example, this path integral formalism can be generalized to the system with many
particles. In this thesis, even with multiple number of particles, only distinguishable particles
are considered.

2.3 Theory

We consider a system composed of an electron and hole interacting with a field of phonons,
whose effective Hamiltonian consists of three parts,

H = Hen + Hon + Hint (2.20)

a part due to the electronic degrees of freedom, 7:leh, a part from the lattice, ﬁph, and their
interaction, H;,;. The electronic part includes the kinetic energies of an electron and a hole
and a Coulomb interaction

-2 D) 2
Pe | & €

+ — = =
2m. = 2my,  Awe.|Xe — Xp|

Heh =

(2.21)

where p and X are momentum and position operators of a quantum particle, ¢, is the
dielectric constant in units of the vacuum permittivity g, and the subscript e and h indicate
electron and hole. The masses m, and my are taken as their corresponding band masses
using an effective mass approximation. This simplification can be relaxed by parameterizing
more elaborate kinetic energy functions with position dependent masses.[171]

The lattice is described by a collection of harmonic modes

~ 1

Mo = 5 S (5% + ) (222)
k

where px and qix are the mass weighted momentum and coordinate of a phonon at wave
vector k. Without loss of generality, we will take the frequency of the oscillators to be
constant wx = w, and equal to the longitudinal optical mode. While previous work has
illustrated the importance of including additional modes or their wave-vector dependence in
specific materials,[162, 135] we neglect these effects here in order to benchmark the approach
to a simplified model. Even though we have focused on a simplified model whereby the
electron and hole are coupled to a single optical phonon through a linear Frohlich coupling,
the influence functional formalism employed can be generalized for generalizations for more
complex lattice models where multiple dispersive modes are relevant. For many modes, the
classical Hamiltonian entering into the path action can be written as
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1 B
Hon = 7y Sk, + ekl ) (2.23)

where g is the classical displacement of the k mode at imaginary time 7, and wy is its
corresponding frequency. For a generalized linear coupling between the charge density and
the lattice of the form

ik-Xe,r Ch keik.xh’T

1 Bh Ce k€
T / e ’ 2.24
t Bh T:Ozk: qk7 k ( )

where C¢/px are generalized coupling coefficients, the phonons can still be integrated out.
This yields an effective potential between the electron and hole of the form

7,k~|x1-77—xj,7_/|

Oij * /
Mo =5 Z/ i xulr =) (2.25)

where k(7 —7') = (qk(0)qx (7 — 7')) is the imaginary time correlation function of mode q.
In Fourier space, the correlation function is given by

1

2.26
w2 +W12< ( )

Xi(w) =

a sum of poles. In the classical limit, Shwy — 0, this influence functional returns a Coulomb
potential screened by a wavevector dependent dielectric susceptibility.[135]

We adopt a Frohlich-type interaction [129, 57] between the charges and the phonons,
where a charged particle interacts linearly with the polarization field produced by a lattice

vibration,
R . C«eeik-fce - C 6z‘k~§ch
Hine = Y i - h (2.27)
Kk

where qy corresponds to the polar displacement field that the charge can be coupled to along
the k direction. The strength of the coupling is set by a material specific constant

) 4oy 3 h i 2w\ 2
Ci——zhw< v ) <2miw> (h) (2.28)

where 4 indicates either electron or hole, V' is the volume of the system, % is Plank’s con-
stant divided by 27 and « is a dimensionless Frohlich coupling constant [129]. To study this
system we employ a path integral formalism [51, 52] which allows us to describe the corre-
lated behavior of the electron, hole, and phonons quantum mechanically and on an equal
footing.[25] The partition function of the system can be written as

Z= /D[meh; qu] e~ Sxexmad (2:29)
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where the path action § is defined as

h
S = ;L Tﬁo Heh,T + ’th,T + Hint,T (2.30)
with the imaginary time variable 7, and 37! = kgT. The Hamiltonian indexed by 7 repre-
sents the classical counterpart of Eqs. 2.21-2.27 at given 7 where p and X are replaced by p,
and x, for each quasiparticle.
Considering that the phonons act as a Gaussian field coupled linearly to the charge
density, the phonon variables {qx} can be integrated out [135, 51], yielding

L ] (2.31)

Z= th / D[Xe> Xh] €xXp [_h 0 Heh,T + Heff,‘r
with Z,, the partition function of phonons without the charge. The resulting effective
Hamiltonian at a given 7 can be written as a sum of four pieces

e = S Wi, (2.32)
i,je{eh}
with
2 awiVh o en et

off,7 K /B\/m 7'=0 |Xi’7— — Xj’,,./|
where a;; = /oo, m;; = \/mymy;, and oy is +1/—1 for the same/opposite charges. We have
used the inverse Fourier representation of k=2 with the equation for C;/; given in Eq. 2.28.
In order to use these results computationally, we discretized the imaginary time interval into
n slices. In this discrete formulation, the effective Hamiltonian H = H, + Heg becomes

(2.33)

62

Hen = T (Xis = Xig1)® = D

2.34
i 2/32h*  ATE N Xy — Xl ( )

where we denote the last sum H¢ and

_Bhw
Oéijﬁh5/2w2 e~ [t—s|

Hop = S HY = — o 2.35
ff % ff Z Z J n2 /SmUW ‘Xi,t — ijs| ( )

7,7 t,s

where i,j € {e,h} and t,s € [1,n]. The number of timeslices, or beads, is a convergence
parameter that needs to be taken large for accuracy.[76]

In the path integral framework, Eq. 3.8 implies that electron and hole quasiparticles are
represented as classical ring polymers[22] consisting of n identical beads, where adjacent
beads are harmonically coupled and beads with the same index from electron and hole
are interacting through a fraction of Coulomb potential. Additionally from Eq. 2.35, the
effective energy induced by phonons depends on the positions of two different imaginary
times, represented as the interaction between beads, and the stiffness of phonons sets the
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Figure 2.4: Illustration of imaginary time paths without (top) and with (bottom) phonon
effects where black dotted lines represent a bare Coulomb attraction, red and blue dotted
lines describe the induced attractive self-interaction for the electron and hole, respectively,
and the green dotted lines represent the effective screened interaction due to the dynamic
phonons.

decaying imaginary timescale. In this way, we employ an imaginary time influence functional
formalism which is shown schematically shown in Fig. 2.4. Two effects from the phonons
are clear from this picture. First, individual charges are localized by the phonons due to the
induced attractive self-interaction. Second, the electron-hole interaction is weakened due to
the induced repulsion, which is a reflection of phonon screening. The implications of these
two effects are explored below.

2.4 Simulation details

To study the utility and efficiency of this approach, we consider models motivated by CdS
and MAPDI3, whose material properties are in different regimes of band mass and electron-
phonon coupling strength. CdS is a traditional II-IV semiconductor where the material
specific Frohlich coupling constant « is small, 1.3, and the band mass of the hole is much
heavier than the mass of electron. For MAPbI3, a lead-halide perovskite, the electron and
hole have nearly the same band mass and the coupling strength is intermediate o = 2.87.
For the purpose of this paper, since we aim to use the path integral method to study the
general effects of electron-phonon coupling, we will ignore the anharmonic corrections from
the lattice which can be important in determining the optoelectronic properties of these
materials [188, 203, 180, 28, 135]. Parameters used in simulations are summarized in Table
2.1.

For both materials, we use MD simulations to sample the effective actions with fictious
masses for the beads kept at 1 amu, and we study the renormalization of the effective mass,
exciton binding energy, and recombination rate due to electron-phonon coupling. For the
effective mass calculations, H¢; defined in Eq. 2.35 is used as the system Hamiltonian and
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Parameter (unit) CdS MAPDI;

electron band mass m, (mg) | 0.19[19] | 0.20[29]
hole band mass my, (mg) | 0.80[19] | 0.20[29]
optical frequency w (THz) | 9.14([32] | 7.53[166]

dielectric constant &, (g¢) 5.7[19] 6.1[29]
band gap Eg,p, (€V) 2.58[19] | 1.64[146]
Frohlich constant o (-) 1.3 2.87

Table 2.1: Simulation parameters for CdS and MAPbI3 where my is a bare mass of electron,
€0 is the vacuum permmitivity, and the Frohlich constant for a hole can be calculated by

Qap = Qey/Mp/Me.

for the other two properties, we run simulations of an electron-hole pair described as two
ring polymers where one has a unit negative charge for an electron and the other has a unit
positive charge for a hole with the Hamiltonian H = H, + Heg given in Eq. 3.8 and Eq. 2.35.

To avoid the divergence in the 1/|x| term between attractive beads, a pseudopotential
is used where 1/|x| is replaced by (r? + x2)~'/2 and r, is chosen to reproduce the band gap
of each material [164]. Simulations are run in an ensemble with constant volume, particle
number and temperature using a Langevin thermostat where the total momentum averages
to zero with integration time step 1.0 fs and at room temperature unless explicitly specified,
using the LAMMPS[141] package. For the following sections, we present a way to compute
each property within the path integral framework followed by the discussion on the effects
from phonons where « serves as a control parameter for the interaction strength between
charges and phonons.

2.5 Effective mass

To validate the path integral framework, we first study the effective mass, for which signif-
icant previous analysis has been undertaken.[52, 93] Since the presence of a charge induces
a distortion to the lattice, motion of the charge requires moving the corresponding distor-
tion field, renormalizes the mass of the charge, making it heavier. Within the path integral
framework, since the effective mass is a momentum-dependent quantity, an inverse effective
mass can be computed with an open-chain ring polymer in the low temperature limit as [92,

93]
_ g (A7)
e~ e (230
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Figure 2.5: Inverse effective mass with phonons m}, relative to the band mass mj as a
function of coupling strength «. Red/blue symbols represent the results for an electron/hole
quasiparticles with different number of beads n. Black solid line and circles are the results
predicted from first order perturbation theory and Feynman’s variational approach [115].
Inset figure is simulation snapshot for the schematic of Ar where red and blue represent the
first and the last beads.

where (..) denotes ensemble average and Ar is the distance between the first and the last
beads, schematically shown in Fig. 2.5 inset.

For simplicity, a Feynman unit system where kg = h = w = m = 1 is used in this
calculation. Given that Eq. 2.36 is valid at low temperature, we tune the temperature and
pseudopotential parameters and set kg7'/hw = 0.02 and 7. = 0.0707 which are low and small
enough for the convergence of our results. Figure. 2.5 describes the inverse effective mass of
electron and hole quasiparticles of CdS at different @ where each point is the value averaged
over 20 ensembles from simulations performed in constant volume, particle number, and
temperature. We find that the lighter mass and the stronger coupling require larger number
of beads to converge. The results from path integral approach are consistent with the value
predicted from first order perturbation theory for small « [39],

(2.37)

shown in Fig. 2.5. The calculations are consistent with Feynman’s variational approach[115]
which is known as the most accurate solution across «, demonstrating the validity of this
framework and the n required for convergence at various .
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2.6 Exciton binding energy

Within the path integral framework, we capture the full correlation energy between the
electron and hole quasiparticles, allowing us to compute accurate exciton binding energies.
Here we show how electron-phonon coupling alters the binding energy. We compute the
exciton binding energy from the average energy of exciton [160]

(E) = ——ln/D Xe, Xp) € (2.38)

resulting in two pieces, the average kinetic energy (F)k and the average potential energy
(E)p. For the kinetic energy, since the relevant terms produced by Eq. 2.38 diverge as
n — 0o, we use a virial estimator [76], which is known as an efficient way to estimate the
kinetic energy in path integral simulations to avoid the large fluctuations from the subtraction
of two diverging terms. Using the derivative of potential energy, the average kinetic energy
can be written as

He + 2H 1 OHEG\ 1 OHIE
<E>K—3k3BT+* Z Z<th ( - ﬁ)> 22<Xet >+22<Xh,taxzﬁ>
— - t

ZE{@ h} t= 1 8Xi,t e,t t=1 ,
(2.39)
and the average potential energy becomes
(E)e = (Ho) + Y. 2(Ha) — (M) (2.40)

i,j€{e;h}

where (H'%) is defined as (H";) given by Eq. 2.35 with an additional factor of Sfiw|t — s|/n
inside the summations with respect to ¢ and s.

The exciton binding energy is the energy threshold for an optical absorption between
conduction and valence bands and thus traditionally reported in the low temperature limit.
To evaluate it, we compute the average energy difference between the exciton and separately
the electron and hole, at different temperatures and extrapolate to zero temperature, Eg =
limy_,0(E)ex — (E)e — (E)y. The subscript ex denotes an average with both electron and
hole, while e/h refers to calculations of the self energies of the electron/hole where the of
quasiparticles interacts only with surrounding phonons.

Figures 3.3 (a) and (b) show the average energy difference at different temperatures for
CdS and MAPDI3. In both cases, we consider « = 0 and compare to a > 0, and find that
n = 200 is large enough to converge the result. The extrapolated exciton binding energies are
summarized in Table 2.2. We find that exciton energy becomes lower at high temperature,
reflective of the higher population of phonons to stabilize the free charges. Also, as the
electron-phonon interaction becomes stronger, the exciton binding energy becomes smaller,
implying that the phonons screen the effective electron-hole interaction.

For the results without phonons, a = 0, we compare our path integral simulations with
binding energies from the Wannier-Mott exciton [212] which is equivalent to our system.[9]
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Figure 2.6: Average energy difference computed from path integral simulations at different
temperatures and coupling strength « for (a) CdS and (b) MAPbI3 with 200 beads. Solid
lines are linearly fitted lines.

The exciton binding energy is computable exactly and given by E¥ = ue*/2(4ne,)?h* with
= memy/(me+my,) as the reduced mass of exciton. Calculated hydrogenic binding energies
are 64.3 meV and 36.6 meV for CdS and MAPDI;, consistent within a few meV with our
values in both materials, showing the robustness of the calculation with the path integral
framework. In the presence of electron-phonon interaction with nonzero value of «, we
compare the binding energies from the corresponding coupling strength, o = 1.3 for CdS, and
a = 2.87 for MAPbI3, with the prediction from perturbation theory and Pollmann-Buttner
theory [142]. For CdS we interpolated the results in Table 2.2. The approximated differences
in binding energies from the first order perturbation theory, AEL = Ep o= — Epozo =
—2ahw, are 15.7 meV and 28.5 meV for CdS and MAPbI3, which are higher than our
results, 14.4 meV for CdS and 14.8 meV for MAPbI3. Pollmann-Buttner theory results from
a canonical transformation of the original Hamiltonian, which in the weak electron-phonon
coupling limit provides an effective potential between the electron and hole. In order to
compare our exciton binding energies,[142] we parameterize an effective potential of the
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CdSa | 00 053 15 3.0
Fg(meV) | 70.8 65.0 54.3 374

MAPbI; o | 0.0 287 - -
Eg(meV) | 406 258 - -

Table 2.2: Calculated exciton binding energy Fg for CdS and MAPbI; under different cou-
pling strength.

form, whose detailed derivation is described in Chapter 3,

e? e?

Vesr(1) = [Py ey we—— (mhe_T/Rh — mee’"/RE) (2.41)

where Am = my — me, 1/e* = 1/e, — 1/eg, Rejp = /h/2mepw with a static dielectric
constant &4, which is taken to be 8.9 and 24.1 for CdS and MAPbI3. We solve the time
independent Schrodinger equation using this potential in the relative coordinate system for
the electron and hole, r.,. This takes the form

2
_;V2¢n(reh) + %ﬂ(reh)¢n(reh) = En¢n(reh) (242)

where F,, and ¢,(r.;,) are the associated eigenvalues and eigenvectors. Solving this equation
for the ground state with zero angular momentum simplifies this to putting the equation on
a real space grid on r.;, which yields the exciton binding energies as 41.3 meV and 16.7 meV
for CdS and MAPDI3, lower than results from the path integral simulations. We suspect
the differences are attributed to the neglect of charge density relaxation due to hybridization
with the phonons in perturbation theory and Pollmann-Buttner theory. This is likely a larger
effect in MAPI3 because of the equal masses of the electron and hole renders phonon screening
at short distances a higher order process. Considering the fact that the anharmonicity from
the lattice is not taken into account, the path integral estimates of the binding energies are
in reasonable agreement with typical experimental values, of 28 meV|[192] and 16 meV|[77]
for CdS and MAPI;.

2.7 Electron-hole recombination rate

We now investigate the electron-hole recombination rate, which typically dominates the life-
time of charge carriers in bulk semiconducting materials.[66] It has been generally accepted
that charge carrier recombination can be divided into three different mechanisms [77, 203].
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Figure 2.7: Schematics of Sy and S, where two separate paths (top) are combined at some
imaginary time ¢ to form a combined radiating path (bottom).

