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Abstract

An exciting and fundamentally powerful modern methodology for materials development
is the process by which artificial solids are rationally built piece-by-piece from nanoscale
“building blocks”. Among the library of nanomaterials currently at the forefront of this
pursuit, two-dimensional layered lead halide perovskites (2D LHPs), are of particular
interest. These materials, solid crystals composed of alternating layers of atomically thin
organic and inorganic subphases, possess novel optical and electronic properties that
make them particularly suited for use in devices including solar cells, LEDs, flexible
electronics, and even lasers. While significant early strides have been made in investigating
charge carrier transport through dynamic models and sophisticated experiments,
comparatively little attention has been given to understanding the manner in which the
design of these nanostructured solids impacts their macroscopic thermal properties via
thermal carrier (phonon) transport. This knowledge, however, is critical to addressing the

thermal management constraints necessary to the design of reliable and stable devices.

To this end, this dissertation seeks to elucidate the thermal stability and fundamental
pathways for heat transport within 2D LHP artificial solids. | first present an experimental
investigation into the thermal and structural stability of these 2D LHPs near room
temperature using differential scanning calorimetry and x-ray diffraction. This analysis
reveals near-room temperature melting transitions isolated to the organic component of

the nanomaterials. The existence of such an isolated phase transition indicates the



materials behave thermophysically as composites, a hypothesis that is supported by the

effective use of a lever rule in estimation of the heat capacity of the materials.

| discuss the theoretical foundation and experimental construction of a frequency domain
thermoreflectance technique to effectively measure the cross-plane thermal conductivity
of 2D LHPs. This technique is then utilized to perform the first measurement of the thermal
conductivity of 2D LHPs. This experimental study reveals that even in terms of their thermal
transport pathways, 2D LHPs can be treated as composite materials. Specifically, lead
bromide 2D LHPs exhibit structure-property relationships characteristic of ballistic phonon
transport within isolated subphases and diffuse scattering at the organic-inorganic

interfaces between layers.

Finally, | report the first measurements of the vibrational spectrum for 2D LHPs via low
frequency Raman spectroscopy. This probe identifies the persistence of bulk-like phonons
even in the atomically thin 2D LHPs, in addition to identifying coherent acoustic phonons
in lead iodide 2D LHPs potentially capable of carrying thermal energy across the organic-
inorganic interfaces without scattering. Each of the observations made throughout this
dissertation suggest the thermophysical representation of 2D LHPs as composite materials
is a useful framework for understanding their thermal transport properties. That so many
material properties can be effectively predicted simply from the bulk properties of the
component phases is surprising given both the long-range order of the artificial solids and
the sub-nanometer length scale of the individual component layers, and underlines the
potential for intelligent engineering of the thermal properties of 2D LHPs without

deleterious influences on the sterling optoelectronic properties.
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Chapter 1 — Introduction
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1.1 Motivation:

A cardinal objective in modern materials engineering is the development of materials with
properties that are precisely tuned to be ideally suited for a given application. The concept
has always been rather simple, by varying the processing of a particular material, the
microstructure and thus the performance-related properties of said material can be
harnessed to some degree. And yet, despite remarkable strides in the development of new
technology this paradigm has brought about, perhaps the most exciting and fundamentally
powerful modern methodology for materials development is the idea that artificial solids
can be intelligently built piece by piece from nanoscale “building blocks”. This notion of
processing nanomaterials into solids, a complete shift from the usual top-down approach
to materials design, is particularly appealing not only because the microstructure of the
artificial solid can, in theory, be completely controlled, but also because the nanomaterials
in use have a unigue set of capabilities unto themselves which can be leveraged to suit a

host of new applications heretofore unconsidered.

With respect to the majority of critically relevant potential/current applications for these
designer semiconductor nanomaterials, such as solar cells, light emitting diodes, lasers,
transistors, and photodetectors, the optical and electronic properties of these materials
are central contributors to the efficacy of devices. As a result, it is no surprise that the vast
majority of scientific knowledge developed in building these devices originates in
fundamental insight relating to those properties. On the other hand, thermal
management, or the ability of the active material in a device to efficiently dissipate heat,
receives considerably less attention. And yet for nearly every new innovation in the
miniaturization of electronics, poor thermal management has been a significant limiting
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factor in maintaining the functionality and reliability of devices. As a result, the
determination of an appropriate conceptual framework for engineering the thermal
properties of nanostructured artificial solids is of the utmost importance in the effort to

advance any of the technologies listed above using these materials.

1.2 Hybrid Perovskites and the Bleeding Edge of Novel Semiconductors:

Hybrid organic-inorganic perovskites (HOIPs) have emerged over the past decade as a
potential candidate to supplant conventional semiconductors for use in variegated device
applications, not the least of which includes efficiency-competitive solar cells'™, color
tunable light emitting diodes (LEDs)!9'!, sensitive photodetectors!?, and even lasers®3.
These materials are denoted via the chemical formula ABXs, and exhibit a crystal structure
in which a small organic cation (A), such as methylammonium (MA), is enclosed within
metal (B) halide (X) octahedra. HOIPs owe their popularity in large part to physical
properties such as high optical absorption coefficients, small exciton binding energies, and

long/balanced electron-hole diffusion lengths®14.

Despite the exceptional qualities espoused above, devices utilizing hybrid perovskites such
as MAPbI3 have been diminished by insufficient long-term stability that stems primarily
from the complexation of water in ambient moisture with the A-site organic cation®>16.
One solution to this problem is to stabilize atomically thin sheets of perovskite materials
within an insulating secondary organic phase consisting of larger molecules than would fit
within a traditional perovskite lattice!’=?3. This solution utilizes a nanostructured 2D

layered architecture to effectively protect the A-site cations from external moisture. Such
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2D lead halide perovskites (2D LHPs) indeed exhibit improved stability relative to their bulk
counterparts and have already begun to show promising performance metrics when used

in solar cells?%24=28 | EDs?°3% and photodetectors3!.

These periodic layered nanostructures can be easily grown as macroscopically large
crystals, with long-range order and minimal grain boundaries typically elusive for
nanostructures. Additionally, since the perovskite sheets are thin enough to exhibit
guantum confinement, the size of this phase can be controlled independently for further
tunability of the optical and electronic properties.?? Finally, the organic subphase can be
manipulated to potentially improve performance, particularly in terms of the exciton
binding energy and photoluminescence quantum vyield.?® For all of the strides made in
progressing the optical and electronic properties of bulk (3D) and 2D LHPs, however,

engineering the thermal properties of these materials remains only sparsely addressed.

1.3 What is Thermal Transport?

Classically, thermal transport is expressed using concepts relating to how a macroscopic
medium alters its temperature in relation to a heat flux. Directly, this framework defines
the thermal conductivity of a material as the efficiency with which a temperature gradient
is converted into a heat flux. Similarly, the heat capacity is an expression of the amount of
internal energy a medium can absorb without a change in temperature. As a result, it is no
exaggeration to say that temperature is a central component of any interrogation into the

thermal transport characteristics of a solid. But what is temperature, physically, and how
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does must this conceptual framework be adapted when considering thermal energy

exchange within nanostructured solids?