The first is trap-assisted recombination where one charge carrier is trapped by a defect or
impurity and then recombination occurs from the trap state. The second is due to bimolec-
ular recombination where an electron in the conduction band is combined with a hole in
the valence band, which is a predominant radiative pathway for direct semiconductors under
standard operating conditions.[86] Finally, Auger recombination in which electron and hole
are recombined through an energy transfer to other charge carriers or phonons is yet a higher
order process. While Auger recombination can be important in nanocrystals, it is typically
negligible in bulk materials.[139, 140]

All the mechanisms described above contribute to the recombination process but depend-
ing on the concentration of charge carriers, the dominant pathway varies. At low density,
trap assisted recombination will dominate and at high density, Auger recombination will
matter. In this work, we assume that the contribution from Auger recombination is small
and consider the first and second order recombination processes. For a charge neutral system
the electron and hole concentrations are equal p. = pj, and the rate equation is given by

dpe
dt

= —kmpe — kszg = —KiotPe (2.43)

where ky, 1, is the rate constant for trap-assisted /bimolecular recombination process with ki
as the overall rate constant.

Independent of the mechanism, the radiative recombination rate of an electron-hole pair
within the path integral framework is given by [205]

2 TEQ Zc
y = SV B (2.44)

o 2meoh’c3u Zo

originating from Fermi’s golden rule for spontaneous emission under our effective mass ap-
proximation, where c is the speed of light and g, is the band gap energy. Other parameters
for CdS and MAPbDI; are summarized in Table 2.1.
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The rate in Eq. 2.44 is proportional to a ratio of partition functions whose subscripts
0 and c indicate the standard thermal trace and the trace for a radiating path where two
separate imaginary time paths for quasiparticles are combined at a common imaginary time
schematically shown in Fig. 2.7. This ratio is identical to a thermally averaged overlap
integral between the electron and hole densities. The partition functions are related through

~So
_ € ~Sc+80 _ AS
z, = ZO/D[xe,xh] o = 2 (e25), (2.45)
where AS is the change in path action. It is convenient for sampling purposes to rewrite
this average using a conditional probability representation,

P(AS) = / dR P(AS|R)P(R) (2.46)
so that the ratio in the dilute limit can be written as

Z,
Z pe/dR <6AS>R e PAFR) (2.47)

where R is the vector between electron and hole ring polymers, represented by SF(R) =
—In P(R) a free energy for changing their distance. The difference in path actions is equal
to

n mpn 2n

MeN un
AS = ; ﬁ(xe,t - Xe,t+1)2 + W(th - Xh,t+1)2 - ; W(Xc,t - Xc,t+1)2 (2-48)

for going between the thermal and radiating paths. The first two terms correspond to Sy,
and S, is given by the last term, and the index of beads for the combined coordinates {x.}
is schematically described in Fig. 2.7. In the following, we present the details on simulations
and discussions on trap-assisted and bimolecular recombination rates, and combine these
two to estimate a total rate constant. In both, we assume that recombination is not limited
by diffusion of the charge carriers, so that a local equilibrium distribution is established for
the relative positions of electrons and holes. For both, we will evaluate the rate at room
temperature T' = 298 K.

2.7.1 Trap assisted recombination rate

For trap-assisted recombination, we need to describe the trapping of a charge as well as the
subsequent recombination of electron and hole quasiparticles. To describe this process we
assume that the trapped charge achieves a steady state population, and the rate is given by
the likelihood of finding a trapped charge times the rate to recombine that trapped charge
with an incoming charge,

kr = Pirapk: (2.49)
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Figure 2.8: (a) Free energy as a function of the distance between a defect and electron from
1 ring polymer simulation for CdS (green) and MAPbI; (orange). (b) Charge distribution
for an electron localized on a defect for CdS (green) and MAPDI; (orange). Lines are guides
to the eye.

where P, is the probability of an electron to be trapped. This approximation is valid in
the dilute limit, provided trapping is reversible. For both CdS and MAPDbI3, we consider
the trapping of an electron with a positively charged point defect. The point defect is
described by a Coulomb potential acting between the defect and charge, determined by the
corresponding dielectric constant €, and r, which is set to recover the reported trapping
energy, 1.75[199] (0.3[121]) eV for CdS (MAPbDI3).

In equilibrium, the probability of finding an electron trapped by an isotropic point defect
is given by

R*
Piap = 4mpa | dRy Rie#ATa(Ra) (2.50)
0

where pq is the density of defect sites in the lattice where it is possible to trap an electron,
R} is a cutoff distance for defining the trapped state, and Fj;(Ry) is the potential of mean
force between the point defect and the electron, assuming both are dilute. To evaluate
Prap, we employ umbrella sampling[170] and Weighted Histogram Analysis Method [99, 68]
by adding a bias potential V(R;) = 0.5kg,(Rg — Req)? on the distance between the defect
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and the centroid of the electron ring polymer with kg, = 0.2kcal/ mol/A2 and {Re} =
{3A, 6A, ..., 195A}. This allows us to determine the potential of mean force,

ﬂFd(Rd) = — ln(5(Rd - |Xd - le)) (251)

with R, as the distance between the defect x; and the centroid of the electron ring polymer
Xe.

The potential of mean force between an electron and the defect is shown in Fig. 2.8 (a).
For both CdS and MAPDI;, the potential is monotonic. The binding free energy of the
electron to the defect is much less than the bare potential energy of the pseudo-potential,
reflecting the charge delocalization. This delocalization is evident in Fig. 2.8 (b) which
describes the charge distribution of the electron as a function of the distance between a
point defect, 74, = |x4—x.|. For a free electron at large distance, the electron has a spatial
extent defined by the radius of gyration of the imaginary time slices which is related to the
thermal wavelength A at given temperature and mass, R,(3,m) = hy//2y/m. For CdS
and MAPDI; these free particle sizes are both nearly 20 A. Upon trapping to a defect, the
electrons of both CdS and MAPbI;3 become slightly more localized, with characteristic sizes
of 15 A and 17 A respectively.

Given an equilibrium concentration of trapped electrons, the recombination rate is than
evaluated by computing the likelihood of finding a hole in the vicinity of the electron and then
measuring the conditional overlap in their densities, as described in Eq. 2.44. To evaluate
both, we run MD simulations with a hole ring polymer as well as an electron ring polymer
trapped into the point defect where Eq. 3.8 and 2.35 are used for two ring polymers. To
sample the trajectory efficiently, we add the same harmonic potentials described above along
the distance between two centroids of ring polymers and additional harmonic potentials with
ks, = 0.5kcal/mol/ A% and Req = 0.0 on the distance between point defect and the centroid
of electron ring polymer to hold an electron near the defect. This potential is unweighted
analogously with WHAM to yield an unbiased distribution.

The resultant trap-assisted rate constants under different electron-phonon coupling streng
-ths with pq = 108cm™3 are summarized in Table 2.3. We find that the interaction with
phonons reduces the rate constant in both materials although values with finite coupling
strength in CdS are not significantly distinct. This reduction results from the smaller likeli-
hood of finding a hole in the vicinity of the electron, a manifestation of dynamical screening
from the phonons. This is explored more directly for bimolecular recombination below.

2.7.2 Bimolecular recombination rate

Bimolecular recombination is studied through the same method described above with MD
simulations of electron and hole ring polymers. The bimolecular recombination rate, kyp. =
k., requires us to evaluate the potential of mean force for localizing the two charges and their
subsequent overlap density. The potential of mean force, F(R.}), between the centroids of
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CdS « 0.0 0.53 1.5 3.0

kw (us™) | 0.93 037 036 0.44
kppe (ns™1) | 0101 0.082 0.032 0.025
Tt (nS) | 979 122 313 39.6

MAPbDBI; a | 0.0 2.87 - -

e (us™) ] 0.115  0.058 - )
kppe (ns™') | 0.067 0.022 - i
Tiot (11S) 15.0 456 ; }

Table 2.3: Calculated trap-assisted rate ky, and bimolecular recombination rate constant kj,
with the defect density pq = 10®¥cm™ and the carrier density p. = 107cm™2, and carrier
lifetime 7y, from ki, for CdS and MAPbDI3 under different coupling strength. The mean
statistical errorbar in these estimates is 10%.

electron x¢ and hole xj, ring polymers,
BE(Rep) = —In(6(Rep, — X5 — x3])) (2.52)

is computable from umbrella sampling using the same procedure as that for the R;. The
resulting function is shown in Fig. 2.9 for both CdS and MAPDbDI; as functions of electron-
phonon coupling, a. The monotonic free energies display systematic destablization of the
electron-hole pair with increasing «, consistent with the reduction in exciton binding energies.
Similarly, the minimum is more shallow for MAPbI3 than for CdS.

In addition to the decreased likelihood of finding electron and hole pairs together, with
increasing « the charge density distribution is broadened. Shown in Fig. 2.10 are the proba-
bility distributions of the distance between electron and hole beads, r., = |x. — x3|, at each
strength of interaction with phonons. In both materials, the stronger the phonon interaction
is, the larger the average bead-bead distance becomes, implying that phonons make an ef-
fective electron-hole interaction weaker through screening. The comparison between results
from path integral simulation with the probability distribution predicted from Wannier-Mott
exciton using hydrogen model shown in purple lines in Fig. 2.10 implies the importance of
capturing the fluctuations of quasiparticles at room temperature.

The ratio of path partition functions Z./Z, for the bimolecular rate constant can be
computed and extrapolated to the large n limit in order to extract a converged overlap
element. The error from the path integral scales by the number of discretization factor as
n~2, so the convergence of the radiative rate can be extrapolated by fitting the ratios of
partition functions at finite n as a function of n~=2. Extrapolations for CdS and MAPbI; are



CHAPTER 2. SYSTEMATIC STUDY OF LATTICE EFFECT ON EXCITONIC

PROPERTIES 36
(@) o
% -50
e
~— -100
) —a=00 —a=15
C -150- — 0=053 — a=30
I
0 é :1 é é 1I0 1I2 1'4 116 1I8 20
I:{eh (nm)
(b) ol
S
2 504
E MAPbDI,
< — a=0.0
® 100
e — a=287
I

0 2 4 6 8 10 12 14 16 18 20
Reh(nm)

Figure 2.9: Potentials of mean force for the charge centers. Potentials of mean force for (a)
CdS and (b) MAPDI; for a variety of electron-phonon coupling strength «. Error bars are
shown as shaded regions.

plotted in Fig. 3.5 (a) and (b) under different coupling strengths. Since the path integral
formalism becomes exact in the limit of large number beads, the rate constant is defined as
the value extrapolated to 1/n* — 0 limit. The calculated bimolecular recombination rates
for both materials with typical charge density p. = 10'7em™ are summarized in Table 2.3
as a function of a. The rates are found for both materials to decrease significantly over the
range of electron-phonon coupling strength considered. MAPDI;3 is found to have a longer
charge carrier lifetime than the CdS, which is due to enhanced screening of the former.

2.7.3 Total recombination rate

Combining trap-assisted and bimolecular rates, the total recombination rates defined in
Eq. 2.43 are summarized in Table 2.3 with a typical charge carrier density p, = 107cm ™2 and
the defect density pg = 10®cm™ for both materials. We find that the radiative recombina-
tion is predominantly determined by bimolecular process. In both materials, electron-phonon
coupling generally decreases recombination rate, resulting in the increase in the lifetime of
charge carriers. The value obtained for CdS is in very good agreement with that observed
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Figure 2.10: Electron-hole charge density distributions. Charge density distributions for
(a) CdS and (b) MAPDI; for a variety of electron-phonon coupling strength o evaluated at
T =50 K, compared to the Wannier model. Error bars are shown as shaded regions.

from photoluminscence lifetime measurements on large spherical nanocrystals, 13 ns, but
underestimates the lifetime reported for MAPI3, 70-100 ns.[77] The latter disagreement can
be attributed to the neglect of anharmonic effects accounted by the k-dependence of corre-
lation function in the optical mode which can been considered previously[135] and results in
an effective electron-hole repulsion that has not been considered here.

2.8 Conclusions

In summary, we have shown how a path integral approach can be used to study excitonic
properties in the presence of dynamical phonons. We have presented ways to compute the
renormalization of the binding energy and recombination rate, and validated these results
in limiting regimes. While we have considered a simple model for an exciton in a polar
lattice as being coupled through a Frohlich interaction with a single optical mode, the influ-
ence functional approach employed is general and can easily be extended to many modes,
arbitrary linear coupling forms, and in principle parameterized through ab initio methods.
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positive constants.

Additionally, while we have considered phonon effects on a single exciton in this work, this
can be applied to multiple excitons and further combined with confining potentials.



39

Chapter 3

Radiative lifetime of excitations in
lead halide perovskites

This chapter includes the discussion on how we use path integral molecular dynamics sim-
ulations and theory to elucidate the interactions between charge carriers, as mediated by a
lead halide perovskite lattice. We find that the charge-lattice coupling of MAPDbI; results in
a repulsive interaction between electrons and holes at intermediate distances. The effective
interaction is understood using a Gaussian field theory, whereby the underlying soft, polar
lattice contributes a nonlocal screening between quasiparticles. Path integral calculations of
this nonlocal screening model are used to rationalize the small exciton binding energy and
low radiative recombination rate observed experimentally and are compared to traditional
Wannier-Mott and Frohlich models, which fail to do so. These results clarify the origin of the
high power conversion efficiencies in lead halide perovskites. Emergent repulsive electron-
hole interactions provide a design principle for optimizing soft, polar semiconductors. This
chapter is based on previously published work, Nano Lett. 2022, 22, 6, 2398-2404.

3.1 Introduction

Lead halide perovskites are a class of materials that have unique photophysical properties
resulting from their soft, polar lattices. They have vanishingly small exciton binding ener-
gies and despite modest mobilities, have large free carrier diffusion lengths resulting from
exceptionally long carrier lifetimes.[148, 203, 180] These properties make lead halide per-
ovskites ideal materials for photovoltaic devices.[206, 185, 102] Many of their optoelectronic
properties have been thought to arise from electron-phonon coupling, as the largely ionic
bonding of the lead halides admit strong Coulomb interactions between free charges and
the lattice.[201] It has been conjectured that polaronic effects in particular[227, 26, 21] act
to protect free charges from recombination and screen their interactions, reducing exciton
binding energies.[26] However, the significant anharmonicity of the perovskite lattice has
made uncovering the molecular origin of these properties difficult.[88, 128, 16, 210]
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Here, we apply path integral molecular dynamics[25, 22] to study an atomistic model of
quasiparticles embedded in a MAPDbDI;3 lattice, in order to understand how a fluctuating lattice
affects its electronic properties. Much recent effort has gone into understanding the effects
of the lattice on the excitonic properties of perovskites computationally [29, 162, 221, 119]
and analytically.[122, 162] However, unlike traditional polar semiconductors where lattice
fluctuations can be described by a harmonic approximation, the tilting and rocking motions
of the inorganic octahedra[210] and nearly free motions of the A-site cations[128, 16| ren-
der the lattice highly anharmonic. This complicates the simplification to traditional model
Hamiltonians like the Frohlich model or its generalizations.[119, 45] Attempts to include
lattice effects into ab initio based approaches have been developed but these are difficult to
extend to the time and length scales necessary to explain the nature of how photogenerated
electrons and holes bind, dissociate and recombine.[54] Using an explicit atomistic represen-
tation of the lattice surrounding the quasiparticles allows us to go beyond simplified models.
Employing path integral calculations allows us to consider finite temperature effects directly
on diffusive time and length scales. These simulations motivate a field theory to describe
the effective electron-hole interactions that dictate the emergent optical properties of the
perovskites. With these simulations and theory, we are able to elucidate the origin of low
exciton binding energies and recombination rates as a consequence of a nonlocal screening
from the lattice.

3.2 Effective exciton interaction with explicit
MAPDI; lattice

We consider a system of an electron-hole pair, interacting with a MAPbI3 perovskite in its
cubic phase employing a fully atomistic description of the lattice. The full system Hamil-
tonian, H, consists of electronic, lattice, and interaction pieces, H = He + Hi + Hing. The
highly dispersive bands of MAPbI3 allow us to make an effective mass approximation, so
that the electronic Hamiltonian is defined as

-9 -9

p Pr €

Hel = < + - ~ ~
2me  2my,  ATEeEs|Te — Ty

2

(3.1)

where the subscripts e and h indicate electron and hole, p and r are the momentum and
position operators, m./m = my/m = 0.2 are the band masses of the quasiparticles taken
from recent GW calculations in units of the bare electron mass m,[29] &y is the vacuum
permittivity while e, is the optical dielectric constant for charge e. For the lattice, we use
an atomistic model developed by Mattoni et al., that has been demonstrated to reproduce
the structural and dielectric properties of lead halide perovskites.[117, 116] Its Hamiltonian

is decomposable as
Nop; N
H = E 2”;‘ + U (1) (3.2)

=1 3
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where p;, t; and m; are the momentum, position, and mass of i*" atom, N is the total number
of atoms in the lattice, and U;(t") is the pair-wise interaction potential between atoms
with configuration #V = {f,%,...,tx}. The potential includes electrostatic and excluded
volume interactions. The charge-lattice interaction term is given by Hiy = U&l(f'e,f'N ) +
Upi(th, V) where U, and Uy, denote sums of pseudopotentials. Consistent with the largely
ionic nature of MAPbI3, we employ pseudopotentials of the form of short-ranged truncated
Coulomb potentials, with a cut-off radii chosen as the ionic radii of each species.[136, 164,
98]

As the atoms are heavy and we are largely interested in room temperature behavior,
we adopt a classical description of the MAPbDI; lattice. We discuss below corrections to
this classical approximation in the harmonic lattice limit. For the two light quasiparticles
however, we employ a path integral description to account for quantum mechanical effects
important even at room temperature. Such a quasiparticle path integral approach has been
employed previously to study lattice effects in the lead halides and trapping in other semi-
conductors.[13, 14, 109, 150] The partition function, Z, for the composite system can be
written as

z= / Dir,, 1y, v] e Skrernr™l/n (3.3)

with the action S[r., s, V] = So + S+ Sint- The corresponding imaginary time path action
for the electronic part becomes

2

Mmer? myI> e
S :/ Ter | MhThr _ 3.4
el r 2 2 ATEGEo|Tesr — Th 7| (34)

where the imaginary time 7 is defined over the interval 0 to Sh, 87" = kgT, T is tempera-
ture, kg is Boltzmann’s constant, and 7 is Planck’s constant. The velocity and position of
electron/hole are denoted r, /hr and 1oy .. Under the assumption of a classical lattice, the
contributions to the path action from MAPbDI3 and its interaction with the quasiparticles

become & = ShH,; and
Sint == / Ue,l(re,‘ra rN) + Uh,l(rh,‘ra rN) (35)

an integral over the pseudopotentials. By discretizing the path action into a finite number
of imaginary time slices, the classical counterpart of each quantum particle becomes a ring
polymer consisting of beads connected by harmonic springs.[69]

We perform molecular dynamics (MD) simulations of two ring polymers with 1000 beads
representing the electron and hole and an MAPDI; lattice with 40x15x15 unit cells at 300K.
The large system size is necessary in order to ensure that self-interaction errors between the
quasiparticles are minimized. This atomistic description allows us to capture all orders
of interaction between the quasiparticles and the MAPbDI3 lattice, free of low temperature
harmonic approximations. For the atomistic model of MAPDI3 lattice, we adopt empirical
force field from Ref [117]. Interactions between inorganic atoms (Pb, I) are described by
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i J Ay (keal/mol) | pi;  (A) | ¢ (kcal/mol/AG)
Pb | Pb | 70359906.629702 | 0.131258 0.0000
Pb I 103496.133010 | 0.321737 0.0000
Pb | C/N | 32690390.937995 | 0.150947 0.0000
I I 24274.905590 0.482217 696.949542
I | C/N| 112936.714213 | 0.342426 0.0000

Table 3.1: Parameters for Buckingham potential (Eq. 3.6).

Buckingham-Coulomb (BC) potential

—riitps Cij q:q;

Unpr = Ai‘e rij/piy _ + _ 11y 3.6
BC % J Tij 47T€0?"Z'j ( )
where 7;; is the distance between 7 and j atoms, g¢ is the vacuum electric permittivity, ¢; is
the charge of atom ¢, and A;j, ¢;j, and p;; are parameters for BC potential. Other pairwise

interactions are described by the sum of BC potential and Lennard-Jones (LJ) potential
s = St [(22)" - (22)] (3.7

i.j
with LJ parameter ¢;; and o,;. Types and parameters for pairwise interactions can be found
in Table 3.1 and Table 3.2. For electron and hole ring polymers, we used a quasiparticle
path integral approach whose Hamiltonian obtained by discretizing the path action is given
by

n n 2

men mhn n e
Hrp =Y e (Teji1 — Tej) + Z 25202 (Thji1 —Thj)” — > (3.8)

= i Ameon|re; — 1)

where r./p, ; is the position of the J™ bead in electron/hole ring polymer, n = 1000 is the
number of beads used in each ring polymer, 8 = (kg7)~! is an inverse temperature, and
me/mo = my/my = 0.2[29] are the band masses of electron and hole with the bare electron
mass mg. Pseudopotentials are given by truncated Coulomb potentials where r~! is replaced
by (ac + r?)"Y2. The parameter ac for electron-lattice, hole-lattice, and electron-hole
interactions are chosen to recover the corresponding ionization energy, electron affinity, and
the band gap of MAPDbI3 perovskite, summarized in Table 3.3 [157, 165].

Simulations are run in NVT ensemble with Langevin thermostat to control the temper-
ature to 300K using timestep 0.5fs. In the free energy calculations using Umbrella sam-
pling[170], we used 86 windows where the harmonic potentials V(R) = 0.5k, (R — Req)? are
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Table 3.2: Parameters for Lennard-Jones potential (Eq. 3.7).

i | j |eij (kcal/mol) | oy (A)
Pb | H, 0.0140 2.26454
Pb| H 0.0140 2.70999

I | H, 0.0574 2.750

I | H 0.0574 3.100
Cc | C 0.1094 3.39970
C | N 0.1364 3.32480
C | H, 0.0414 2.23440
C | H 0.0414 2.67980
N | N 0.1700 3.250
N | H, 0.0517 2.15950
N | H 0.0517 1.0690
H, | H, 0.0157 1.06910
H, | H 0.0157 1.51450
H| H 0.0157 1.960

ammonium NHJ group are indicated by H,,.

ac | Pb I be bn
be | 3.67 | 0.005 - 2072
b, | 0.005 | 22.152 | 2.072 | -

43

The hydrogen atoms in

Table 3.3: Pseudopotential parameter ac where b, indicates the bead in the electron(hole)

ring polymer.
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added to the distance between two centroids of ring polymers R with the spring constant
kep ranging from 0.15 to 0.4 kcal/mol/ A%, Prior to adding the ring polymers to the lattice,
they are equilibrated for 500ps in NVT ensemble with Langevin thermostat at each window
as is done in the staging algorithm[177]. We combine the equilibrated configuration of ring
polymers with the lattice, run 200ps for equilibration purpose, and store trajectories in every
50fs for 700ps.

Simulations with isolated electron and hole ring polymers are performed under each type
of effective screening. For a static screening, the discretized Hamiltonian is given by Eq.3.8
with Coulomb interaction screened by dielectric constant e, = 6.1 [84]. For the dynamic
screening, Hamiltonian consists of two pieces, Hayn = Hrp + Her. The second term is given
by Eq. 15 with the factor of discretization n,

Oéﬁhz 2 non - Bh“’|t s|
Ty 4 (3.9)
ye%h} Ton? 8mww;s:21 |ris — T

where r./; ; represents the position of the 7™ bead in electron/hole ring polymer, I';; = 1 if
i=jand;; = —1ifi # j, @ = 1.72 [166] is Frohlich coupling constant and w = 40cm ! [166]
is optical frequency of MAPbI3 perovskite with m., = p. For the nonlocal screening, the
last term in Eq.3.8 is replaced by the effective exciton interaction from empirical force field
calculation shown in Fig.1c (black symbols), divided by the effective dielectric constant e, to
account for the lack of explicit polarizability in the force field. Simulations are run in NVT
ensemble and Langevin thermostat with pseudopotential. For Umbrella sampling parame-
ters, 65 windows are used with the spring constant ks, = 0.2kcal/mol/ A% and equilibrium
distance Req starts from 3A and is increased by 3A at each window. In the first window, ring
polymers are first equilibrated for 1ns with 1fs timestep and then trajectories are stored in ev-
ery 500ps for 10ns. The last configuration of the previous window is taken to be the starting
point of the next window. Simulations are performed using the LAMMPS package[141].

To analyze the emergent exciton interaction resulting from the collective motions in
MAPDI;, we compute the free energy between electron and hole using Umbrella sampling
with the Weighted Histogram Analysis Method[99]. We compute the reversible work to move
two charge centers relative to each other

BF(R) = —In(5 (R — |t — 1)) (3.10)

where R is the distance between the electron and hole centroid r ,, 6 (x) is Dirac’s delta func-
tion, and (..) represents an ensemble average. Simulation snapshots are shown in Figs. 3.1a
and 3.1b, where spatially delocalized charges extend with a radius of gyration between 1.5 -
3 nm. Figure 3.1c shows F(R), which is nonmonotonic. The free energy exhibits a minima
at R = 0 reflecting the binding of the electron-hole pair into an exciton, a plateau at large
R, and a barrier at intermediate R =~ 8 nm. The binding energy is large due to the neglect of
polarizability in this description of the lattice. Considering the bare Coulomb potential is a
monotonic function, the repulsive interaction found in Fig. 3.1c at intermediate electron-hole
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Figure 3.1: Quasiparticle path integral molecular dynamics simulations. Representative
snapshots of the simulation of electron(red) and hole(blue) with the MAPDbI; lattice where
electron and hole are (a) close to and (b) far from each other. Zoomed in structure in
(a) represents the MAPDI; lattice where gray, yellow, and blue atoms represent Pb** 1~
and MA™, respectively. (c) Free energy between electron and hole as a function of the
distance between quasiparticle centroids from molecular dynamics simulation (black circles)
and an effective exciton interaction from Eq.3.24 (red solid line) with parameters as ¢* = 5,
ls = 2.47nm, and [. = 1.26nm.

distances must arise from the lattice. An effective electron-hole repulsion has been specu-
lated in lead halide perovskites previously,[47, 112, 36] but had defied direct observation or
theoretical validation.
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3.3 Theory for effective electron-hole interaction with
field theory

In order to understand the emergent lattice effects on the electron-hole interaction and
surprising intermediate repulsion, we assume that the fluctuations of the lattice are well
described by a Gaussian field. Such Gaussian field theories underpin a number of standard
effective interactions including dielectric continuum theory and the Casimir effect.[176, 33,
106] A Gaussian approximation in this context is analogous to quasi-harmonic approach
[18] where it is assumed that while the lattice is anharmonic, it responds linearly.[23, 149]
We consider approximating the lattice by an effective polar displacement field, ug ., that
is expected to be correlated with local bending and rocking motions of the octahedra.[49]
Within the Gaussian field approximation, the path action for the lattice becomes

1
81 ~ 5/7/7’ /kukﬂ—XI;%__T/u_kﬂ—/ (3.11)

where Xk ,—» = (Ux,u_k ) is the susceptibility at wave vector k and imaginary time dis-
placement 7 — 7/. The susceptibility is determined by a phonon dispersion relationship only
in the limit of zero temperature, and generally reflects the correlations within the effective
polar displacement field.[168] Consistent with the Coulombic pseudopotentials used in the
MD simulations, we take the coupling between the charges and the lattice to be linear

ikrer _ ikery o
Sint ~ / / uk,T )\e ‘ (312)
T Jk k

and described by a Frohlich-like interaction,[129] where A is a Frohlich coupling constant

defined as )
, Ara 2 h \* /2w\2
A= i (57 (amw> (%) (3.13)

with dimensionless coupling constant «[129].
The lattice variables can be integrated out, leaving a Gaussian approximation to the
partition function, Zq,

D=

Za = / Dlr,, tp, wy] e~ Sonlrernud/b — 7 / Dlr,, ry] e~/ g~ Serlreenl/n (3.14)

where 7 is the partition function for a displacement field without couplings to the charges. In
terms of the derivation of effective path action, S.g, starting from the Gaussian approximated
path action given by &) + Siy¢ from Eq.3.11 and Eq.3.12, its Fourier transform becomes

6FL . eik'reﬂ' — eik'rh,'r
2 —iwT
w A 3.15
+ /k /T:O /w Hicw © k ( )

1 _
S+ Sing = 5/1(/w Xk,uuk,w
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Using the fact that the Gaussian integral of the form of e~o/20%az with respect to x produces
the term of €7 1%*/2 gives the effective path action defined in Eq.3.14 as

1 Bh i eik-reﬂ- _ eik'l‘h,r 2
Set = _§/k/ka7w /7_:06 T Lk (316)
1 rBh )\ . . 2
— _5 T:O/T //X e —sz T/ |]€|2 ezk~re,7 _ezk-rhﬂ. (317)
1 Bn A2 , 2
e o

where inverse Fourier representation of xx,, is used in the third line. In the compact form,
the effective path action becomes

1k PRSP
Z// /Fz]XkTT 2]{]2 | ik (319)

where 4, j € {e, h} and I';; takes the value of I';; = 1if i = j and I';; = —1 if i # j.

The susceptibility xk - is proportional to a dielectric function evaluated in the absence of
the quasiparticles. Different functional forms of its imaginary time and wavevector depen-
dence imply different ways in which the lattice can screen the quasiparticles. In the classical
limit[65], taking xx, = Xkd(7) removes the 7 dependence in the effective path action and
Egs. 3.4, 3.19, and 3.21, imply an effective interaction between the electron and hole,

~ 1] e 5
e (3:20
which is a sum of the bare interaction, here screened by ., = 4.5,[166] and the contribution
from the lattice proportional to yix. In the zero wavevector limit this is a constant, and
if taken as xi|\|> = €?/e0(1/e0 — 1/€,) we recover the Wannier-Mott model of a exciton.
With an effective dielectric constant e, = 6.1,[29] this local, static screening is manifestly
insufficient to produce the repulsive interaction observed from the free energy calculations.
Rather an explicit k dependence to yy is required.

Using explicit MD simulations of the bulk classical MAPbDI3 lattice, we find xy is well

approximated by
X0

1 —12k? + [2]2k*
characterized by three positive real parameters, Yo, I, and [.. This functional form includes
a single resonant peak and is assumed isotropic on length scales greater than the lattice
spacing. The resonant peak results from the negative second order coefficient and manifests
the double well potential of the optical mode[162]. Using Eq.3.20 and 3.21, performing
inverse Fourier transform with residue theorem gives

o2 oo 2 _ 52
[ ! ! . <cos[r7] - 72755 sin[ry]ﬂ (3.22)

Xic & (3.21)

Vet (1) = —

+
dregr | €oe  EF 2¢e
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Figure 3.2: Susceptibility x(r) from explicit MD simulation (black solid line) and from
Eq.3.25 (red dotted line). Gray dotted line is the guideline for 0.

where parameters, v and ¢ are defined as follows.

1 xolM0 T 1 T 1
- - ., 6= S 3.23
= 2 YT\ T o 2, A2 (3:23)

Since v > 6, the relation, asinf — bcosf = va? + b?sin[f — arctan[b/al], simplifies the
effective electron-hole interaction, resulting in the effective potential as.

2

e 1 1

—+ =+ e
oo EF  4dbe*

Verr (1) =

JR— 77,6 1 J—
Tneor sin[ry H]} (3.24)

where r is the distance between two charges with 7' ~ /2., 67! ~ 2(./\/1 — £,/2(,, and

= arctan[2§/v]. We also compare x(r) in real space where an analytic expression can be
derived from the inverse Fourier transform using residue theorem with v and ¢ defined in
Fq.3.23.

Xo (VP H) s

X(r) = e " sin[rv] (3.25)

CAdnr 496

Fig.3.2 shows x(r) from MD simulation (black solid line) and from Eq.3.25 (red dotted line)
where the reasonable agreement shows the validity of the functional form of xy given by
Eq.12.