The usual definition of temperature is given as an equivalence condition for thermal
equilibrium between two systems. This classical thermodynamics explanation of the
relative hotness of matter and the direction in which it moves is developed from first
principles and an application of the extremum principle. The numerical values typically
assigned to temperature, of course, come from accepted calibrations that correlate some
measureable property of a material to its relative hotness. Spoken in the language of the
zeroth law of thermodynamics, all diathermal walls are equivalent (or all heat is of the
same kind), so if a given system (the thermometer) is independently in thermal equilibrium
with two other systems, then these two systems are themselves said to be in thermal
equilibrium and must have the same temperature in all calibrated scales. In this way
thermometers reveal some manifold of states as being composed of subsystems all
distinctly in thermal equilibrium with one another. This is all to say that by definition,

temperature only has meaning at thermal equilibrium.

Thermal transport, then, is the out of equilibrium process by which heat is exchanged in
order to bring about thermal equilibrium. Put differently, if two distinct equilibrium
systems (at different temperatures) are instantaneously placed in thermal contact with
one another, heat must move from the hotter system to the colder in order to reestablish
thermal equilibrium. The characteristics of this movement of heat form the foundation of
heat transport. Unfortunately, since this movement is out of equilibrium, we cannot move

deeper in discussing thermal transport with classical thermodynamics alone. We can now,
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however, frame the problem appropriately by asking the question: what are the underlying
processes that physically move heat from one location to another, and how do those
dynamic processes conspire to establish thermal equilibrium? In answering these
questions, we will see that what we lose in universality by leaving equilibrium

thermodynamics behind, we gain in microscopic insights.

1.4 Origins of Thermal Conductivity

Since this dissertation is exclusively concerned with the thermal properties of solids, we
will restrict our discussion of thermal transport to heat conduction. In order to answer the
guestions posed at the end of the previous section for conduction in solids, we begin by
considering the microscopic heat carriers responsible for establishing thermal equilibrium
in condensed phases. Since solids are comprised of an organized array of atoms with strong
interactions between them, we need only consider two moving objects as potential heat
carriers. Firstly, the electrons within the solid can move around and conduct heat via
scattering (collisions). For metals wherein electrons are delocalized throughout the entire
solid and capable of moving freely, these are the majority heat carriers. For
semiconductors, however, wherein the mobility/free carrier concentration of electrons is
comparatively low, we must consider another carrier. The second set of moving objects
are the atoms themselves, which propagate heat by limited movements in space. During
these movements, since each atom is highly coupled with its nearest neighbors, collections
of atoms exhibit vibrations that propagate thermal energy as mechanical energy waves
throughout the solid. These vibrational excitations of solids are called phonons, and they

are indeed the dominant thermal energy carrier for semiconductors.
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Now that we have established that phonons are the relevant thermal energy carrier, we
can discuss the dynamics by which they interact and exchange heat. Surprisingly, a
reasonably effective picture can be obtained from treating the phonons within a solid at
any given moment as particles within an ideal gas. This analogy has proven useful for bulk

semiconductors, and expresses the thermal conductivity as
1
k= §CvA (Eq.1.1)

where Cis the heat capacity of the average phonon, v is the average velocity of the phonon,
and A is the average mean free path of a phonon (average distance between collision
events). Solids can, of course, support many different vibrations, and not all of them
necessarily carry heat at anywhere near the average velocity. Additionally, the mean free
path of these different phonons can vary considerably due to the various scattering
processes occurring within the solid. As a result, even when using the simple expression
given in Eqg. 1.1, significant insight into the properties of the material are necessary. For
nanostructured materials, this becomes even more important, as such materials by
definition introduce interfaces and physical boundaries at the length scales at which

phonons typically scatter.

1.5 Heat Transport in Multilayered Nanostructures

Unlike the bulk crystals discussed in the previous section, in which the primary mechanism
responsible for thermal energy conduction is phonon-phonon scattering, layered materials

typically exhibit decreased cross-plane thermal conductivity due to increased phonon-
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boundary scattering at the interfaces between layers?3. Since the layers are frequently
shorter than the mean free path of a bulk phonon, these interfaces give rise to a classical
size effect in the material that suppresses longer range phonon conduction. Essentially,
phonons that are in the bulk capable of moving greater distances before scattering off of
other phonons, instead scatter at interfaces at relatively short distances, reducing the
effective thermal conductivity. This is not to say that long-range coherent phonons do not
exist in layered materials. On the contrary, as is observed in inorganic superlattices,
alternating extremely thin film layers of distinct semiconductors with atomically flat
interfaces, long-range phonon conduction not only exists in these materials but also gives
rise to exotic properties such as wave-like thermal conduction®*3> in which phonons move
without regard for the boundaries between layers. In superlattices, modulation of the
thermal conductivity is implemented via control of both the constituent materials within
each film and the interfaces between films3®732. Increased interface roughness, for
instance, can exchange specular (wave-like) reflection/transmission of phonons for diffuse
reflection/transmission (particle-like), which reduces the thermal conductivity by

effectively reducing the quantity of coherently propagating phonons.

While thermal transport mechanisms in periodic layered inorganic structures such as
superlattices have been extensively studied, the same type of understanding is less clear
in hybrid organic-inorganic layered structures such as hybrid organic-inorganic perovskites.
Although some preliminary studies have shown potential wave-like thermal transport in
hybrid zincone organic-inorganic alternating films3°, the poor vibrational coupling across
organic-inorganic interfaces adds an additional constraint to the interfaces described

above*®#l Whereas organic molecules typically support vibrational modes in the 500-
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3,000 cm, inorganic crystals exhibit characteristically lower frequency modes (typically

less than 500 cm™) owing to their heavier constituent atomic masses.

1.6 Thesis Overview:

The purpose of this thesis is to develop an understanding of the microscopic origins
underlying the macroscopic thermal properties of 2D LHP crystals. To this end, chapter 2
will discuss the microscopic crystal structure and thermal stability of 2D LHPs. Chapter 3
will then highlight the building of an instrument for monitoring the thermal transport
efficacy of macroscopic 2D LHP solids, specifically discussing the calculation of an effective
thermal conductivity for the purposes of metering thermal conductivity suppression in
these nanomaterials. Chapter 4 will provide the first measurements of thermal
conductivities for 2D LHPs, in addition to discussing potential pathways for
enhancing/suppressing the conductivity without impacting the desirable optical/electronic
properties of the perovskites. Chapter 5 will probe the low frequency Raman spectrum of
2D LHPs for the purpose of outlining materials engineering avenues through which the
fundamental pathways underlying the behavior provided in chapter 4 can be affected. In
all cases, we will show that although 2D LHPs are nanostructured solids with long-range
crystalline order and component domains as small as a single unit cell thick, they behave
thermophysically as composite materials. As a result, future thermal engineering of these
materials may only require a priori knowledge for the bulk phases of which they are

comprised.
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Chapter 2 — Thermal Energy Storage in 2D Lead Halide Perovskites
Near Room Temperature

The basis of this chapter has been submitted as:

N. S. Dahod, W. Paritmongkol, A. Stollmann, C. Settens, S-L. Zheng, W. A. Tisdale,

“Melting Transitions of the Organic Subphase in Layered Two-Dimensional
Alkylammonium Lead Halide Perovskites”
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2.1 Introduction

In the bulk, organic-inorganic hybrid halide perovskites exhibit interesting temperature-
dependent structural transformations'™. At high temperatures, MAPbl; perovskites (MA =
methylammonium) are observed in the cubic phase with the tilt angles of all octahedra
minimized. In this phase, the octahedra readily rotate with respect to one another, and it
is only their average positions which remain the same. At intermediate temperatures, one
dimension of this rotational freedom is eliminated and the crystal structure is observed as
tetragonal. At the lowest temperatures, yet another degree of freedom is eliminated and
the observed crystal phase is orthorhombic, with fixed tilt angles across two dimensions?.
These transitions are solid-solid phase transitions, also referred to as second-order phase
transitions, which are marked by continuous transformations from one crystalline solid
phase to another. These transitions have been linked to electronic property variations that

impact device performance.

Like their bulk counterparts, 2D lead halide perovskites (2D LHPs) also exhibit a range of
complicated temperature-dependent structural behavior®®. 2D LHPs of the Ruddlesden-
Popper type usually exist in orthorhombic crystal structures at room temperature®. In
other low dimensional perovskite-type materials in which an orthorhombic room
temperature phase also exists, a variety of novel transitions that are unique to the 2D
material have been observed®°. In particular, structural deformations of the octahedral
layer —induced by changes to the packing geometry of the large organic cations separating
these layers — strongly affect the energy, lifetime, and localization of the band-edge
exciton”11718  As is the case for bulk perovskite materials, understanding these phase
transitions is paramount to interpreting temperature-dependent electrical and optical
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property measurements, as well as understanding the impact of 2D LHP structure on

device performance.

In addition, melting transitions within the organic subphase of perovskite-like
alkylammonium lead iodides (noted here as n=1 2D LHPs) have been previously
identified.219?°  These melting transitions are understood as order-disorder
transformations confined to the organic sublayer, and serve to emphasize the hybrid
nature of 2D layered perovskite-like materials. The transformations are typically
characterized by tilting of the organic chains, contraction of the unit cell, and a
discontinuous release of latent heat, as is also observed for other 2D molecular systems
such as Langmuir-Blodgett Films?! and self-assembled monolayers (SAMs) on metal

surfaces.?224

Herein, we investigate the phase behavior of 2D (CxHax+1NH3)2[(MA,FA)PbIs]n-1Pbls layered
perovskites near room temperature (-202C to +1002C) as a function of the octahedral layer
thickness (n = 1,2,3,4), the organic spacer chain length (BA = butylammonium, PA =
pentylammonium, HA = hexylammonium), and the identity of the small organic cation (MA
= methylammonium, FA = formamidinium). Using differential scanning calorimetry (DSC)
and X-ray diffraction, we observe a single first-order phase transition in each 2D LHP
corresponding to a melting transition in the organic spacer layer. The organic subphase
transition temperature monotonically increases from 102C to 95.92C as the carbon chain
length increases from Cs to Ce, but is insensitive to the octahedral layer thickness, n. The
latent heat of melting, AHm, is found to be in the range 3-5 kJ/mol-spacer, indicating only

partial disordering of the carbon chain. We discuss these findings in the context of melting
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in other 2D molecular systems, and the implications for tuning properties of 2D layered

perovskites through molecular engineering of the organic subphase.

2.2 Results & Discussion:

2.2.1 Lead lodide 2D LHP Synthesis and Preliminary Characterization

2D lead halide perovskite (2D LHP) crystals were made via a modification of the cooling-
induced crystallization method reported by Stoumpos et al (see Methods).® Successful
synthesis was confirmed by the photoluminescence spectrum, with single peaks at known
wavelengths indicating pure growth of 2D LHPs of a given octahedral layer thickness
(Figure 2.1). Crystal structures were confirmed by single crystal and powder X-ray

diffraction (XRD).
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Figure 2.1. (a) Normalized room temperature photoluminescence spectra of
butylammonium-MAPbI 2D LHPs with varying octahedral thickness, n. (b) Normalized room
temperature photoluminescence spectra of n = 2 lead iodide 2D LHPs with varying spacer
chain length (BA = butylammonium, PA = pentylammonium, HA = hexylammonium) and
perovskite central cation (MA = methylammonium, FA = formamidinium). (c) Schematic
illustration and corresponding photos of 2D LHP crystals.
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2.2.2 Phase Transitions of the Organic Subphase in n=2 BA:MAPbI 2D LHPs

Differential scanning calorimetry (DSC) measurements of these 2D LHPs revealed
characteristic phase transitions unlike those observed in the bulk. In particular, for n =2
BA-MAPbI, a reversible phase transition was observed just below room temperature at 10
oC (Figure 2.2a). Unlike the solid-solid phase transitions observed in bulk MAPbI3
perovskite®*, wherein the line-shape of the transition measured via DSC is characterized
by a broad linewidth (>5 2C) and low peak enthalpy deviation, the transition measured for
n =2 BA-MAPbI is sharp and accompanied by a large release of latent heat. This behavior

is characteristic of a first-order transition, such as melting/freezing.

Single crystal and powder X-ray diffraction (XRD) measurements below and above the
phase transition temperature, T, were used to identify the associated crystallographic
transformations in the 2D LHPs studied. Above Tp, the crystal structure of n = 2 BA-MAPbDI
was confirmed to be in the Ruddlesden-Popper phase, with comparable crystal structures
to those previously reported at similar temperatures®. Confirmation was reached by
comparison of both powder diffraction data (Figure 2.2b) and structure solution from
single crystal diffraction (Figure 2.2c). Below Tm,, powder XRD suggests a uniaxial
contraction of approximately 0.4 A (calculated using Bragg’s law) via uniform peak shifts
with respect to the {h00} interlayer reflections of the high temperature structure (Figure
2.2b inset). It should be emphasized that the spacing between these planes is directly
influenced by the thickness of the organic spacer layer, which is parallel to the organic-

perovskite interface. The majority of the other peaks in the diffraction pattern, specifically
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those that are nearly perpendicular to the {h00} planes (such as the {111} plane, which is
812 relative to the {h00} planes), display minimal change in peak position but exhibit
significant inflation in peak linewidth (Figure 2.2b inset), the extent of which increases as
a function of 2-theta. The deviation in peak linewidth suggests the presence of non-
uniform strain along those crystallographic planes, which is known to cause such 2-theta
dependent broadening.?> In such cases, non-uniform deformations of the lattice lead to a
broader distribution of Bragg diffractions for the same spacings, resulting in broader

observed XRD peaks at the same positions.
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Figure 2.2. (a) Differential scanning calorimetry heating/cooling curve revealing reversible
first order phase transition. (b) Powder X-ray diffraction above (red) and below (blue) the
phase transition temperature, Tm. Inset shows contraction of {600} inter-sheet spacing and
broadening of {111} quasi-vertical plane. (c) Space filling model obtained from single crystal
X-ray diffraction data below (left) and above (right) the phase transition temperature, Tp.
(d) Schematic illustration of the observed phase transition. Corrugation tilt angle is shown
schematically (red) as the angle between the organic chains and the normal vector of the
inorganic sheet.
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Single crystal X-ray diffraction at 250 K (-23 2C) confirmed the behavior deduced from
powder XRD and DSC for the n = 2 BA-MAPbI layered perovskite. At this temperature, a
uniaxial contraction of the sheet-to-sheet distance between inorganic planes by 0.52 A was
determined. Additionally, with respect to the organic spacer molecules themselves, the
alkylammonium chains are tilted and intercalated with respect to their room temperature
average positions in order to facilitate the contraction observed. This variation is quantified
via the corrugation tilt of the chains, which measures the angle between the spacer
molecule (line of best fit drawn from nitrogen to the terminal carbon atom) and the normal
vector of the mean crystallographic plane of Pb atoms in the inorganic layer. The
corrugation tilt (Figure 2.2d) of the organic spacers changed from approximately 21.4° in
the high temperature phase to 36.75° after the transition (for a net tilt of 15.35°). At 250
K, the crystal structure of the composite organic-inorganic lattice is determined to be
triclinic, with space group P-1 indicating the lowest possible symmetry. The loss of
symmetry below Tr, arises from a contraction within the organic layer and what appears to
be a shearing of the inorganic layer by the newly ordered organic subphase. This shear
stress is likely the origin of the broadened linewidths observed in the powder

diffractograms.