This form given by Eq.3.24 is plotted in Fig. 3.1c and provides an excellent fit at large r
to the free energy from the MD simulation. We refer to this effective electron-hole interaction
arising from spatially dependent screening from the MAPbI;3 lattice as nonlocal screening.[94]
The theory clarifies that the non-monotonic interaction potential results from deformations
generated within the lattice due to the charges. At specific characteristic distances these
deformations are sufficiently unfavorable that the electron and hole are effectively repelled
from each other.
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This effective interaction in Eq. 3.24 is distinct from what has been considered previously
by Pollmann and Buttner,[142] and by Gerlach and F. Luczak[65] in which coupling to a
single dispersionless optical phonon results in a excitonic polaron that screens the bare
Coulomb potential. In their approximation, the polar displacement field is treated quantum
mechanically by including a 7 dependence of the susceptibility. In Pollmann and Buttner’s
work, this is taken as the bare susceptibility,

1 —w|T
Xier = 56 (3.26)

where the phonon mode is characterized by a single longitudinal optical frequency w. Plug-
ging Eq. 3.26 into Eq. 3.19, we obtain the effective path action

aw2h3/2 —w|7’ /|
Sut = / / (3.27)
\/ mg;w Jr Jr’ |I'1 i |

where we have written |\|? in the traditional Frohlich form, introducing « as the dimension-
less coupling constant. Pollmann and Buttner further approximate this dynamic screening
approach in order to obtain a closed form effective potential. Their potential is an expo-
nentially screened Coulomb potential in the classical limit with a screening length given by
the polaron radus [142] (see Chapter 3.6 for details). While for certain parameters it is
possible that the Pollmann-Buttner potential is repulsive,[47] employing known values for
a = 1.72 and w = 40cm™! for MAPDI3,[166] the resultant effective potential is monotonic
and inconsistent with our MD result. Analogous approaches including sums of two or three
dispersionless phonons similarly fail to describe a repulsive interaction. Treating the suscep-
tibility variationally, Gerlach and F. Luczak[65] provided a more flexible description of the
lattice, but the lack of a wavevector-dependence to x still prohibits an intermediate length
scale repulsion.

3.4 Implications of different lattice screenings from
explicit path integral simulations

To investigate the implication of a nonlocal screening on the observable properties of MAPbDI3,
we simulated an electron and hole pair using our quasiparticle path integral approach under
(i) static, (ii) dynamic, and (iii) nonlocal screenings. In each case, we employed known ex-
perimental parameters for the dielectric constants, optical frequencies, and effective masses
and thus expect our results to be quantitatively accurate. To our knowledge the k-dependent
dielectric susceptibility has not been reported for MAPbI3, so we parameterized the non-
local screening interaction using our MD results. For each case, we extract the exciton
binding energies and bimolecular recombination rates as both have been difficult to reconcile
theoretically.[77]
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Figure 3.3: The difference in free energy AF' as a function of temperature under static
screening (circles), dynamic screening (diamonds), nonlocal screening (triangles), and non-
local screening combined with polaronic effect (squares). Solid lines are corresponding fitted
lines.

The exciton binding energy, AFEg is definable within our path integral framework as
AEp = %1% min AF(R) (3.28)

and to evaluate it we computed the free energy AF(R) = F(R) — F(co) at a variety of
temperatures ranging from 200K to 400K and extrapolate its value to 0K, as shown in
Fig. 3.3. Representative free energies at T" = 300K are shown in Fig. 3.4a. As anticipated
from the theory, we find that both dynamic and nonlocal screening reduce the effective
attraction between electron and hole but only the nonlocal screening results in a barrier to
recombination.

The extrapolated binding energies are summarized in Table 3.4. Within the static
screening approach, the exciton is hydrogenic, and the binding energy is given by AFE} =
pe /2(4mege, ) 2h? where 1 is a reduced mass of the electron and hole. The large decrease in
binding energy under dynamic screening reflects the polaronic effect. Since the experimen-
tally derived value of « is relatively small,[166] we find the change to the binding energy
is well approximated by first order perturbation theory, yielding the known Frohlich result,
AEZL = AF} — 2ahw.[39] This reduction in the binding energy is consistent with recent
Bethe-Salpeter calculations with perturbative electron-phonon interactions,[54] but higher
than experimental estimates.[61] The reduction in the binding energy from the nonlocal
screening is 12 meV, which is close to a prediction assuming hydrogenic 1s orbits, 17 meV.

In the low temperature limit, the classical lattice approximation employed to construct
the nonlocal screening model is no longer valid. In this limit, quantization of the phonons
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Figure 3.4: Implications of different screening models from explicit path integral simulations
with electron and hole quasiparticles. (a) Free energy as a function of the distance between
quasiparticle centroids at 300K under static (blue), dynamic (green), and nonlocal (red)
screening models. (b) Radial probability distribution for electron and hole, with the same

color scheme as in (a).

Screenings Static Dynamic | Nonlocal
AEgR (meV) 50.4 36.9 38.1
7y (ns) 13.5 35.5 78.1

Table 3.4: Exciton binding energy AFEg, and carrier lifetime 7, estimated using different

screening models.
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can lead to hybridization and polaron formation. To estimate the quantum mechanical effect
of phonons in this model, we have adopted a hybrid approach where we have added a single
optical phonon as done in the dynamical approximation, to the effective potential description
deduced form the classical lattice simulations. The dynamical mode is treated analogously
as Eq. 3.27, while the effective potential is assumed to be constant at low temperatures and
reflective of dynamic disorder. Treating both of these effects yields a binding energy of 20.8
meV in very good agreement with experiment.[61, 34]

The bimolecular recombination rate, k, is defined as the rate of change of the concentra-
tion of free charges, ;

cllote = —k.pepn (3.29)

through the reaction e™+h* — hv, where pj, is the concentration of free electrons/holes. At
typical working excitation densities for MAPbI3 based photovoltaics, radiative recombination
is the limiting factor determining the charge carrier lifetime.[77] We can evaluate k, using
Fermi’s golden rule for spontaneous emission, with an effective mass approximation.[212, 71,
158, 55] Within our quasiparticle path integral framework, the bimolecular recombination
rate can be derived from Fermi’s golden rule under effective mass approximation and is given
by a constant times a ratio of path partition functions,[205, 212, 71, 158, 55]

2 2

fy — Vo By 2 (3.30)

2negh Au 2

where e is the charge of an electron, ¢; is vacuum electric permittivity, €, is the dielectric
constant related to the index of refraction, h is Planck’s constant, ¢ is the speed of light,
i is the reduced mass of electron and hole, and Ey,, = 1.64eV is the band gap energy for
MAPDI; perovskite. In this framework, Z indicates the path for two separate (electron and
hole) quasiparticles and the subscript ¢ on Z. stands for combined path integral in which
the two separate imaginary time paths are placed together to form a single, radiating path

by linking same imaginary time slices. Z. can be rewritten in terms of Z and the difference
in path action AS =S5 — S,

z
Z, = / Dir,,ta] e 555 2 = 2 / Dlr., ry] 67 =545 = 2 (¢AS) (3.31)

where S and S, are the path actions of two separate and combined paths. The change in
path action AS is give by

"2 "2 "2
L ph mere,ﬂ- mhrh,T :urc,T

") 2 2 2
where r. is a combined path integral where the two paths are shown in Figs. 3.5b and c.
With the conditional probability representation, the ratio of partition functions becomes

% = (%) = [ans Pas) e = [ans an [ AREEP(ASIR) P(R)] ¢S (3.32)

AS

— 4 / dR R? / dAS P(AS|R) 25 P(R) = 4 / AR RS g P(R)  (3.33)
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Figure 3.5: (a) Ratio of partition function with various number of beads. Dotted lines are
linear fittings under each type of screening. Schematic picture of (b) two separate paths S
and (c) combined path S..

where (e2%)y indicates the value of (%) given R and P(R) can be computed from the free
energy. Plugging Eq.3.33 into Eq.3.30 results in the following equation for the ratio of path
partition functions,

Z.
S —tn / AR R? (A) ¢ PArm (3.34)

where we replace P(R) by an exponential term with the difference in free energy. Shown in
Fig.3.5a is the ratio of partition function with various number of beads. Since the error of
Trotter factorization in path integral approach scales by n=2, we compute the carrier lifetime
using the value extrapolated to n — oo.

The change in action is a reporter on the overlap between the electron and hole wave-
functions. The electron and hole radial probability distribution is described in Fig. 3.4b,
illustrating that the nonlocal screening effect increases the average distance between elec-
tron and hole. This is distinct from the effect of the dynamic screening, which consistent
with the small value of «, leaves the electronic distribution largely unaltered from the simple
Wannier, static screening model. The decrease in electron hole overlap results in a nearly
order of magnitude decrease in k, using the nonlocal screening theory relative to the static
screening theory. For the nonlocal screening theory, we find k. = 1.3 x 107%m3/s, in
excellent agreement with photoluminescence lifetime measurements.|[77]

Assuming the only loss mechanism is due to bimolecular recombination, the lifetime of an
electron hole pair is computable from 7, = 1/k,p,. Summarized in Table 1 for p, = 10'7/cm?
are lifetime estimates using the different screening models. Both standard polaronic effects
incorporated into the dynamic screening model as well as the nonlocal screening model
increase the lifetimes of free charge carriers, however the contribution of a nonlocal screening
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obtained from the MAPDI3 lattice is much more significant.

3.5 Conclusion

By comparing these different simplified models that account for charge-lattice interactions,
we find that the ability of the MAPbI3 lattice to nonlocally screen quasiparticles is sufficient
to explain the particularly low exciton binding energy and recombination rate. Only this
screening kernel in our unified Gaussian field theory formalism can suppress the electron-hole
overlap enough to explain the anomalously long free carrier lifetime with weak lattice coupling
strength. The particular nonlocal screening adopted here was deduced directly from explicit
atomistic molecular dynamics simulations using a quasiparticle path integral framework.
This framework is uniquely able to study the thermodynamics of this quasiparticle-lattice
system at finite temperature.

The adoption of a spatially dependent screening is consistent with a growing literature
pointing to the importance of dynamic disorder in lead halide perovskites.[105, 161, 147]
As it is the wave-vector dependent dielectric susceptibility of the bulk ground state lattice
that enters into the theory presented above, experimental measurements of such properties
could afford a means of assessing potential materials with similarly long radiative lifetimes.
Further, the barrier to bringing electrons and holes together we have discovered here un-
doubtedly has implications apart from offering an explanation of the particular high power
conversion efficiencies of MAPbI3. For example, this repulsion may help explain observa-
tions of anti-binding of biexcitons.[112, 36] The identification of a repulsive electron-hole
interaction generated from the soft, polar modes of the perovskite lattice offers a key new
design principle for photovoltaic materials. Searching for other systems that admit this type
of interaction represents a promising new direction for materials discovery.

3.6 Pollmann Buttner theory revisited

In the last section of this chapter, the details on the Pollmann-Biittner potential, an analytic
expression for an effective electron-hole interaction in the polarizable medium, is presented.
The derivation shown here is based on Ref. [142, 100, 83, 82, 103, 9, 129].

For the system of interest, the Hamiltonian consists of exciton, electron-hole pair, inter-
acting with phonons through Frohlich interaction as

2 2 2
P. Py € +
H = — h
2m, + 2mp  Exolle — 13 e zk: e
+ Y (Vkeikre ax + Viie e qf — Vie™ gy — Ve alf) (3.35)
K

where the subscript e/h indicates electron /hole, m is the band mass of each quantum particle,
p and r are the momentum and position operators, af and ay are phonon creation and
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annihilation operators at wave vector k, w is a longitudinal-optical phonon frequency, & is
Planck’s constant, ., is an optical dielectric constant for charge e, and Vi represents the
Fourier component of coupling strength between a charge and phonons defined as

1
i (2mehw ) ?
Vi = —o 3.36

k k ( Ve* ) ( )

with 1/e* = 1/es — 1/e5 and the static dielectric constant ;. Since the center of mass of
an exciton doesn’t affect the interaction between electron and hole in the isotroic system,
by defining the center-of-mass coordinate R = (m,r. + myry)/(m. + my) and coordinate for
the relative motion r = r, — rj, the above Hamiltonian becomes

P2 p? o2
=4+
2M  2p en|r]

H +hwd afax+ Y (Vkpk(r)akeikp” + Vk*pi(r)alte_ikp“) (3.37)
K k

where P and p are the momentum for center-of-mass and relative motions, M = m, + my,
is the total mass of an exciton, = = m_! + m;, ' is the reduced mass of an exciton, and
pr(r) = ei2KT — o=k with o) = m, /M and sy = my, /M.

Considering that we are only interested in the relative motion of an exciton, taking a
unitary transformation allows us to remove center-of-mass coordinate, which will be shown
in two steps. The first step is to take a unitary transformation with U; operator

Ui(R) = exp [—2’ > afak - R] (3.38)
K
using a special result of the Baker-Campbell-Hausdorff formula
e”Se > =S+ (9, -] + 21' (1S, =], —%] + ... (3.39)
where the commutator is defined as [A4, B] = AB — BA and the term with i" order in ¥
is called as i"" order commutator in this section. Now, we will see how the transformation

of U *H'U, makes changes in operators, P, ay, and a;}, respectively. First, the operator P
becomes

U 'PU =P = > afackh (3.40)
Kk
whose derivation is shown below

[P,—iZaiakkR] = —iY_ afak(PR - RP)
K K

= —iY afak(—ih+RP —RP) = —> afackh (3.41)
k k
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where the first equality is held due to the fact that P only acts on R and [R,P] = if is
used in the second line. Since the result of the above commutator doesn’t include P and any
operator commutes with itself, the higher order terms vanish. Next, for the operator ay, 1%
order commutator becomes

ay, —1i Z afakR| = —i Z(aka;raqu — a;“aquak)
k
= —zz axag aq — agaqax)qR
= —ZZ aka ag—a akaq)qR

= —i Z Jkq@qqR = ax(—ikR) (3.42)
q

where the second line is held due to the fact that ay only acts on phonon states, [ak, aq] =0
makes the third line, and [ax, af] = diq is used in the last line. And 2" order commutator
becomes

ax(—ikR), =iy afakR| = i*) (akalaqq — alaqqak)R?
K q
= i’ (axalaq — afaraq)kqR?
q
= ai’k’R? = ax(—ikR)? (3.43)

Subsequently, since j* order commutator produces the term of ay(—ikR)’, the transforma-
tion adds an additional exponential factor as follows.

1 :
Ui taUs = ay + a(—ikR) + §CLk(—z'k1:{)2 + ... =age R (3.44)
Similarly, the operator a;f under the transformation becomes
1 .
U taf Uy = af + aff (ikkR) + ia{f(ika + ... =af *B (3.45)

Using Eqn.3.40, 3.44, and 3.45, since the transformation with operator U; doesn’t change
terms with p and r, the Hamiltonian can be written as

_ (P — Y kafaxkh)? p> €2
U, 17—[/U1 = ;]\Jk +ﬂ—%‘7+hw2aiak

+ > (Vkpk(r) axe” FRMR L ok (1) g e Re ™ ikR) (3.46)
K

where the coordinate R is removed. The second step can be done by defining the new
Hamiltonian H = e "RUTH'U, 'R with AQ as the total momentum of the system. Since
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the total momentum is conserved and doesn’t affect the Hamiltonian, P can be replaced by
hQ, making Fq.3.46 as

R n2Q® p? o2
= ot — H.c.
Ho= e et L e e

+ Z fiway: ay — Z k Qayf ax —|— (Z kay: ak> (3.47)

where center-of-mass coordinates are eliminated and the relative motion of the exciton is
coupled to phonons through Vipx term.
The ground state energy of the system can be computed from

E = (@ea| (V[ H|V)|Pea) (3.48)

where |p.,) and |1)) are states for exciton and phonons. In terms of phonons in Eq.3.47, since
the coupling is linear in ay and a;, the total number of phonons is not conserved, implying
that a reasonable eigenstate is a coherent state which can be generated from phonon vacuum
state |0) as follows

[¥) = Ua(Ex)|0)  Us(Fi(r)) = exp ZFk Jax — Fi(r)ay (3.49)

where Uy(F) is a unitary displacement operator with the displacement amplitude Fy at each
k. Plugging U, into Eq.3.48, the ground state energy becomes

= <¢ex|<0|U2_17:[U2|0>|906r> (3.50)

Using Eqn.3.39, we will check how the operators ay, a;, and p are changed under the
unitary transformation with U, operator. First, phonon creation operator is shifted by the
displacement amplitude Fy as shown below

UslaUy = ay + [ak, > Fraq— an;r]
q

= a+ Y Fylaxag) = Y Fylaw, af] = e — R (3.51)
q q

where [ay, aq] = 0 and [ak, a

o] = dkq are used in the second line. Similarly, phonon annihi-
lation operator becomes

Uy tat Uy

lak Y Flag— ]

= aj +ZF§ak,aq ZF ap,al] =af — F; (3.52)
q
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with [a;, ag] = 0 used in the second line. Next, for the operator p,

Uy'pUz = p+ |p, Z Feax — Fag | =p + Z P, Fra = [p, Fuoy!]
k
= p+ Z —ih)V Fpax + Fipax — Fkakp (—th)V Fyay — Fypay + Fyalp
= p+ Z —ih)V Ffay + ihV Fyayt