2.2.3 Insensitivity of Organic Phase Transition to Inorganic Layer Thickness

Further confidence in the assignment of the first-order phase transition can be obtained
by analyzing its dependence on the octahedral layer thickness (Figure 2.3). DSC heating
curves of n = 3 & 4 BA-MAPbI show phase transitions of the same line-shape as forn =2
BA-MAPbI, and at nearly identical temperatures (Figure 2.3a). Additionally, the latent heat
(AHpm) obtained from these measurements shows similar consistency. When calculated
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with respect to the total mass of the 2D material, there is a monotonic decrease in AHn, as
the octahedral layer thickness increases (Figure 2.3b). If, however, AHn, is normalized by
the mass of the alkyl chain spacer — rather than the entire 2D LHP — then the three AHn
values collapse to within 3% of the same value (Fig. 3b, right axis). This suggests that 1) the
organic spacer phase is independently responsible for the phase transition observed and
that 2) this phase transition is in fact the same regardless of the octahedral layer thickness.
The observed variation in AH, normalized by the total mass of the material simply reflects
the changing mass ratio between the organic and inorganic subphases of the material as

the octahedral layer thickness increases.

The conclusions drawn from analysis of the thickness-dependent DSC data are
corroborated by X-ray diffraction. Powder XRD shows similar phase transitions in all three
materials, characterized by uniaxial contraction between the {h00} planes of the high
temperature phase, and the onset of nonuniform strain between vertical planes. Single
crystal XRD of n = 3 & 4 BA-MAPbI confirms that the structural changes observed as a
function of temperature are exactly as observed for the n = 2 analog. The low temperature
structure is triclinic with P-1 symmetry, as for n = 2 BA-MAPbI, with an observed uniaxial

lattice contraction of 0.54 A & 0.48 A, respectively, perpendicular to the inorganic sheet.
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Figure 2.3. (a) Differential scanning calorimetry heating curves for BA-MAPbI 2D LHPs with
varying octahedral thickness. A constant offset was added to the n = 4 data for visual clarity.
Raw scans are provided in the supporting information. (b) Measured latent heat, AHm, of
the phase transition normalized either by total 2D LHP mass (red) or by mass of the organic
subphase (blue).

The phase transition behavior shown in Figs. 2 and 3 is similar to melting transitions
observed in other 2D alkane chain layers, such as alkylammonium lead iodides??,
alkanethiol self-assembled monolayers (SAMs) on Au surfaces??>* or Langmuir-Blodgett
films of surfactants self-organized at liquid interfaces?®. Unlike bulk alkanes, order-disorder
transitions of tethered molecular layers are characterized by higher melting temperatures,
Tm, due to fewer degrees of freedom in the bound state. In the case of 2D LHPs, the
ammonium head group anchors the alkane chain to a fixed translational position with
respect to the inorganic octahedral layer. Consequently, the frozen/ordered state can
persist to higher temperature due to lower entropy of the 2D melt as compared to the 3D
melt. The lower temperature “solid” phase shows tilted ordering of the organic chains,
denser packing within the phase, and an exerted stress on the inorganic lattice. The
inorganic subphase of the material, however, remains crystalline throughout the

temperature range studied and experiences no uniform changes to its crystal structure.
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2.2.4 Organic Spacer Chemistry Controls Organic Phase Transition

When the butylammonium (Cs) spacer was replaced by pentyl- (Cs) or hexylammonium
(Ce), the phase transition shifted to higher temperature (Fig. 4a). The trend observed for
melting temperature matches general melting trends expected as a function of alkyl chain
length. The melting point of alkanes and alkylamines increases as a function of chain
length, as do melting temperatures for alkylammonium lead iodides and SAMs*®?2, For the
2D LHPs studied here, Ty, increased from 102C to 77.92C to 95.92C as the spacer increased
from Cs to Cs to Ce. As expected for a 2D molecular system, these melting temperatures
are significantly higher than the bulk melting temperatures of butane, pentane, and

hexane (-140¢, -1309C, and -959C, respectively).
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Figure 2.4. (a) Differential scanning calorimetry heating curves for n = 2 MAPbI| with varying
organic spacer chain length. A constant offset was added to the pentyl- and hexyl- data for
visual clarity. (b) Measured latent heat, AHp, of the phase transition normalized by mass
of the organic subphase.

Somewhat surprisingly, AHn, decreased from 5.36 +0.10 kJ/mol-spacer to 4.33 +0.02

kJ/mol-spacer to 3.80 +0.09 kJ/mol-spacer as the spacer chain length increased from Cs to

38



Csto Ce (Fig. 4b). By contrast, the corresponding latent heat of melting for butane, pentane,
and hexane increases from 4.7 kJ/mol to 8.4 kJ/mol to 13 kJ/mol as the chain length
increases. The latent heat of melting is often lower in 2D molecular systems than in 3D,
especially for long-chain alkanes?®, because complete conformational freedom of the
molecule is never achieved in 2D. A common way of interpreting this trend is that only a
portion (presumably the end) of the alkane chain is melting. However, the decreasing trend
of AHm with increasing spacer chain length in our 2D LHPs is unexpected. A potential
explanation is that some of the latent heat is associated with strain in the inorganic
octahedral layer, and that the longer-chain Cs and Cs spacers are better able to absorb that
strain within the organic layer. As observed for the butylammonium-spaced 2D LHPs, the
melting transitions for the pentyl- and hexyl-spaced 2D LHPs are accompanied by uniaxial
lattice contractions and no uniform change to the perovskite octahedra. The corrugation
tilt of the organic chains also becomes more pronounced to accommodate the contraction.
Unlike the butyl spacer, however, the pentyl and hexyl spacers do not show the same low
symmetry high strain crystal structure at lower temperatures. The lower temperature
space group (C2/c) is lower symmetry than the high temperature space group (Cmcm), but
not to the same extreme as in BA-MAPbI. An additional, perhaps more likely explanation
for this trend in the enthalpy of melting may be that the melting of longer chains is less
complete than for shorter ones, which is supported by the calculated entropy of melting
(AS,, = AH,,,/T,,). As this parameter decreases concurrent with the decrease in enthalpy,

the measured latent heat of melting is likely not due to other enthalpic contributions.
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2.2.5 Influence of A-site Perovskite Cation on Organic Phase Transition
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Figure 2.5. (a) Differential scanning calorimetry heating curves for butylamine-spaced lead
iodide 2D LHPs with varying organic cation conditions. A constant offset was added to the
n=2 BA-FAPbI data for visual clarity. Raw scans are provided in the supporting information.
(b) Measured latent heat, AHm, of the phase transition normalized by mass of the organic
subphase.

If the methylammonium (MA) cation used within the perovskite octahedral subphase is
replaced by formamidinium (FA) a phase transition with a significantly lower heat of
melting per unit mass of organic spacer is observed via DSC, and with a melting
temperature at -4.9 2C instead of 10 2C (Figure 2.5a). The phase transition is confirmed via
powder and single crystal XRD to be identical to that observed for the MA-containing 2D
LHPs (details summarized in Table 1). The decrease in AHn, is most likely attributed, as for
the longer alkyl-chain spacers, to a decrease in the extent of melting for these materials,
as a decrease in the melting entropy is measured alongside a decrease in the measured

contraction of the organic subphase relative to n=2 BA-MAPbI.
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For the n=1 BA-Pbl 2D LHP, where no central cation is needed, the ligand melting transition

is observed at O °C. The latent heat of melting for the n=1 material, though, is 5-10%

smaller than the other Cs-spaced 2D LHPs. The phase transition in n=1 BA-Pbl at 0 eC has

been studied previously®®. The smaller observed AH, is most likely attributed to the

change in melting temperature, as the entropy of melting remains essentially the same as

for n=2 BA:MAPDI.

Table 2.1. Thermophysical properties of the alkyl chain melting transition in 2D LHPs.
Lattice contractions marked by an asterisk were determined from Bragg’s law; all others
were measured viag single crystal XRD.

Material Tm (2C) | AHm (J/g) AHm AHm Contraction | Net ASp,
(A corrugation
(J/g-spacer) | (ki/mol- tilt (deg.) (J/K mol-
spacer) spacer)

BA-MAPbIn=2 | 10.0 7.23£0.13 93.9+1.7 5.36+0.10 | 0.52 15.35 18.910.4
BA-MAPbIn=3 | 9.1 5.18 +0.10 95.3+1.9 5.44 +0.11 | 0.54 17.05 19.310.4
BA-MAPbIn=4 | 10.5 4,07 £0.06 97.0+1.5 5.54+0.09 | 0.48 7.35 19.540.3
BA-MAPbIn=2 | 10.0 7.23 £0.13 939+1.7 5.36+0.10 | 0.52 15.35 18.9+0.4
PA-MAPbIn=2 | 77.9 5.74 +0.02 60.9 £0.2 4.33+0.02 | 0.55 13.9 12.310.6
HA-MAPbIn=2 | 95.9 4.94 +0.13 447 £1.2 3.8+0.09 0.93 4.3 10.3+0.2
BA-MAPbIn=2 | 10.0 7.23 £0.13 939+1.7 5.36+0.10 | 0.52 15.35 18.9+0.4
BA-FAPbIn =2 -4.9 3.93 £0.02 51.540.2 2.94 £+0.01 | 0.43 14.03 11.04£0.1
BA-Pbln=1 0.0 11.65+0.33 | 88.0+2.5 5.03+0.14 | 0.49* N/A 18.410.5
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2.3 Conclusions:

In summary, we have identified near-room-temperature phase transitions within a series
of alkylammonium 2D LHPs. We have shown that these phase transitions are due to an
ordering of the organic spacer phase, and that they are the same across all materials with
the same organic spacer. Additionally, we have identified how choice of central cation
within the perovskite phase can be used to subtly tune the temperature at which this
transition occurs. Finally, we demonstrate that analogous transitions are observed when
changing the alkyl chain length. Further work could be done, however, to more precisely
catalog the structural variations of the organic molecules using techniques such as neutron

scattering that are especially sensitive to such materials.

This work further motivates the need for rational design of the organic spacer phase in 2D
LHPs, as the phase behavior therein may have implications for charge/heat transport or
even device performance/stability at operating temperatures. The presence of near-room-
temperature phase transitions within the organic phase of alkylammonium 2D LHPs could
also provide an opportunity for future devices that utilize these phase changes for energy

storage or thermal actuation.
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2.4 Methods:

2.4.1 Synthesis of 2D LHP crystals.

2D lead halide perovskite (2D LHP) crystals were made via a modification of the cooling-
induced crystallization method reported by Stoumpos et al.® A large volume of lead ()
iodide (Pbly) was prepared by dissolving lead (1) oxide (PbO) in a hydriodic acid (HI) solution
under reflux at 130 °C. After 15 mins, the solution was then cooled down to room
temperature, before a small volume of it was transferred into a vial containing
hypophosphorus acid (H3zPO,). H3PO; acts as a strong reducing agent, converting any
residual I, to Hl, yielding a bright yellow solution. The long-chain aklyamine (butylamine
[BA], pentylamine [PA], or hexylamine [HA]), which will ultimately form the organic spacer
layer within the 2D LHP, was then added dropwise into the acidic solution in an ice bath,
forming an orange precipitate of n = 1 (BA,PA,HA);Pbls 2D LHP. In a separate vial,
methylammonium iodide (or formamidinium iodide) salt was dissolved in an HI solution
and subsequently added to the solution containing the n = 1 precipitate. The combined
solution was heated on a hotplate at 130 °C for 4 minutes, until the solution turned clear,.
Crystals were then grown by storing the clear solution in a thermos filled with hot sand at
110 °C overnight. Crystals were isolated by suction filtration and dried under reduced

pressure for at least 12 hours.
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2.4.2 Differential scanning calorimetry (DSC).

A Q2000 instrument from TA instruments was used for the DSC analysis. Inert atmosphere
environment was maintained in the sample chamber using a nitrogen gas cylinder set to a
flow rate of 50 mL/min. An extra refrigerated cooling system (RCS 40, TA Instruments) was
used to widen the available temperature range to between -40 and 400 °C. Tzero® pans
and lids were used with ~5-8 mg of sample. A heating rate of 10 °C/min was applied and
the samples were scanned from —-40 to 120 °C. When determining the enthalpy of fusion
for a given sample, the DSC curve was integrated for 10 °C centered on the transition
temperature. All measurements were taken in triplicate to determine uncertainty.
Calculation of the melting temperature and the enthalpy of fusion was done using TA

Universal Analysis software.

2.4.3 Photoluminescence.

Steady-state photoluminescence measurements were performed on an inverted
microscope (Nikon, Ti-U Eclipse). The samples were excited by focusing the output of a 405
nm pulsed laser diode (LDHDC-405M, Picoquant, 2.5 MHz repetition rate) by an objective
lens (Nikon, CFI S Plan Fluor ELWD, 40x, 0.6 NA) to <1 um spot. The photoluminescence
was collected in the epi configuration, and passed through a dichroic mirror and a long-
pass filter. Then, it was directed into a spectrograph (SP-2500, Princeton Instruments)
mounted with a cooled charge-coupled detector (Princeton Instruments, Pixis). Laser
power was kept below ~125 nW throughout the measurements.
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2.4.4 Powder X-ray diffraction (XRD)

Powder XRD data was taken using a PANalytical X’Pert Pro MPD X-ray diffractometer (Cu
Ka radiation, 2 = 1.54184 A) with High-Speed Bragg-Brentano Optics. A 0.04 rad soller
slit, a 1° anti-scatter slit, a 10mm mask and a programmable divergence slit with an
illuminated length of 6mm were used in the incident beam path. The diffracted beam
opticsincluded a 0.04 rad soller slit, a Ni Filter and an automatic receiving slit. The detector
was an ultra-fast X'Celerator RTMS detector. The angular step in 28 was 0.04°. Two
different stages were used in the PANalytical to take temperature dependent
measurements; the Oxford Cryosystems PheniX cooler, and an Anton Paar HTK-1200N
heating stage. All measurements were taken during heating, with room temperature data

taken at the beginning and end of the experiment to ensure reversibility.