= p+ Z —ih)VFayx + ihV F Fy + ihV Feay — ihV R Fy

h h
= p— - > (@ VA~ aVE) + - 3 (KVFE ~ RVE)
k

K
= p—2ud(r, ax) + pj(r) (3.53)
where the fact that p doesn’t affect phonon operator and p = —ihd/Or are used in the

second line, [p,ax] = 0 and [p, a;] = 0 are used in the third line, Eq.3.51 and 3.52 are used
in fourth line, producing two terms, one with aj and ;" operators and the other without
phonon operators, shown in the fifth line. The term without phonon operators is defined
as pj(r) which describes the displacement current density due to the transformation from
non-displaced to displaced system where the additional current density is generated by the
term with phonon operators defined as —2uJ if there are excited phonons. Using Eqn 3.51,
3.52, and 3.53, the modified Hamiltonian for the system becomes H = Uy *HU, = i—o Hi
where the subscript indicates the order of phonon operators. Even though the step-by-step
derivation for H is not included in this thesis, the resultant Hamiltonian from 0** to 4" order
is shown in Eq.3.54—3.58.

o 2 (p ;:j) - " L SIVE@ = X (V) Filr) + e
h’k? , )
+ ) (hQ(k; Fy) — Wi > q|Fy(r)] ) | F ()| (3.54)
k q

Hi=Y (vkpk@) — hQ(k; R Fy (r) — ;’Lﬂw Fi(r) + ZVF;(I«) b+ uj(r)]) ax + H.c. (3.55)

Ho = D hQ(k; Fy)agax + Y (?/[quk(r)F;(r) + zVFk( r)VE,(r )) ay aq

k k,
n’? i n’?
+ kz’(:l ({quFk( )F;(r) — ﬂVE‘;(I')VR;k (r)} axaq + H.c.) (3.56)
]‘;LZ
Hy = —> i kq {Fq(r)a:{aiak + H.c.} (3.57)
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Hi = ) —kqalafaa (3.58)
k,q 2M ok !
with
hQ(k; Fi(r)) = hQ +h—2kz |Fy(r))?, hwq = h —fﬁkQ-i-@ (3.59)
T i L RV oM '

for simplification. Using the above derivation, since we are interested in the ground state
energy, Eq.3.48 becomes

E == <(pez|<O|H|0>‘gpew> = <9061|H0’()0€I> (36())

So far, we haven’t specified the functional form of Fy. Even if we want to get Fy variationally
by taking the derivative of Hy with respect to F}i as below

0Ho  16(pj+ijp+ui®) i

= — Vol + ik o Fx + — —— kq|Fy | F|?
SRy 2 ok i+ Mt oy 20 kalFil | F
1 h h B h2k
= Zp—VF.+ —VF i—VE— Voot + BOx o Fk + — F.|’F. (3.61
oPiy Yt g VIR pVE= Vet Iheq hiet }qjq\ u?F (3.61)

with 6j/0F = hV Fy/iu used in the second line,

oE 5(90695’7'[0‘906x> h? 2 h .
= ——V*F —V F Ak, BB = Viips (3.62

we need to solve the differential equation shown in the right hand side of Eq.3.62, which is
challenging. Therefore, for the rest of this section, the ansatz of Fj and the discussion on
the resultant effective potential will be presented.

Considering that the phonon vacuum state is used, it has been tried to make several
approximations to get the simpler analytic expression for Fj. First approximation is to
neglect all the derivatives of Fy, which is known as the displacement amplitude due to the
center-of-mass motion. This is analogous to the system with one charge interacting with
phonons, which turns out to be too much simplication for the system with two charges. The
second trial is to neglect higher-order terms in Fj, which is the same as the result from
second-order perturbation theory. Since it is highly likely that Fy is proportional to the
coupling strength between charges and phonons, this is known to work only in the regime of
weak coupling and still be complicated. The last trial for the approximation is to neglect both
higher-order terms and state-dependent first derivative term, which produces the potential
called Haken’s potential. This works well if the exciton radius is large and the coupling
strength is weak, providing the upper bound for the ground state energy. However, as the
coupling strength gets increased, the exciton radius tends to decrease and the strength of
polarization around each charge increases where Haken’s potential starts to break down.
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For Pollmann-Biittner potential, instead of making approximations, the following ansatz
is used

Fie(r) = vj, (fip e7sr — fZetorker) (3.63)

where vy, = Vi /hw and fi. with ¢ € {1,2} are variables which can be found variationally. In
this way, the contribution from all the non-linear terms can be included and this can be used
for systems with strong coupling as well. By plugging the above ansatz of Fy into Eq.3.54,
taking the derivative of Eq.3.60 with respect to fi! generates the differential equation in
terms of fil and fZ as shown below

2R’k
fli |} - hl <906x ’pl + 771‘ ()0€CE> + SlR%k2‘| =1- <('Dem

e'ikr

Pex)

+f13 <906:v 906x> (3.64)

, R’k R3k
e s {1 B oy 4 T ] - (- )i

where p; and n; are defined as

pi=p+shQ , 1= ,uj(r) - Sihzk |Fk(1')|2 (365)
k

with R? = h/2m,w for i € {1,2}. To write Eq.3.64 compactly, the terms of K, G, and L are
defined accordingly with given ¢,

foKY = 1—-G¥+ fIL? (3.66)
fiKS = 1-G¥ + flL¥ (3.67)

where G is considered as the mass renormalization term and Eq.3.67 is from the derivative of
Eq.3.60 with respect to f;2. Solving coupled differential equations, Eq.3.67 and 3.67, gives

(1— G#)KS + (1 — G#*)L# (1—G¥)Kf + (1 — G#)L#*

1 2 _
Jie = KYK{ — Ly Lv+ o KYK$ — Ly Lv+

(3.68)

Given that we have found the functional formula for both f} variables, the only thing left is
to define ... Since we are considering the ground state energy of an exciton, consisting of
one negative charge and one positive charge, the reasonable choice for ¢, is the hydrogenic
wave function

1
Pea(r) = ——== ¢/ (3.69)

3
A,

where a., is considered as the effective exciton radius. Using the 1s hydrogenic orbital given
in Eq.3.69, terms can be simplified as follows
1 1s 1

K =1+RXK |, G*= s, LY = 5 (3.70)
1+ (aeak/2)?] [1+ (aeak/2)?]
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which makes Eq.3.68 as
s (1=GP)(1+ RIK? 4+ G)

K T 0+ REY(1+ RK?) — (Gl (3:71)

From the above equation, we can consider two types of limits. If the exciton radius is large
enough, i.e. a.,/R; — 00, G becomes zero and (1 + R?k?) in the numerator can be cancelled
where Haken’s potential can be recovered. On the other hand, if the exciton radius is small,
i.e. ac;/R; — 0, G becomes 1, making fi vanish.

: i 1
aez}gir;m S = (2R aezl/lgbo =0 (3.72)

Finally, using Eq.3.54, 3.60, 3.63, and 3.69, the ground state energy can be written as

E = <§Dex

where o; is defined with the terms which don’t depend on r, known as self-energy,

2

p
O\ Qeg +7+V;> r
> ies) - Ven ()

i=1,2

gpez> > poect (3.73)

. 1 .
oi(ae) = —2 3 Few |2 {ff{ -+ R§k2)(f11)2] (3.74)
Kk
and Vg includes all the terms with r dependence

2

e
Ver(r) = ——— + 23 fwlul” (i + fi = fifi) coslkr] (3.75)

0o Kk

called as the effective potential of an exciton.

To check the validity of Eq.3.74 and 3.75, we will again take large and small exciton limits,
respectively. First, for the self-energy term, if the exciton radius (electron-hole distance) is
large, the value of —q;hw, which is the value for a free polaron, can be obtained, shown
below by plugging Eq.3.72 into Eq.3.74
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where the Frohlich coupling strength written in terms of dimensionless Frohlich coupling

constant «
hw fAmaN: [k i e m /1 1
Vo= () <zmw> o= (o 2) (3.77)

whose compact version is given in Eq.3.36 is used in the third line and the transformation
from Cartesian to spherical coordinates with Jacobian k% sin § makes the fourth line. On the
other hand, in the limit of small exciton radius, since f{ vanishes, the self-energy vanishes
as well

. o 21,2 _
M%b)aw_.szmw{ u+kam 0 (3.78)
indicating the cancellation of electron and hole polarization clouds.

Lastly, for an effective exciton potential, in the large exciton limit, plugging Eq.3.72 and
3.77 into Eq.3.75 produces

lim Veg(

Gex /Ri—00

dk 2 1 1 k2 2k?
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ol
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_ 2 L 2
= 27r2 - /dl{:/dgb/d@k Sm@k2 (05 k2 (1 5 3 cos|krcos ] (3.79)

where 1/e* = 1/e,, — 1/e5 and coordinates are changed from Cartesian to spherical in the

second line. Using the formula below,

2sin[kr]
kr

/7r df sin 6 cos|[kr cos 0] = (3.80)
0

the effective potential becomes
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gsr  E*r Am Am

where e?*" = sin[kr]+i cos[kr] and the fact that integrand is even, i.e. symmetric with respect
to k = 0, are used in the second line, the residue theorem with poles k = 0, +i/Ry, +i/Ry
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is used in the third line, and Am = ms — m; in the last line. Throughout the derivation,
generally the subscript 1 and 2 represents e (electron) and h (hole), respectively. Eq.3.81
is known as Pollmann-Biittner potential, where on top of screened Coulomb interaction,
the electron-hole interaction is additionally screened by phonons whose screening strength
is related to the polaron radius of quantum particles. For the small exciton limit, since the
last term in Eq.3.75 approaches to zero, the effective potential becomes screened Coulomb
potential

62

lim Vig(r) = ——— (3.82)

aez/Ri—>D €OOT

implying that if electron and hole are close enough, interaction becomes strong and phonons
are not coupled to exciton.
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Chapter 4

Vibrational relaxation dynamics in
layered perovskite

Organic-inorganic layered perovskites, Ruddlesden-Popper perovskites, are two-dimensional
quantum wells with layers of lead-halide octahedra stacked between organic ligand barriers.
The combination of their dielectric confinement and ionic sublattice results in excitonic ex-
citations with substantial binding energies that are strongly coupled to the surrounding soft,
polar lattice. However, the ligand environment in layered perovskites can significantly alter
their optical properties due to the complex dynamic disorder of the soft perovskite lattice.
Here, we infer dynamic disorder through phonon dephasing lifetimes initiated by resonant
impulsive stimulated Raman photoexcitation followed by transient absorption probing for
a variety of ligand substitutions. We demonstrate that vibrational relaxation in layered
perovskite formed from flexible alkyl-amines as organic barriers is fast and relatively inde-
pendent of the lattice temperature. Relaxation in layered perovskites spaced by aromatic
amines is slower, though still fast relative to bulk inorganic lead bromide lattices, with a
rate that is temperature dependent. Using molecular dynamics simulations, we explain the
fast rates of relaxation by quantifying the large anharmonic coupling of the optical modes
with the ligand layers and rationalize the temperature independence due to their amorphous
packing. This work provides a molecular and time-domain depiction of the relaxation of
nascent optical excitations and opens opportunities to understand how they couple to the
complex layered perovskite lattice, elucidating design principles for optoelectronic devices.
This chapter is based on the work previously published in Proc. Natl. Acad. Sci. 118, 25,
€2104425118 (2021).

4.1 Introduction

Organic-inorganic hybrid layered perovskite quantum wells have optoelectronic properties
that can be adapted to enable a diverse set of applications including solar cells, light-emitting
diodes, semiconductor lasers, and photodetectors [102, 226, 187, 60, 126, 159]. The struc-
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tural stability and degree of quantum confinement can be tuned by varying the inorganic
semiconductor, organic barrier compositions and stoichiometry independently, making them
more viable for many device applications than their bulk counterparts [40, 214, 179, 27,
30]. The photoluminescence quantum efficiency of layered perovskites in particular can be
altered by varying the molecular configuration of the organic ligands, and as a result, various
compositions have been used for both light absorbing and light emitting applications [64,
67, 184]. The local distortions of the inorganic octahedra in layered perovskites create a
complex energetic landscape for charges that activate additional scattering mechanisms, and
determine emergent optoelectronic properties such as exciton and carrier transport, and light
emission [119]. However, the precise nature of electron lattice interactions in these materials
remains to be understood. Femtosecond lasers have made it possible to impulsively generate
and detect coherent phonons in semiconductor nanostructures with time-resolved pump and
probe measurements. Time resolved photocarrier dynamics in quantum wells and semicon-
ductor superlattices can provide detailed insight into the relevant interaction mechanisms
between coherent phonons and coherently prepared electronic wave packets.

Here we employ ultrafast pump-probe transient absorption spectroscopy on 2D layered
perovskites to investigate the direct dynamic interplay of optically generated excitons in
the perovskite layer with their surrounding organic sublattice. Our observations show a
phonon dephasing process with a strong dependence on the organic barrier. In conjunction
with molecular dynamics simulations, we find that the composition of organic ligands and
inorganic quantum well thickness can substantially change the dephasing rate of optical
phonons and their temperature dependence, due to varying degrees of anharmonicity in
the lattice and dynamic structural disorder. This molecular and time domain insight into
optical relaxation sheds light on the emergent electron-lattice interactions in these materials
and enables their design for optoelectronic devices.

4.2 Experimentally observed phonon dynamics

We studied thin films and single crystals of A;PbX, (A=R-NHj) that can be synthesized by
mixing precursors at desired stoichiometric ratios, followed by spontaneous self-assembly of
the quantum well structure, illustrated in Fig. 4.1 (a). This class of materials is known to
exhibit moderate quantum confinement effects, resulting in narrow-band emission combined
with exceptionally large oscillator strength (7x1072 ecm™!) [118]. Optical phonons are ex-
pected to be the most strongly coupled modes to electronic excitations in these materials as
such phonons will modulate charge transport and Coulomb screening [191, 166, 201]. Such
motions can in principle be investigated using Raman scattering by examining the lineshapes
which informs the lifetime, enabling the elucidation of the roles of confinement, extended
interfaces, and disorder on the modes [49]. However, these are often difficult to disentangle
in complex systems that have inherently coupled broadening mechanisms.

By employing a narrow optical excitation and following the excitation in the time domain
from the associated transient modulation of the reflectivity, we can decouple the effects from
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Figure 4.1: Impulsive generation of coherent phonon oscillations in (PEA);PbBry. (a)
Schematic illustration of the hybrid quantum-well structure. (b) Time-resolved differential
transmission (dT) spectrum from (PEA);PbBry. (c) Extracted coherent phonon oscilla-
tions from time-resolved differential transmission spectrum measured with different pump
intensity at 80K. Probe energy of 3.0 eV. (d) Fourier transform spectrum of the coherent
oscillation measured at room temperature (red solid lines) and 80 K (blue dashed lines).
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homogeneous and inhomogeneous broadening in the Raman scattering lineshape. Femtosec-
ond optical excitation allows for an impulsive coherent electronic excitation that generates
coherent phonons as it relaxes, as it is shorter than the inverse of the phonon period [120].
Since the generation and subsequent relaxation processes are strongly affected by the cou-
pling of phonon modes to the photoexcited states, the real-time observation of coherent
phonons can offer crucial insight into to the dynamic electron-phonon coupling.

To detect the coherent phonons, we use a standard pump—probe configuration in which
the observed differential transmission (dT) is modulated due to changes in the complex
dielectric function from electron-phonon coupling. Thus, the dephasing time can be charac-
terized by the decay of the dT modulation amplitude. Using time-resolved measurements, it
has been possible to monitor the dephasing of coherent optical phonons near q = 0 in polar
semiconductors such as GaP [17], GaAs[197], ZnSe [17], InP [198]. In Figs. 4.1 (b) and (c),
we show the dT dynamics in the thin films following resonant excitation with a sub-50-fs
visible pulse (3.26 eV). The vibrational coherence map can be resolved due to the spectrally
dispersed probe-wavelength and collected as a function of pump-probe delay time and probe
wavelength. We observed pronounced oscillations resulting from optical phonons on top of
an exponentially decaying background. The background signal is related to rapid electronic
excited state relaxation. In bulk perovskites such as CsPbX3, a coherent phonon induced
oscillation is less visible due to the decrease in both phonon mode amplitude and dephasing
rate at room temperature [132]. As shown in Fig. 4.1 (d) for a 2D (PEA),PbBry, oscilla-
tions are observed and suggest two different phonon modes with frequencies calculated by
fast Fourier transform of 0.85 THz (28.3 cm™') and 1.57 THz (52.4 cm™!). We also measured
the photo-excited phonon dynamics at several pump wavelengths spanning non-resonant and
resonant excitations (3.5- 2.9 eV). We observed oscillatory response in all cases (see Fig. S6
in Ref.[147]), indicative of a strong coupling of optical excitation to the lattice.