2.4.5 Single-Crystal X-ray Crystallography

A crystal was mounted on a diffractometer at 300 K. The temperature was raised/lowered
down to measurement temperatures at a rate of 5K/h, then data sets were collected. The
intensities of the reflections were collected by means of a Bruker APEX Il CCD
diffractometer (Moxa radiation, A=0.71073 A), and equipped with an Oxford Cryosystems

nitrogen flow apparatus. The collection method involved 0.5° scans in ® at 28° in 26.
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Chapter 3 — Building a Frequency Domain Thermoreflectance
Technique for Nanoscale Thermal Transport Metrology
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3.1 Introduction

In this chapter we discuss the experimental technigue, Frequency Domain
Thermoreflectance (FDTR), as built and used by the author for the thermal transport
measurements central to this dissertation. We begin with a brief perspective on the history
of this and analogous technigues used for thermal metrology. Following this, the essential
theory is presented and used to develop an intuition for conceptualizing experimental
results. Finally, the experimental details for building, aligning, and operating the
instrument itself are provided as a means to discuss the strengths and limitations of its
operation. It should be noted that this is not the first report nor dissertation discussing the
subject of FDTR. Although the prominence of this technique has only recently arisen,
several other wonderful papers and reports are recommended reading for the interested
reader. The following discussion of both the experiment and the underlying theory used
for analysis is meant as an explanation of useful context, relevant experimental
considerations, and where applicable the (to our knowledge) original insights used by the

author in building/using this technique.

3.2 A Brief History of Thermal Wave Measurement

In simplest terms, when thinking about designing an experiment to measure the thermal
conductivity of a macroscopic solid, one might intuitively begin by inspection of Fourier’s
law and the diffusion equation. From such a perspective, the most obvious tautological
representation of the thermal conductivity is that of a proportionality constant between
the heat flux perturbing the solid and the spatial temperature gradient established within
the solid in response. The smaller the gradient for a given heating input, the larger the
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conductivity, and vice versa. In thinking of thermal conductivity from this empirical
formulation, as the relative resistance of a material in forming a temperature gradient
when absorbing/emitting heat, an experiment that isolates the conductivity becomes
pellucid. Such a technique might carefully apply and measure a heat flux to the solid in
question, whilst measuring the change in temperature at some other point on the solid a
known distance from the heating input. This experimental technique is of course well
known as Searle’s bar method, and allows for extraction of the thermal conductivity

through simplification of Fourier’s law as in Eq 3.1 below:

q _Q/A _ W/m?

=Vr " aT/L ) Kym (Eq.-3.1)

k

Where k represents the thermal conductivity (W/mK), g is the heat flux (W/m?), T is the
temperature (K), A is the cross-sectional area of the solid that is being heated (m?), and L
is the distance between the heat source and the temperature measurement (typically the
end of the “bar” of solid). While such an experimental formalism is useful conceptually and
practically for very large solids, it relies on several key assumptions that limit its use.
Specifically, the entire bar must be completely isolated from the environment in order to
minimize heat losses to the surroundings. Additionally, the heating flux must be measured
with high accuracy in order to obtain a similarly accurate measurement of the thermal

conductivity.

Nanomaterials, of course, are not typically synthesized as macroscopic bars. Rather, they
are deposited as films, small crystals, or even single atomic-layer junctions. Furthermore,
by definition any microelectronic device involves the heating of materials on much smaller

III

length scales than those at which “classical” techniques such as Searle’s method can be
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used. Many sophisticated techniques have been developed to meet this challenge.l? As
above, two key elements are typically required for any heat transport measurement: a
heater and a thermometer. That is, something that applies heat in a known and
measureable way and something that measures exchange of heat in a known and
measureable way. The heater and thermometer must each be designed so as to operate
with a high degree of sensitivity within the relevant length-scale of the sample (in this case
the through-plane thickness of a thin film). Thus, in designing nanoscale thermal
measurement techniques, implementation of a heater that will provide a meaningful
gradient of heat over the depth of the sample and a thermometer that can measure
temperature fluctuations of this necessarily lesser magnitude with a spatial resolution
appropriate for the system under study are required. In this spirit, a number of various
heating/thermometry techniques have been developed for use in nanoscale systems and
thin films?=. One increasingly utilized technique for measuring the temperature of small

systems is time/frequency domain thermoreflectance®’.

Time and frequency domain thermoreflectance (TDTR and FDTR respectively), both follow
a long lineage of techniques that measure thermal properties of solids using the diffusion
of thermal waves. First developed by Rosenwaig et al. and advanced by others since such
as Cahill, Chen and Schmidt, these techniques represent a rich history of research in
sensitively measuring the thermal transport in small systems.®® The thermal wave
measurement concept answers the need for increased sensitivity raised in departing from
classical technigues. In the context of this dissertation, a thermal wave is a temperature
modulation that propagates through a solid of interest. For instance, oscillatory heating of
a surface launches a thermal wave into the underlying solid, dispersing as it does so. This
dispersion is captured by the Fourier transform of the diffusion equation for temperature,
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2 .
% = %H(a}, X) (3.2)

Expressed in one dimension for simplicity, in which x is the spatial coordinate, 8 is the

temperature represented in Fourier space, w is frequency, and « is the thermal diffusivity.

In order to see how the use of thermal waves provide spatial sensitivity in experiments, we

can scale the above equation. For the case where a surface temperature modulation at

frequency w, is the source of the thermal wave, the characteristic length scale of the

experiment (8,), intuitively termed the penetration depth is seen to be

1 iw, (3.3)
—~ _
5p a
5~ | 3.4

P liw, (34)

This expression reveals the key advantage of using temperature modulations to monitor
thermal transport, as the frequency directly controls the penetration depth of the
experiment. Furthermore, this relationship clarifies that more insulating samples such as

perovskites require higher heating frequencies to compensate for their low diffusivities.
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Figure 3.1. Overview of the FDTR experiment, a) Typical sample preparation is shown,
wherein a sample of interest is attached to some substrate with known thermal properties
and an exogenous transducer is deposited on the sample surface. The pump and probe
lasers are reflected collinearly off of the surface of the sample, with only the pump
intensity modulated before reflection. The red line shows the attenuation of the thermal
wave as it penetrates into the sample, revealing the sensitivity of the measurement. For
large enough samples (>2 um), the experiment is insensitive to even the substrate. B)
Shows the characteristics of the thermal waves measured to extract thermal transport
properties. Due to thermal transport, the modulation of the reflected probe light (green)
must exhibit some phase lag from that of the pump. C) By sweeping over a range of
frequencies, the enough data can be collected to compare to a thermal model (derived
from a heat equation) for extraction of relevant thermal parameters.

FDTR (shown schematically in Figure 3.1) sensitively measures the thermal response of a
sample by using a pump-probe laser apparatus to sinusoidally heat a surface while also
measuring the evolution of the surface temperature of this same surface. To do this
reliably, this technigue makes use of an exogenous metal (gold, herein) transducer to act

as the physical heater and thermometer in contact with the sample. An intensity
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modulated pump laser is reflected off of the surface of this transducer, creating the
thermal wave (surface temperature oscillation). This oscillation is at the same frequency
as the pump laser, but, since the sample is not a perfect conductor, the phase and
amplitude of the surface temperature are shifted from that of the pump, as if by a thermal

impedance.

In order to measure the surface temperature of the transducer, the property of
thermoreflectance is leveraged. When the temperature of the metal transducer is varied,
its index of refraction and thus its reflectivity also vary. So, in response to the surface
temperature oscillation induced by the pump, the transducer reflectivity also oscillates. To
measure this, a probe beam collinear with the pump laser is simultaneously reflected off
of the transducer surface. The probe beam is initially unmodulated (continuous wave), but
upon reflection from the metal surface is modulated according to the thermoreflectance
and thus the surface temperature. The relative phase of the pump (reference) and probe
(signal) beams can then be compared to map extract meaningful information about

thermal transport in the sample.

This extraction is typically carried out by numerical fitting of the relative phase response of
the probe (phase vs. modulation frequency) to a solution of the diffusion equation for the
sample geometry, a process which will be exhaustively discussed below. The
implementation of Fourier's law implies naturally that the films under study exhibit
effectively diffusive transport throughout the penetration depth of heating; an assumption
that breaks down for a variety of nanoscale systems.1%11 Since the materials studied in this

dissertation all form macroscopic solids in the form of small crystals (~1mm thick), the
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Fourier law analysis will be preserved as a measure of the effective thermal conductivity

of the solid, a distinction previously explained in chapter 2.

3.3 Fourier’s Law Description of a FDTR Experiment

It is not immediately intuitive to think of transport in the frequency domain. Specifically,
inspection of the phase response (relative phase lag vs. modulation frequency) of an FDTR
experiment does not offer the same clarity that a temporal decay curve does, wherein
parameters such as faster decay times are easily visualized. What does a large phase lag
imply about thermal transport? What shape should such a curve take? Although much of
this theory is likely more digestible by those familiar with measurements of electrical
impedances and AC circuits, in which Bode plots intuitively describe analogous
phenomena, such a conceptual basis is not necessarily as familiar to a chemical engineer.
More importantly, this behavior is highly dependent on many more parameters than may
be inferred from the simplicity of the shape of the response. Thus, in order to extract
relevant parameters such as the thermal conductivity, heat capacity, or a boundary
conductance from the results of an FDTR experiment, a thermal model based on Fourier’s
law and the diffusion equation (or alternatively nondiffusive heat transport equations

where applicable) is required.
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3.3.1 Analytical Solution of the Heat Diffusion Equation for FDTR

The typical system geometry studied in this dissertation, shown in Figure 3.2, consists of a
metal (gold) transducer atop a solid sample that was previously mounted on a substrate.
In practice, the sample is large enough relative to the penetration depth of the
measurement that the substrate can be ignored during analysis. As shown in Figure 3.2,
however, the forthcoming derivations will remain generalized for an arbitrary number of

thin films layered between the substrate (layer S) and the transducer (layer 1).

r z r

Layer S-1

Layer S

Figure 3.2. Representation of sample geometry for analysis of FDTR experiment. L is layer
thickness, w is the 1/e? beam waist of the pump (0) and probe (1). Each layer has its own
set of thermal properties (volumetric heat capacity, thermal conductivity).

As stated previously, the FDTR technique uses a periodic heat flux from the pump laser at

the surface of the transducer (z=0, r=0) and a thermometric probe laser that measures the
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temperature of the surface. Thus, we must solve the heat equation (Eq. 3.5) for the surface
temperature.

o, 0 ( aT) 0%T oT
r or

TE +azﬁ=pca (3.5)

In the above 2D+t heat diffusion equation, r is the radial coordinate and z is the axial
coordinate, as defined in Figure 3.2, T is the temperature, t is time, p is the mas density, c
is the specific heat, and g, is the conductivity in either the z or r direction. Because we
are interested in the frequency response of the surface temperature, and because of the
corresponding time-harmonic behavior of the system, we begin by applying the Fourier

transform to Eq. 3.5. This yields,

ii (r M) + O'ZM = pciwd(w,1) (3.6)

r or or 0z2

Where 8(w, r) represents the temperature in the frequency domain and w represents the
angular frequency. Note that although we do not note it, (w, ) remains a function of z.
We will use this notation throughout the forthcoming derivation. Next, using the cylindrical
symmetry of the experiment, we use the zero order Hankel transform to reduce the radial

component. The zero order Hankel transform is defined as,

(k) = Hy(0(r) = f o) Jo (k) rdr  (3.7)

Where k is the transform variable (not to be confused with the thermal conductivity), J, is
the Bessel function of the first kind of order 0, and @ is the temperature in Hankel (and in
our case also Fourier) space. Applying this transform to Eq, 3.6 and using integration by
parts on the transform of the left hand term vyields

0%0(k, w)

—0,k*0(k,w) + o, 3.2

= pciwO (k, w) (3.8)
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Which can be further rearranged to obtain,

0%0(k, w k? + pciw
% = q%0(k,w) with, q* = % (3.9)
Z

Where g is the inverse penetration depth for the 2D problem. Eqg. 3.9 is an ordinary

differential equation and is easily solved as:
O(k, w) = C, sinh(qz) + C, cosh(qz) (3.10)

90 (k, w)

flk,w,2) = -0, PP —C,qo,cosh(qz) — 0,C,q sinh(qz) (3.11)

Where f is the heat flux in Hankel-Fourier space in the z direction, and C; and C, are
constants. In order to solve for these constants, we begin with the top surface (transducer).
Here we define the function we are measuring in our experiment, the surface temperature,
which in Hankel-Fourier space is 0 (k,w,z = 0) = 0,-¢ qyer 1(k, @) = 09 1(k, w). We
also define the function corresponding to our known pump heating input, f(k,w,z =
0) = fo,1(k, w). Using these definitions, we solve for the constants in Eq. 3.10 and Eq. 3.11

at the top surface (z=0) to find,
Cl = @O(k, (U) (3.12)

_ _fO(kf (1))
G=—rr— G1)

We can now reformulate the problem within the transducer layer as the following

eigenvalue problem

O, 1] 901]
H=m |2 3.14
[le,l ' fon 3.14)
h(qL,) Lo h(qL,)
M, = cosh(qL4 qazsm qlLq (3.15)

—a,q sinh(qL,) cosh(qL,)
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Where L4 is the thickness of the transducer as defined in Figure 3.2. This formulation of
the problem remains unbounded, however, as we do not have an expression for the flux
and temperature at the bottom of layer 1 (the transducer). We must require, however,
that the heat flux at the bottom of layer 1 must be equivalent to the heat flux at the top of
layer 2 (the sample). The boundary conductance between the two layers can then be

added to relate the two temperatures across the interface to one another. This is to say,

fL1,1 = fL1,2 = G(QL,l - @L,Z) (3.16)

or,

S ] ew

Additionally, we know that the eigenvalue problem for layer 2 (the sample) can be

formulated identically to that for layer 1, such that

(0]
L1+L2 L1;2
M ] 3.18
fL1+L23] 21f1,2 (3.18)
h(qLy) L sinh(qLy)
M, = cosh(qL, qazsm qL, (3.19)

—a,q sinh(qL,) cosh(qL,)

Where the material properties in Mz now correspond to those for the sample. This can be
repeated for any number of layers in the experimental sample geometry, until the heat
flux and temperature at the bottom of the last layer is compared to those at the top of the

transducer as follows:

(3] = momssm ] =2 Sl[5n] 620

61



Where the subscript S denotes the bottom of the last layer (either the substrate or the
sample if it is much thicker than the penetration depth), and A, B, C, and D contain all of

the thermal properties for the materials in the sample.