We considered one ligand derived from an alkyl group, n-butylamine (BTA), and one from
an aromatic group, phenylethylamine (PEA). The packing geometry of the organic barriers
leads to a structural deformation of inorganic octahedra (Fig. S2 in Ref.[147]) that strongly
affects the energy, lifetime, and localization of the band-edge exciton, and as a result, affects
changes to the electrical transport properties of these materials [182, 81]. By changing the
organic barriers from an alkyl chain to an aromatic ligand, the resulting structural distor-
tions and ordering of octahedra have greatly affected device performance in light emitting
diodes and photovoltaic device applications [48, 31, 211]. In our experiments, we observed
a clear trend in photoluminescence efficiency, where the perovskites with aromatic organic
groups typically show high photoluminescent yield of up to 50 % at room temperature while
those made of alkyl groups show much lower yields. The stable phase of (PEA);PbBry
is a lattice with a triclinic space group (P1), and the PEA organic barriers stack in a T-
shape arrangement via strong 7-7 interaction, forming relatively rigid crystal geometry. The
(BTA)oPbBr, perovskites, on the other hand, form a lattice with a Pbca space group, with
the alkyl-group organic cations generating a weak quantum well-to-well stacking interaction
indicated by the relatively broad diffraction peaks (Fig. S2 in Ref.[147]). Fig. 4.2 (a) re-
ports the ultrafast resonant impulsive Raman probed at 3.0 eV for both (PEA);PbBr, and
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(BTA),PbBry, where the oscillation spectra have been obtained after subtraction of an expo-
nential decay of carriers. This oscillation observed is reproducible for different positions on
the sample. Upon photoexcitation, we observe qualitatively different dynamics depending
on the organic barriers. For (PEA),PbBry, we find persistent oscillations over 5 ps, while for
(BTA)2PbBry, oscillations dephase rapidly and any mode assignment becomes ill-defined.
The corresponding extracted ultrafast phonon-dephasing rate was significantly diminished
in the perovskites with the alkyl group, relative to the aromatic group. These measurements
were repeated at different temperatures, spanning 80 K to 300 K. Additionally, we also var-
ied alkyl chain lengths, and the shape of aromatic groups and measured their corresponding
phonon dephasing dynamics (Fig. S7 in Ref.[147]).

The observed spectral oscillations with time delay, induced by optical phonons, are used
to measure the phonon dephasing time. This is extracted and plotted as a function of
temperature in Fig. 4.2 (b). In (PEA)yPbBry, we found a temperature-dependent phonon
dephasing rate, indicative of the anharmonicity of optical phonon coupled to the electronic
states. The coherent phonon population in (PEA);PbBry perovskites decays within 4-5
ps at room temperature, while the dephasing time can be extended up to 10 ps at 80
K. This increase of the phonon relaxation rate with temperature is anticipated by the in-
creased phonon-scattering enabled by anharmonic effects in the potential energy [7, 200]. In
(BTA)2PbBry, with alkyl chain group, the dephasing rate was around 4 times faster than in
the case of the aromatic ligand. Furthermore, the dephasing rate in the alkyl ligand exhibited
no significant temperature dependence. In bulk crystalline semiconductors, a temperature
independent phonon linewidth is usually explained as consequence of an elastic scattering of
coherent phonons by a perturbing potential of lattice defects [73]. However, as we discuss
below, in this (BTA),PbBry, a high degree of dynamic rather than static disorder results in
a suppressed temperature dependence. Given a common inorganic framework, the different
temperature dependence observed for the different cations indicates that the organic ligands
play an important role in determining the lifetime of the modes most strongly coupled to
the photogenerated excitons.

To gain initial insight into the optical phonons and their structural disorder, we further
performed non-resonant Raman scattering measurements with all perovskites we mentioned
previously. The low-frequency (10-100 cm™!) Raman scattering is expected to convey vibra-
tional information regarding the inorganic octahedra, and thus is uniquely suited to measure
the distortion induced modulated structures. We observed in Fig. 4.2 (c), three strong sym-
metric vibrational scattering features below 100 cm™' in (PEA),;PbBry, which previously
have been assigned to various vibrational modes of PbBrg octahedral frameworks. In par-
ticular, the strongest vibrational scattering at 55 cm™! is well matched with optical phonon
oscillation frequency that we observed from time-resolved optical measurements.

Surprisingly, we found a significant broadening and spectral shift of inorganic phonon
modes in perovskites with alkyl group (BTA),PbBry, shown in Fig. 4.2 (d), which is charac-
teristically associated with inhomogeneous distortion in the octahedral lattice. The Raman
signal at 40 cm~! is a sum of two broadened symmetric Lorentzian subpeaks of Pb-Br coor-
dination, which means the Pb-Br bond lengths in (BTA),PbBry are distorted significantly
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Figure 4.2: Structural information of hybrid perovskite quantum wells with different organic
ammonium cation as barriers and the corresponding phonon-lattice dynamics. (a) Resonant
impulsive Raman spectra by pump-probe measurement with quantum wells packed with dif-
ferent organic spacers at room temperature. TA is plotted at the probe energy of 3.0 eV. (b)
Lattice temperature dependent dephasing rate of coherent optical phonon dynamics. Non-
Resonant Raman spectra (fitted with Lorentzian) of (¢) (PEA)yPbBr, perovskite quantum
well and (d) (BTA),PbBr, perovskite quantum well.
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Figure 4.3: Simulation of vibrational dynamics. (a, b) Snapshots of simulations on
(BTA),PbBry (a) and (PEA),PbBry (b) perovskites. (c¢) Dephasing rate of the lowest optical
mode in (BTA),PbBry (blue circles) and (PEA),PbBr, (purple squares). (d) Contributions
from each atom type to the vibrational mode as a function of vibrational mode frequencies in
each layered perovskite. (e) Fluctuations of angles between vertical axis and nitrogen-carbon
dipole vector (schematically defined in Fig. 4.5) at each temperature. (f) Normalized spatial
correlations between the nitrogen-carbon dipole vector (black arrows) as a function of the
lateral distance between vectors. Dotted lines in (c¢) and (e) are guides to the eye.

in comparison to the (PEA)PbBry. The Raman result implies that the variable orientation
of the different organic cations is largely responsible for the inorganic lattice distortion.

4.3 Atomistic perspective on the vibrational
dynamics using molecular dynamics simulations

To obtain an atomistic perspective on the vibrational relaxation dynamics of (BTA);PbBry
and (PEA);PbBry, we performed molecular dynamics simulations. To simulate each per-
ovskite, we employed an empirical model with fixed point charges whose reduced compu-
tational cost enables the study of extended system sizes over the long times required to
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average over the slow fluctuations of the ligands [74, 117]. Detailed description on the sim-
ulation method can be found in Ref. [147]. While simple, the model reasonably reproduces
experimental values of the lattice constants and mechanical properties of these and related
materials (see Ref. [147]). Snapshots of the simulations with the different organic cations are
shown in Fig. 4.3 (a) and 4.3 (b).

To study the dynamics of vibrational relaxation, we extract the phonon modes by com-
puting the lattice Green’s function and solving the associated eigenvalue equation from the
dynamical matrix. We employ the fluctuation dissipation theorem to compute the dynam-
ical matrix from the displacement correlations from a simulation at 50 K, and extract the
effective vibrational frequencies and phonon modes (Eq. 4.3) at that temperature [90, 42].
Assuming that the atoms are vibrating around their equilibrium positions, the total potential
energy U can be expressed in terms of lattice displacement u as

oU 1 1 U
o—i—zi:u <3Ui>o+ 2%:21 g+ 3 2 <8ui8uj8uk>0uujuk+ (4.1)

where ®;; = (0°U/0u;0u;),, Up is the minimum value of potential energy, the subscript 0
indicates that the derivatives are calculated at the equilibrium positions, and index i and
j go over all atoms and dimensions. In the harmonic approximation, where terms higher
than second order are assumed to be negligible, the total potential energy at equilibrium is
written as the third term in the Eq. 4.1. From the fluctuation-dissipation theorem, the force
constant between atoms ¢ and j, ®;;, is related to the inverse of the second moment of lattice
displacement (u;u;), defined as Green’s function G;; by a factor of kgT', i.e. G;; = (w;u;) and
®,; = kgT(G™');;. Ensemble average is denoted as (...). In our simulations, the Green’s
functions are measured every 10 fs and 20 fs for layered and bulk perovskites, respectively
and acoustic sum rule is applied with 100 iterations [90].

In periodic system, such as ionic crystals, it is convenient to describe vibrations in terms
of wave vectors where modes with different wave vectors are not coupled to each other. Our
calculations are performed at the gamma point and from the force constant matrix, the
dynamical matrix, D;;(q) can be defined as

Dij(q) = ——=%;;(q) (4.2)

where the frequencies of vibrational modes at each wave vector are computable through the
solution of the eigenvalue equation

w’(q)-e=D(q)-e (4.3)

where w is the vibrational frequency and e is corresponding phonon mode. The simulated
values of the optical frequencies are w=7.22 THz for BTA and w=4.41 THz for PEA per-
ovskites. Details on the lattice dynamics and phonon measurements are described in [90,
91, 42]. In this framework, at each wave vector, each eigenvalue w? has a corresponding
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Figure 4.4: Dot products between €, with the lowest frequency at 50K and €, at other
temperatures, showing the correlation between modes at different temperatures. Dotted
lines are used to connect neighboring symbols.

eigenvector €, which has the information on the direction of the vibrational mode A. Since
eigenvectors are normalized,

znj dooeli=1 (4.4)

j=1a=xzy,z

where n represents the number of atoms in the unit cell, values in €, act as the probability

amplitude in the mode \. €2, can be considered as the contribution of atom j to the

aj
vibrational mode A with the frequency wy in the direction «. In Figure 4.3 (d), Lorentzian
distributions centered at wy with the width n, L(w,wy,n), are summed over all the vibrational

modes,

L) = - | o] (49

W,Wx, M) = — :
™ | (w—w A)2 +n?

to obtain the participation ratio. Since the area under the curve for atom j is proportional

to the value of 3°,_, . = eij, at each frequency, the value for atom j has the information on

how much the contribution of atom j to the vibrational mode with that frequency is. In this
calculation, n=1.511 and n=1.478 are used in (BTA),PbBr, and (PEA);PbBr, perovskites,
respectively.

In terms of the atom contribution to each vibrational mode, it is expected that optical
phonons with lower energy are attributed to the bending and rocking motions of PbXj
inorganic framework [49, 131, 35]. While we confirm that they participate in these modes,
in our calculations we found that the organic cations also contribute significantly to the low-
frequency modes in the layered perovskites. The participation ratio for each atom type as
a function of frequency is shown in Fig. 4.3 (d), where for both PEA and BTA perovskites
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the organic ligand atoms contribute up to 40 % to the longitudinal and transverse optical
modes. Similar strong coupling between the inorganic octahedra and organic A-site cation
has been observed with Raman scattering [208].

In Figure 4.4, a dot product between €, with the lowest nonzero frequency at 50K and
€, at other temperatures is plotted. This indicates how similar the vibrational modes at
higher temperatures are with the modes at 50K. The value ranges from 1 (parallel) to 0
(orthogonal). For (PEA),PbBr, and CsPbBrj perovskites, the values from dot product are
close to 1 across the whole range of temperatures, meaning that the modes are not changed
upon increasing temperature. However, for (BTA),PbBr, perovskite, the direction of the
lowest vibrational mode is changed significantly as the temperature is increased, indicating
that it has much larger anharmonicity compared to other perovskites.

For the lowest frequency optical mode in each layered perovskite, we computed the de-
phasing rate over a range of temperatures from 50 K to 300 K. The excited vibrational
states are relaxed by interacting with other degrees of freedoms. If the interaction is weak,
the vibrational relaxation rate (dephasing rate) can be computed from Fermi’s Golden Rule:

T = hlg /0  dt =V () 7(0)) (4.6)

where V is the quantum mechanical operator of the coupling between states. If Vis expanded
perturbatively in terms of vibrational modes of the system up to the first order, then, assum-
ing that modes are harmonic and upward and downward transitions are balanced by each
other, in the classical limit, the Fermi’s golden rule rate for vibrational relaxation, I'y, can
be computed by the Fourier transform of the force-force correlation function of the optical
mode [46, 133, 174],

ry = kBlT [ dtcostnt) (B 0) Fa(0) (A7)

where F) is the force on the A’th mode due to the anharmonic coupling to the surround-
ing lattice and wy its corresponding frequency. The average (..) is taken over an isobaric,
isothermal ensemble with 1 atm of pressure and varying temperature.

We take a semiclassical approximation, where the quantum mechanical force correlation
function in the integral in Eq. 4.7 is replaced by the classical counterpart multiplied by the
quantum correction factor, (. In the first order perturbative approach, exact expression for
(is

_ hw 1
‘= 2kpT tanh (Bhw/2)
which at its largest at 50K is 1.1 for BTA and 1.04 for PEA and is thus negligible contribution
to the rate even at the lowest temperature considered. In our calculations using Eq. 4.7, for
each mode A, wy and € from the diagonalization of dynamical matrix are used and forces
acting on vibrational mode A, F), is obtained from the forces in the real space as follow:

A=Y ¥ R (49)

(4.8)
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Figure 4.5: Probability distribution of angles between vertical lines (black arrows) and NC
vector (colored arrows) in (BTA),PbBr, (blue line) and (PEA);PbBry (purple line) per-
ovskites. Inserted figures are partial snapshots from simulations to describe NC vectors.

where n is the number of atoms in a unit cell. Details on Eq. 4.9 which connects the positions
in real space and vibrational modes are discussed in Ref [42]. The classical treatment of the
nuclei is justified by the fact that the energy for the optical phonon is much less than the
thermal energy, hwy < kg'T', where h, kg, and T" are Planck’s constant, Boltzmann’s constant
and the temperature respectively [174]. In agreement with experiment, Fig. 4.3 (c) shows
the dephasing rates in (BTA)sPbBry are higher than the rates for (PEA);PbBry across the
range of temperatures studied. Further consistent with the experiment, we find a strong
dependence of the dephasing rate with the PEA cation, while the dephasing rate with the
BTA cation is insensitive to the temperature.

We find that the fast phonon dephasing rates in both (PEA);PbBr, and (BTA);PbBr,
are a consequence of significant anharmonic coupling of the optical mode to the ligand barri-
ers that increase phonon scattering. We have characterized the anharmonicity both directly
through structural measures and indirectly through the dependence of the modes on tem-
perature and volume. To quantify anharmonicity structurally within the perovskites, we
analyzed the angle distribution of each organic cation. In Fig. 4.5, black arrows indicate
the axis perpendicular to the inorganic octahedra plane, z, and colored arrows represent
the vector from the nitrogen N to the last carbon C in each organic cation, Ryc. We find
that the probability distribution of angles between z and vector Ry¢, for (BTA),PbBry per-
ovskite is much broader than the one from (PEA),PbBry, indicating that organic cations in
BTA perovskites are less ordered compared to the organic cations in PEA perovskites. We
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Figure 4.6: Frequency of the lowest nonzero phonon mode normalized with the lowest nonzero
frequency at 50K as a function of temperature. Dotted lines represent linearly fitted lines in
each perovskite.

measured the width of the distribution by calculating the standard deviation. Fig. 4.3 (e)
shows the mean squared fluctuations of the angle, (§©?) | between the axis perpendicular to
the inorganic octahedra plane, z, and the nitrogen-carbon unit vector, Ry, as a function of
each temperature, such that cos(©) = Ryc - 2. If the local potential of the ligand orienta-
tion were harmonic, according to the fluctuation-dissipation theorem, the fluctuations would
increase linearly as the temperature is increased. For both the PEA and BTA cations, we
find a nonlinear temperature dependence, with a more significant departure from linearity
in BTA relative to PEA. The corresponding distribution shown in Fig. 4.5 is significantly
non-Gaussian for BTA, while only marginally so for PEA at 300 K. Both have optical fre-
quencies that show a strong temperature dependence (Fig. 4.6), while for BTA the optical
mode becomes significantly mixed with increasing temperature (Fig. 4.4). Given the large
contribution of the ligand to the optical mode in both materials, the stronger anharmonicity
of (BTA),PbBr, than in (PEA)sPbBr, explains the higher rate of phonon relaxation in BTA
perovskite as resulting from stronger phonon scattering.

The relative temperature independence of (BTA);PbBry can be understood by noting
the significant disorder in that lattice relative to (PEA)sPbBry. This is quantified by the
spatial correlation between nitrogen-carbon dipoles, p,

C(r) = (u(0) - u(r)) (4.10)

separated by a lateral distance r. This correlation function is illustrated in Fig. 4.3 (f), nor-
malized by its value at the origin, C'(r)/C(0). For (PEA),PbBry, the normalized correlation
function, which ranges from 0 to 1, is unstructured, and does not decay appreciably over
40 A. For (BTA),PbBry, however, the correlation decreases within a unit cell, and drops
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Figure 4.7: Time auto-correlation function of nitrogen-carbon dipoles (NC vectors) in BTA
(blue) and PEA (purple) perovskites as a function of time.

periodically to as low as 0.8. Compared to PEA, the lower long-ranged correlation in BTA
details an amorphous packing of BTA even at low temperature. Rather than the expected
phonon-defect scattering, considering the longer decorrelation time of organic ligands rela-
tive to the phonon relaxation time (Fig. 4.7), this implies that persistent dynamic disorder
results in a temperature insensitive relaxation rate. Molecularly, this disorder results from
the stronger, directional m — 7 stacking of PEA as shown in Fig. 4.3 (b), relative to the
weaker isotropic van der Waals interactions of BTA.

We have compared these simulation findings to a CsPbBrs bulk perovskite by considering
two additional measures of anharmonicity. At the molecular level, we analyze the structure
of the inorganic framework. We have computed the displacement distribution of the lead
atoms from their equilibrium lattice positions at 300 K. Fig. 4.8 (a) illustrates that the dis-
tribution is much narrower in CsPbBrj perovskite relative to (PEA),PbBry or (BTA),PbBry,
indicating that structures of layered perovskites are less structurally rigid as compared to
bulk perovskite, while the distributions are nearly identical for both ligands. Additionally,
we have calculated the Griineisen parameter,

Olnwy V' Owy

_ _ V0w 411
N T omy wy OV (4.11)

for the A’th mode with lattice volume V' (Fig. 4.9). If all the vibrational modes are harmonic,
then the frequency would not depend on the volume. In terms of our simulations, since
simulations are performed at the constant pressure and temperature, the way to change the
volume is to change the temperature of simulations. The derivative of frequency with respect
to volume in Eq.4.11 is approximated by the fitting described in Fig. 4.9 and the volume V
and the lowest frequency w at each temperature are used to calculate . Since the frequency of
harmonic modes does not depend on the volume and temperature, a higher value of Griineisen



CHAPTER 4. VIBRATIONAL RELAXATION DYNAMICS IN LAYERED
PEROVSKITE 7

3
(@)20x10 (0) 5 251 o 674 D....
S 2 ] PEA soB
2 ™ © < Cs 8;11’
2 ., 815 8
T N c et
2 8 104 guig”
—3 5- 0.)
o [ SR
wd O 0 0000
-0.8 -04 0.0 04 0.8 50 100 150 200 250 300
Displacement (A) Temperature (K)
B (PA),PbBr
(C) (PEA),CsPb,Br, (d) 13 B ’ <§>4
e @Q @ & @ Q = 6 o
ERRRRR E af
? PR [
6 (+] (<} (+] o o (<} 0
£ o4 $éeede
|_
<1 2
0
2 F
1 1 1 1 1 1 . L ' L L L )
0 2 4 6 8 10 0 1 2 3 4 5
Pump delay (ps) Pump delay (ps)

Figure 4.8: Generality and mitigation of coherent phonon dephasing dynamics. (a) Prob-
ability distribution of Pb atom displacement from average position in (BTA);PbBry (blue
circles), (PEA)yPbBry (purple squares), and CsPbBrs (green diamonds) perovskites. (b)
Griineisen anharmonicity parameters in layered and bulk perovskites. Dotted lines connect
neighboring symbols. Oscillatory response from coherent phonon dynamics of (¢) n = 2
multi-quantum well perovskites with PEA organic cations and (d) n = 1 quantum well per-
ovskites with phenylammonium (top) and octylammonium (bottom) organic cations.

parameter indicates a higher strength of anharmonicity. Fig. 4.8 (b) shows ~ for the lowest
optical mode as a function of temperature. We find that the anharmonicity in layered
perovskites is much higher than in the bulk perovskite, consistent with our expectation, and
the former grows with temperature.

Anharmonic interactions result in the decay of phonons through phonon-phonon scat-
tering, which for optical modes are expected to be dominated by Umklapp processes. The
dephasing rate of vibrational modes through Umklapp scattering is computable as:

2 k BT w2
'y =2y Vi on (4.12)
where I'y; is the dephasing rate of a specific vibrational mode, v is the Griineisen parameter
described in the section below, G is the shear modulus, Vj is the volume per atom, wp is the
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Figure 4.9: Lowest optical frequency as a function of total volume of the system for (A)

(BTA);PbBr, (B) (PEA)2PbBry, and (C) CsPbBrs perovskites.
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Figure 4.10: Dephasing rates predicted through Umklapp scattering using Eq. 4.12. Dotted
lines are used to connect neighboring symbols.

Debye frequency, and w is the frequency of vibrational mode. According to the Eq. 4.12,
at a given temperature in each perovskite, the dephasing rate has quadratic scaling with
the vibrational frequency, indicating that the discrepancy between higher dephasing rate
between the simulation and experiment can be attributed to the higher frequencies in the
former. Since frequencies predicted from MD simulations are higher than the frequencies
measured from Raman scattering due to fixed charges in MD simulations, we checked that
the scale of dephasing rates predicted from theory agrees with experiments quantitatively
by multiplying the ratio of w? from experiments to simulations. Within this analysis, in
explaining the dephasing rate through Umklapp process, we assumed that the difference in
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value of dephasing rate is dominated by the frequency difference between simulation and
experiment. The difference in other thermodynamic parameters 7', Vj (lattice constants),
and p are quite small. In Fig. 4.10, we use Eq. 4.12 to estimate the dephasing rate. To
estimate rates through Umklapp scattering, we used the Griineisen parameter v described
in Fig. 4.8 (b) and pu, Vp, and w evaluated at low temperature. Even though dephasing rates
from Umklapp scattering are much higher than the rates predicted from Eq. 4.7, they are
in qualitative agreement in terms of ordering where rates of (BTA),PbBr, perovskite are
higher than the rates of (PEA);PbBr, perovskite and much higher the CsPbBr3. Using an
Umklapp scattering model [113], the Griineisen parameter and the corresponding lower shear
moduli of the layered perovskites can qualitatively reproduce the ordering of the dephasing
rates of (BTA),PbBry and (PEA),PbBry, and suggest that both are an order of magnitude
larger than that expected for CsPbBrs as described in Fig. 4.10.

While the direct comparison to the bulk CsPbBr3 perovskite is not possible experimen-
tally due to the decreased phonon amplitude and facile charge dissociation, we have studied
the vibrational dynamics of lattices with increased inorganic layers. We synthesized a sin-
gle crystal (PEA);CsPbeBr; (n = 2) perovskite and measured its ultrafast coherent optical
phonon dynamics. The transient absorption signal is shown in Fig. 4.8 (c¢) in which the
dephasing lifetime is longer, 8 ps, compared with single layered (PEA);PbBry (n = 1) coun-
terpart. This is consistent with mitigating the anharmonic coupling to the ligand barriers,
and subsequent lower phonon-to-phonon scattering rates. Additionally, as a direct test of
the underlying molecular packing argument emerging from the simulations, we synthesized
and measured the coherent phonon dynamics of (PA),PbBry where PA is Phenylammonium
and (OA)2PbBry where OA is Octylammonium perovskites. Fig. 4.8d demonstrates that the
phonon lifetime is longer with the PA organic cation, as clarified by its persistent oscillatory
response, as compared to the OA organic cation, in which no oscillations are observed. This
is consistent with the ability of aromatic cations to leverage m — 7 interactions and stabilize

a more ordered ligand layer relative to alkyl cations, supporting the previous analysis of the
BTA and PEA organic cations.

4.4 Conclusion

We have presented an experimental and theoretical description of vibrational relaxation in
layered perovskites. We studied the dephasing dynamics of two different organic cations in
depth and observed a difference in lifetime and response to the temperature of the phonons,
implying that organic cations play an important role in determining the relaxation dynam-
ics coupled to photogenerated excitations. This work elucidates that anharmonicity and
dynamic disorder from organic cations facilitate vibrational relaxation and optical vibra-
tional modes are largely mixed with the organic species. Our work contributes to the deeper
understanding of phonon dynamics and may provide the foundation for future studies on
the mechanism of electron-phonon interaction in Ruddlesden-Popper phase perovskites.
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Chapter 5

Biexciton interaction in lead halide
perovskite nanocrystals

The aim of this chapter is to explore the biexciton interaction in perovskite nanocrystals.
Using quasiparticle-based path integral molecular dynamics simulation, we have provided the
idea of how to study the interplay between anharmonic lattice degrees of freedom, dielec-
tric confinement, and electronic correlation to understand multiexcitonic behavior over the
range of nanocrystal sizes, and these detailed models are compared with simplified harmonic
models. Even though this work requires further investigation, we will discuss theoretical
and simulational details with the preliminary results and conclude this chapter with some
comments on the future work.

5.1 Introduction

Lead halide perovskite nanocrystals are the subject of great interest owing to the unique pho-
tophysical properties of perovskites combined with the controllable properties of nanocrys-
tals. On top of the compositional flexibility, they have a flexibility on their sizes and shapes
of nanocrystals. Additionally, their material properties such as superior photoluminescence
quantum yield (PLQY) close to 90%, large exciton binding energy, high radiative recombina-
tion, narrow PL band, coming from quantum confinement effect, make them ideal candidates
for the optoelectronic applications such as LEDs, lasers, photodetectors, and memory devies
(80, 215, 225, 2, 196].

The application of nanocrystals of semiconducting materials requires the deep under-
standing of the behavior of charge carriers and the photophysics of the materials, which can
be affected by the size of nanocrystals due to the quantum confinement effect. Upon pho-
toexcitation, electron is excited to the conduction band, remaining the positively charged
quasi-particle, hole, in the valence band where the bounded electron-hole pair is called an
exciton. With high excitation densities, not only exciton but exciton complexes including
biexciton can be generated [87, 194]. If there are multiple excitons, the interaction between



CHAPTER 5. BIEXCITON INTERACTION IN LEAD HALIDE PEROVSKITE
NANOCRYSTALS 81

excitons will significantly affect the optical properties of nanocrystals where the biexciton
state, which is referred to the state of two bound excitons, is known to play a crucial role in
determining the optical gain of semiconducting nanocrystals [220]. Here, the study on the
biexcitonic state, specifically biexciton binding energy for the various nanocrystal sizes, will
be addresed.

The biexciton binding energy is defined as the energy difference between two interacting
excitons and non-interacting excitons. Many studies on biexciton binding energy have been
reported but the range of experimentally reported values are broad, ranging from —100 to
100 meV [215, 225] where the positive value indicates the repulsive interactions of excitons
[36, 5]. However, the large variance in the size of nanocrystals, spectral drift, and thermal
broadening of spectral lines make these reports controversial [111, 4, 11]. From the theoretical
perspective, for perovskite nanocrystals, since photoexcited charges interact with each other
strongly through attractive and repulsive Coulomb interaction due to the confinement effect,
we need to take electronic correlation between electrons and holes into account. Additionally,
as described in the previous chapters, due to the complex structure and anharmonic nature
of perovskites, including the dynamical effects of phonons from fluctuating perovskite lattice
is very challenging. Even with the importance of lattice effects on optical properties, the
effects from multiple excitons-phonon coupling is poorly understood.

In this work, we employ quasiparticle path integral molecular dynamics combined with
an explicit atomistic description of the lattice, which allows us to include all orders of anhar-
monic lattice fluctuations, whose results are compared with harmonic models with Frohlich-
type interactions. With this, we evaluate the biexciton binding energy for the range of
nanocrystal sizes where we systematically add lattice effects from static dielectric screening,
fluctuating harmonic phonons, and explicit anharmonic perovskite lattice. In the following,
we discuss the theoretical details used to study biexciton with lattice fluctuations and present
simulation details with the validation of our model, followed by preliminary results, some
concluding remarks and future directions at the end.

5.2 Theory

We consider a system of biexciton, two electrons and two holes, interacting with CsPbBrj
perovskite nanocrystals where the system Hamiltonian consists of three pieces, H = Ho +
Hiat + Hing- The elctronic piece is defined with kinetic energies for biexciton and Coulomb
interaction between electrons and holes,

02 (1
Ho=3 o+ (5.1)

i m; iAj 47T€OO‘}A{Z'—X]"

where the subscripts i, j € {ey, ea, hq, ho} indicate two electrons and two holes respectively, p
and X are momentum and position operators, m is the band mass of each charge in the unit of
bare electron mass, €., is the optical dielectric constant in the unit of vacuum permittivity,
and ¢ is the charge of quantum particle which is —e for electrons and +e for holes. All
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electron and hole quantum particles are considered as distinguishable in this work. For the
lattice part Hj,; and interaction piece Hi, between charges and the lattice, since we will
introduce three types of lattice effects which can be viewed as anharmonic, harmonic, and
static, we will define these two terms as we elaborate the discussion on each lattice effect
with the superscript A, H, and S for the relevant quantities, respectively.

First, we take an explicit CsPbBrs perovskite nanocrystals into account as the lattice
part, referred as the anharmonic lattice effect. Given that the atoms in perovskite lattice
are heavy, adopting a path integral description for light electrons and holes quasiparticles
with the classical description for the lattice [51, 52|, the partition function Z of the system
can be written as

z= / Dlxen, Xia] e~ Sxen Xiatl /2 (5.2)

where Xep, = {Xe,, Xeys Xnys Xny }y Xiat = {X1, X2, ..., Xn} with NV as a total number of atoms
in the lattice, and the path action is defined as & = S¢ + Spat + Sint- The corresponding
electronic part of the path action with imaginary time 7 is given by

ph le'LQT 145
sd:/:OZ Y 94y (5.3)

T Ameco|Xir — X 1|

where 1,5 € {ey, ea, h1,ha}, x is the velocity of each quantum particle, i is the Planck’s
constant, and 37! = kgT with kg and T as the Boltzmann constant and temperature. If the
path action given by Eq.5.3 is discretized, each quantum particle becomes a ring polymer
where neighboring beads are connected by a harmonic spring, which is a classical counterpart
in an extended space [69, 22]. For the anharmonic lattice piece, classical assumption makes
the lattice part of the path action as S&, = BAH., with

N

2
Hlﬁt = Z 21;)7;. + Ulat(Xlat) (5.4)

i=1 ?

where p; and m; is the momentum and mass for i atom of the lattice and Uy, is the sum
of all pairwise interactions between atoms determined by the empirical atomistic force field
whose details are described in the next section. For the interaction part, the path action is
written as

8h
Siﬁt - / U€11(X617T’ XN) + Uezl(xezﬂ'? XN) + Uhll(xhlﬂ'7 XN) + Uh21(xh2,7'7 XN) (55)

where U.,;, Ueyi, Upyi, and Uy, are the sum of pseudopotentials in the form of truncated
Coulomb potentials whose cutoff distances are chosen carefully using the atomic radii of
each atoms [135, 136, 164, 98]. The details on the atomistic force field and pseudopotentials
are presented in the next section.

Next, assuming that lattice fluctuations from perovskite nanocrystals can be effectively
approximated by the collection of harmonic modes, the Hamiltonian for harmonic lattice is
given by

1/, .
Hia = > 5 (P + i) (5.6)
k



CHAPTER 5. BIEXCITON INTERACTION IN LEAD HALIDE PEROVSKITE
NANOCRYSTALS 83

where px and qx are mass weighted momentum and position operators of phonons at each
wave vector k and w is the longitudinal optical frequency, which can be generalized with the
explicit k dependence as wy to encode spatially dependent lattice effect [135]. Consistent
with the Coulomb interaction between charges and atoms in the lattice, the interaction term
is given by

)‘61 eik-fcel + )\egeik&EQ - )\hleik-ﬁhl o )\hzez’k-th

HE = . (5.7)

k

with the interaction strength

L 4oy 2 BT 2wy}
y =i () (gmjw> (%) (5:8)

where V' is the volume of the system and « is the dimensionless Frohlich coupling constant
for each quantum particle [129, 57]. Given that the coupling is linear in qy, the lattice
variables can be integrated out [51, 135, 134],

z=zl / Dix.p] e~/ he= St/ (5.9)

where Z[L is the partition function of phonons without the coupling with charges and the
resultant effective path action St can be derived as

\/_ —w|‘r e
Sl— Y g, 4% / / 5.10
B= 20 T B/Bmgw Jr=0 Jr=0 |Xi 7 — X1 (5.10)

2

where i,j € {e1, es, h1, ha}, quantum mechanical particle with same charges share the same
value of v and m, ay; = \/@a;, my; = /mmy, and oy is equal to +1/ —1 for the same and
opposite charges, implying that the effects of harmonic phonons on charges can be encoded
as the interaction between different imaginary times.

Lastly, the static lattice effect is defined by taking w — 0 limit of harmonic lattice effect,
which makes Eq. 5.6-5.7 or Eq. 5.10 vanish, leaving only S, term in the resultant partition
function. For all types of lattice effects, (i) anharmonic, (ii) harmonic, and (iii) static,
simulation details including discretized Hamiltonian are described below. Under each type
of lattice effects, we perform path integral molecular dynamics simulations and evaluate the
biexciton binding energy.

5.3 Simulation details

For the simulations of biexciton with explicit CsPbBrs perovskite nanocrystals, we consider
the range of nanocrystal sizes from 2.4 nm to 6 nm. For the perovskite nanocrystals, we take
the relaxed structure for each size of nanocrystals [204] and adopt an atomistic force field
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i &; (keal/mol) | o; (A) | ¢ (e)

Cs 13.3381 2927 | 0.86
Pb 0.2470 2524 | 1.03
Br 0.2359 4.129 | —0.63

Cgowrt 13.3381 2.927 | Gouet

Table 5.1: Lennard-Jones parameters for CsPbBrs perovskite nanocrystals. For the parame-
ters not listed here can be calculated using ¢;; = \/g;€; and 0;; = (0; + 0;)/2 and the charge
for surface Cs atoms can be given by Eq.5.12 for each size of nanocrystal.

[15], whose pair-wise interactions between atoms with type ¢ and j are given by the sum of
Coulomb potential and Lennard-Jones (LJ) potential as

Uy(r) = 195 4 ge,, [(?)12 - (03)61 (5.11)

dreor T

where the LJ parameters ¢;; and o;; are summarized in Table 5.11. For each size of nanocrys-
tal, since the total charge of the lattice is not neutral, different partial charge is assigned for
surface Cs atoms to reduce the effect from surface boundaries of nanocrystals and to stabilize
the nanocrystals structure instead of having organic ligands on the surface in the experiments
(219, 209], relying on the fact that the lattice distortion of lead halide perovskites is largely
determined by the lead halide octahedra [210, 72]. The partial charge of surface Cs atoms

is defined as
qcsNos + qeeNpb + qr Npr

Nsurf

where ¢; and N; with i € {Cs, Pb, Br, Csqy,¢} are the charge and the number of atoms with
type ¢ in the lattice with the subscript surf used for surface Cs atoms.

For electrons and holes quasiparticles, we use path integral approach and the Hamiltonian
can be given by discretizing the electronic part of path action from Eq. 5.3 as

Z Z 52712 (Xi¢ — Xz‘,tJrl)2 + Z Z did; (5.13)

7 1= = Ao |X;r — X4l

Gsurf = — (512)

where i, j € {e1, s, h1, ha}, n = 1000 is the number of distretization of the path, x; ,+1 = X;1
for each quantum particle i, and x; ; becomes the position of t"* bead in i ring polymer. m is
the band mass which is set to 0.22mg and 0.24 mq for electrons and holes [127], respectively,
and £, = 4.3 is the optical dielectric constant in the unit of vacuum permittivity [127]. The
last term of Eq.5.13 can be also denoted as }7;; 7—[3 The interaction part between charges
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Cs Pb Br Cgswt
er, e | 3.74423 | 1.08222 | 1.08222 | 3.74423
hi, ho | 1.08222 | 1.08222 | 1.35839 | 1.08222

Table 5.2: Pseudopotential cutoff parameters r. for the interaction between quasiparticles
(two electrons and two holes) with each type of atoms in the lattice.

and the lattice whose Hamiltonian is given by discretizing the corresponding path action in
Eq. 5.5

1 n
Hi = - D Uen(Xey it Xtat) + Ueagt(Xea t, Xiat) + Uni1(Xny ¢ Xtat) + Unot (Xng 5 X1ae) — (5.14)
=1

is described by pseudopotentials in the form of truncated Coulomb potential where 1/|x] is
approximated by (r.+x2)"1/2. Considering that the similar band masses of electron and hole
in perovskite imply the similar extent of delocalization of the charges, the cutoff parameters
r. for each pair interaction between charges and different types of atoms are chosen to get
the similar charge density distribution for electron and hole in the nanocrystals as shown in
Fig.5.1 (c¢), whose parameters are summarized in Table 5.2.

For the simulations of biexciton under harmonic lattice effects, from Eq. 5.10, the Hamil-
tonian consists of two pieces, one from the electronic part of path action given by Eq. 5.13
and the other which can be obtained by discretizing the effective path action of Eq. 5.10 as

. oy -Bw2h5/2 o Bhwlt—s|/n
HH == HZJ = — O LY
eff % eff Z Z %) n2 ’8mijw |Xi,t o Xj7s|

1,J t#s

(5.15)

where i,7 € {e1,ea,h1,ho} and t,s € [1,n] with w = 25.57THz [127]. The dimensionless
Frohlich coupling constant can be calculated using

e? mi; (1 1
= - = 1
J h vV 2hw (500 63) (5.16)

where the resultant values are 2.65 and 2.76 for two electrons and two holes, respectively,
with the static dielectric constant as e, = 29.37 [127]. For simulations with static lattice
effects, since Eq. 5.15 vanished as w goes to zero, the Hamiltonian is given by only Eq. 5.13.

For the simulations under all three types of lattice effects, since inside and outside of
nanocrystals are different mediums, we implement wall potentials to effectively encode the
effects from boundaries between different dielectrics. As schematically shown in Fig. 5.1
(a), the effect of different dielectrics on the charge ¢ inside the nanocrystal can be replaced
by an image point charge [175] where the potential V,(r) exerted on the inside charge ¢
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Figure 5.1: (a) Schematics of how the effect of different dielectrics on the charge ¢ inside the
nanocrystal can be replaced by an image point charge where the potential V,(r) exerted on
the inside charge ¢ which is r distance away from the boundary due to the point charge ¢’ is
determined by two different dielectric constants. (b) Schematics of nanocrystals with walls
at the boundaries. (c) Charge density distributions of electron (red) and hole (blue) in the
perovskite nanocrystal.

which is r distance away from the boundary due to the point charge ¢’ is determined by two
different dielectric constants up to the first order as V,(r) = ¢¢'/8meor with ¢’ = (€perov —
€0)/(Eperov + €0). Since the resultant value of the potential is positive, the charges, ring
polymers, stay inside the nanocrystals through the repulsive Coulomb interaction with walls
at the boundaries as schematically shown in Fig. 5.1 (b). Simulations are performed using
the LAMMPS package [141] in an ensemble with constant number of atoms, volume, and
temperature which is set to 50 K using a Langevin thermostat with timestep 1.0 fs.

5.4 Validation of the model

To validate our models, we compute exciton binding energy from the simulations of an
electron-hole pair with an explicit perovskite nanocrystals, which is defined as the energy dif-
ference between the nanocrystal with exciton and the nanocrystal with two separate charges
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Figure 5.2: Snapshots of simulations on CsPbBrs perovskite nanocrystals with (a) exciton,
(b) electron, and (c) hole where electron, hole, Pb**, Br~, and Cs™ are represented in red,
blue, gray, brown, and cyan, respectively.

in isolation. The exciton binding energy is computed from the average energy of the system
given by [160]

(E) = —— IH/D Xelaxhpxlat] —AH (517)

where H = Heo+Hix +Hi, and X1 = {X1, X, ..., Xy} with N as a total number of atoms in
the lattice, resulting in two terms, average kinetic energy (E)k and average potential energy
(E)p. For the kinetic energy, we use a virial estimator [76, 134] to efficiently estimate the
kinetic energy and avoid the large fluctuations arising from the subtraction of two diverging
terms in path integral simulations. From Eq.5.17, the resultant average kinetic energy
becomes

i t=1 n axz,t

where i, j € {ey1, h1}, the number of charges Ngp is taken as 2 for an exciton, and X; represents
the center of mass of each ring polymer. The average potential energy can be written as

(E)p =D (HE) + (Uiat) + (Ui (5.19)

i#]

which are referred from Eq. 5.3, 5.4, 5.14 with i, j € {e;, hy}. The exciton binding energy Bx
is defined as Bx = (E)ex + (Ulat) — (E)e — (E)n where the subscript ex indicates the average
from simulations with two ring polymers, one electron and one hole, whereas the subscript
e/h denotes the average from one electron/hole in the nanocrystals, whose snapshots of
simulations are shown in Fig. 5.2.

For path integral simulations, the error comes from the discretization of the path and
scales by n~2 with n as the number of descretizations, i.e. the number of beads in a ring
polymer. To analyze the number of bead dependence, we consider the smallest (2.4nm)
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Figure 5.3: Exciton binding energy with the (a) smallest (2.4nm) and the (b) largest (6 nm)
CsPbBrj nanocrystals as a function of n=2? where the solid lines are linearly fitted lines. (c)
Exciton binding energy as a function of the size of nanocrystals L with n = 1000.

and largest (6 nm) nanocrystals and compute the exciton binding energy with n =200, 500,
700, and 1000. Described in Fig. 5.3 (a) and (b) are the exciton binding energies with two
different sizes of nanocrystals as a function of n=2 where the solid lines are linearly fitted
lines, illustrating that a thousand beads are large enough. With a thousand beads, Fig.
5.3 (c) shows the exciton binding energy for various nanocrystal sizes. For the values with
larger nanocrystals, they show a reasonable agreement with other theoretical calculations or
experimental measurements on lead halide perovskite with dielectric confinements [204, 137,
108, 107, 223, 145], implying the validity of our models.

5.5 Biexciton binding energy under different lattice
effects

We now investigate the biexciton binding energy, which is defined as the energy difference
of the system with two interacting excitons and the one with two non-interacting excitons
separately for the range of nanocrystal sizes under each type of lattice effects. For the
calculations with explicit perovskite nanocrystals, the average energy of the system with
biexciton can be computed from Eq.5.18 and 5.19 where i,j € {ej, ea, hy, ho} and Ngp is
taken as 4 for biexciton. By definition, the biexciton binding energy under anharmonic
lattice effect is defined as Bxx o = (E)viex + (Ulat) — 2(E)ex where the subscript biex and ex
stand for biexciton and exciton, respectively.

For the calculations with isolated ring polymers without an explicit perovskite nanocrys-
tals, the average energy is determined by using Eq.5.15 instead of using lattice relevant
potential energies which are Eq.5.11 and 5.14. For the ring polymers under harmonic lattice
effect, since the Hamiltonian itself is a function of 8 as shown in Eq. 5.15, the derivative in
Eq.5.17 produces additional factors in the average energies. The resultant average kinetic
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becomes

3kBTNRp

(E)x = ZZ< X4 — (282% +Z aHg)> (5.20)

i t=1 J Xy i OXiy

and the average potential energy is given by

(B)e = Y_(HE) + X [2(H) + (M| (5.21)
i#] ]

where 7,7 € {e1, e, h1, hy} and (M%) is defined as (#'%) multiplied by an additional factor
of fhw|t — s|/n in the summation for each t and s[134]. For the calculation with static
lattice effect, since Heg term vanishes, the energy is determined by only H¢ term. Given
that performing simulations under dynamic lattice effect is computationally challenging with
large number of beads, in order to effectively extract the biexciton binding energy, we use a
perturbative approach, as described below, on the ensembles obtained from the simulations
under static lattice effect whose method is tested with small number of beads.

For the derivation, an observable that we are interested in is defined as A for convenience,
which can be (E)k + (E)p given by Eq.5.20 and 5.21 for biexciton and exciton simulations.
In the path integral framework, with Zp and Zg as the partition functions characterized by
the Hamiltonian defined as He + HiL and He given by Eq. 5.13 and 5.15, respectively, the
average value of A under dynamic lattice effect by definition can be written as

o~ B(Ha+Hly)

Z (5.22)

(A)p = / Dixon] A

where X.;, can be {X.,, Xe,, Xp,, Xn, } O {Xe;, Xy, } for the system of biexciton and exciton,
respectively. Using the trick shown below,

e1+H )ZS efﬁ’Hel Z H
~ [ Dx. Mk = — [ Dixa] A 5 M (5.23
A)p / Xen) Z5 Zs € [Xen] Zs Zp e ( )

the average of an observable under dynamic lattice effect can be expressed in terms of the
quantity averaged under static lattice effect as

25 (4 e~PHlh (5.24)

(A)p = Z

where (...)s indicates the expectation value taken within an ensemble under static lattice
effect. Since Zp can be written in terms of Zg

e_BHcl

Zg

Z
Zp = / Dlxp] e PPlarti) efMeir ¢=ei ?S = Zg / Dl[x.n) e~ Hen (5.25)

which results in
H
Zp = Zg <6_6Heﬁ>s (526)
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Figure 5.4: (a) Biexciton binding energy under static (black) and dynamic (blue) lattice
effects for the range of nanocrystal sizes where the inset shows the difference between two
values at each nanocrystal size difined as A;_s = Bxx,p — Bxx,s with n = 300. (b) Biexciton
binding energy under anharmonic lattice effect from CsPbBrs nanocrystals with fluctuating
(red symbols) and frozen (gray symbols) lattice.

the average of A becomes

<A e_ﬁﬂgff)S

e P [(A)s — BAMEDs + .. [1+ B(HEDs + . ] (5.27)

(A)p =

where the second equality is held by using Taylor expansion on exponential terms in the
numerator and the denominator. Up to the first order, Eq. 5.27 becomes

(A)p ~ (A)s — B [{AHIE)s — (A)s (AHE)s] (5.28)
with a compact expression of
(A)p = (A)s — BOAH )5 (5.29)

which is the equation used to compute the average energy of the system with biexciton
and exciton for the calculation of biexciton binding energy under dynamic lattice effect.
Under both static and dynamic lattice screenings, the biexciton binding energy is defined as
Bxx,p/s = (E)biex — 2(E)ex with the corresponding equation for the system energy.

Under each type of lattice effect, Fig. 5.4 shows the biexciton binding energy for various
nanocrystal sizes. Shown in Fig. 5.4 (a) is the biexciton binding energy under static (black
squares) and dynamic (blue triangles) lattice effect where the inset shows the difference
between two values defined as A;_; = Bxxp — Bxx,s. Even though the difference tends
to increase as we increase the confinement effect, the small differences imply that exciton-
exciton interactions are not altered a lot by harmonic phonons where we suspect that small
differences are attributed to the cancellation of two effects from phonons, localization of
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charges due to phonons and the screening of effective interactions between charges. To
explicitly study the effects from fluctuating perovskite nanocrystals, Fig. 5.4 (b) describes
the biexciton binding energy under anharmonic lattice effect with fluctuating lattice (red
symbols) and frozen lattice (gray symbols). With the frozen lattice, even though charges
can feel an anharmonic potential produced from the surrounding lattice, they show similar
trend and interaction strength of biexciton binding energy with the values under static or
dynamic lattice effects as we vary the size of nanocrystals. On the other hand, the biexciton
binding energy is largely altered by the fluctuating lattice where the fact that the values
from largest nanocrystal are similar in both cases but they start to deviate from each other
as we increase the confinement effect by making nanocrystals smaller implies the effect of
fluctuating nanocrystals on biexciton binding energy. While analyzing the biexciton binding
energy with fluctuating lattice, we observe that the charges tend to be separated with certain
range of the nanocrystal sizes, L ~ 3.6 nm. So far, we have found that charges are localized
due to the change in the total dipole moments of the lattice which is caused by the presence of
charges but more studies on how charges affect the dynamics and the structure of the lattice
and at the same time, how the charges are affected by the lattice are needed to elucidate the
role of fluctuating lattice on biexciton binding energy.

5.6 Conclusion

In this chapter, we have presented how path integral molecular dynamics simulation is used to
study biexciton interaction in the perovskite nanocrystals. By applying three types of lattice
effects which are anharmonic, harmonic, and static, we are able to systematically explore the
effects from the fluctuating lattice on biexciton interaction. So far, we have elaborated the
theory considered in this work, simulational details including the implementation of walls and
pseudopotentials, and the validation of our model from the calculation of exciton binding
energy with explicit perovskite nanocrystals, referred as anharmonic model in this work.
Based on our study, even with the broad range of reported values and potential antibonding
behavior of biexciton binding energy, in all cases considered here, our results suggest that
excitons are bound to each other. While we have found that the fluctuating perovskite
nanocrystals can largely affect the exciton interactions, compared to other types of models,
more studies on how the properties of nanocrystals are affected by the charges are required
to further investigate the anharmonic lattice effect on biexciton binding energy. Despite
there is still significant work to be done, this framework may provide a promising method
for engineering and understanding multiple excitations in semiconducting nanocrystals.
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