In the FDTR experiment, the surface temperature is measured and the surface heat flux is

known to be

—2r?
24, —F
ze

I(r) = p— Wo (3.21)

where Ag is the absorbed power from the laser pump and | is the radiant flux from the
laser. This assumes a Gaussian laser spot on the transducer surface. In Hankel-Fourier

space Eqg. 3.21 is:

—kZw?

A4, 3
fop =1(k) = Ho{l(r)} = 5-€ ° (3.22)

Finally, since the thermal wave incident on the surface decays rapidly within the
sample/substrate, we can assume that the bottom layer is semi-infinite, or that fg = 0.
This yields the following solution of Eq. 3.20 for the surface temperature in Hankel-Fourier

space:

D
COp1+Dfo1=fs=0>0y, = —Ef0,1 (3.23)

Taking the inverse Hankel transform of Eqg. 3.23 returns the surface temperature in Fourier

space (the frequency domain).

0(r) = fo o (kP (‘%) (';—;)e_kszswgdk (3.24)
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In order to express this surface temperature in an equivalent fashion as is measured by the
Gaussian probe beam sampling the surface, we take the weighted average of the surface

temperature with the probe lineshape:

z C

o o 22 A, [® / D\ —k2wi+wd)
H(w) = f e Wi 2nrf(r)dr = —f k (——) e 8 dk (3.25)
o Wy 21 J,

where H(w) is the frequency response of the sample as measured by the probe. The
simplification provided is accomplished by switching the order of integration and invoking
the definition of a Hankel transform as provided in Eq. 3.7. It is worth noting that all of the

thermal properties of the materials in the sample are isolated within (=D /C) in Eq. 3.25.

Experimentally, we measure the thermoreflectance of the transducer rather than the
actual surface temperature, so the real frequency response differs somewhat from the
measured frequency response. Fortunately, as has been discussed in depth elsewhere, the
thermal system that describes FDTR can be treated as a linear and time invariant system
as long as the power input remains relatively low and the transducer exhibits
thermoreflectance (temperature and reflectivity are directly proportional to one
another)'?. Assessing the validity of this assumption is addressed in the following sections,
but as long as this assumption holds the connection between the measured and real

frequency responses is simply,

Z(w) = ﬁqump QprobeH(w) (3.26)

where Z(w) is called the transfer function, £ is the coefficient of thermoreflectance of the
transducer, and Q is the absorbed laser power of the sample by the pump/probe lasers.
H(w) represents the complex temperature response of the sample to the modulated heat

flux. Therefore, the phase response discussed above is simply the argument of the
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frequency response. Assessment of the phase response removes the need to precisely
measure the coefficient of thermoreflectance and the absorbed pump/probe powers,

simplifying the analysis considerably.

3.3.2 Developing an in intuition for thermal phase response

Although it is not necessarily intuitive from Egs. 3.25 & 3.26 what form the phase response
of the surface temperature should take, or how changes in the thermal properties of the
sample influence it, some intuition can be drawn from consideration of several simple
limiting cases. For simplicity, we consider the case of a single-layered system in which the
pump and probe beams are approximately equal. For such a case it is instructive to think
of the experiment as probing the competition between two diffusive processes, the
dissipation of the thermal wave in the solid (governed by the thermal diffusivity, a) and
the effective diffusivity imposed by the surface heat flux. The latter can be defined via the
characteristic length of the heat flux (the heater size, wy) and the characteristic timescale
of the modulation (1/ w), yielding wy?w as the diffusivity corresponding to the surface
heat flux. This can be thought of as an expression of the thermal stress placed on the
material by the surface modulation. The ratio between these two diffusivities then

describes the sample’s ability to mitigate said stress:

wolw

a

By = (3.27)

where Br is an arbitrarily named dimensionless number describing this ratio. It should be
noted that although this description has been developed with FDTR in mind, it is applicable

when describing any 1D experiment with a finite heater sinusoidally modulating the
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surface temperature of a solid. Furthermore, it should be noted that we could have arrived
at the same expression by recognizing that when Br=1 Eq. 3.27 is analogous to Eq. 3.4, with

the natural length scale of the system defined so as to isolate a characteristic frequency.

We see from Eq. 3.27 that when the thermal properties of the solid and geometry of the
heater are constant, Br is essentially a measure of how high the frequency is for the
experiment. Thus, we can use Eqg. 3.27 to define limits for the solutions given in the

preceding section.

At the limit of large and small Bt (and thus, frequency), the expression given for the surface

temperature in the frequency domain (Eq. 3.25) reduces to:

A

Hw)=—"— w~B;«1 (3.28
(w) weo, T (3.28)
H(w) 4 Br»1 (3.29)
w) = w ~ .
nwozx/a\/m T

Eqg. 3.28 is essentially the DC limit of the frequency response, and as a result it is intuitive
that H(w) is independent of w at this limit. Additionally, since in the limit of low frequency
Br is also necessarily small, we can say that this behavior results from the thermal
dissipation within the sample being extremely fast relative to the heating input. It is
intuitive, then, that the argument of Eq. 3.28 is 09, as an effectively instantaneous sample
response should correspond to 02 phase lag. Similarly, it is intuitive that solids with larger
thermal diffusivities reach this DC limit at higher frequencies. Finally, it should be noted
that the constant value associated with Eq. 3.28 is physically an estimation of the steady

state (DC) temperature rise due to the heating input. This estimation will be used
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throughout the subsequent sections of the dissertation to confirm minimal sample heating

during data acquisition.

Eqg. 3.29 represents the high frequency limit of the response function, wherein the thermal
dissipation within the solid is much slower than the heating input. At this limit we see that
the surface temperature is solely dependent on the thermal effusivity (\/E) of the
sample. At such high heating frequencies, the sample is effectively nondissipative, and thus
we expect that the phase lag should no longer be changing as a function of frequency.
Indeed, the argument of Eqg. 3.29 is constant at 459, a result that is directly analogous to

the well-known Warburg impedance.

Although none of the experimental data collected through this dissertation behaves
precisely according to the limits described above for a 1-D single layer system, as boundary
conductances and multilayer thin film geometries complicate the analysis, the driving
principles that shift relative phase lag for more or less diffusive samples as a function of
frequency remain crudely true, and serve as a useful tool for conceptualizing collected

data.

3.4 Finite Element Solution for the Frequency Response in FDTR

In the previous section the link between thermal waves and thermal properties were
established via an established heat transfer model. This model will be critical later when
fitting experimental results, and is fairly routine to implement via numerical integration. In

order to better understand the model, however, we utilized COMSOL Multiphysics
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software to numerically solve the partial differential equation given in Eq. 3.5 directly,
subject to the same boundary conditions and symmetry considerations as provided in
section 3.4. While solutions for large equilibration times ( > 5 pump heating/cooling cycles)
were not computationally feasible, early time results are useful in aiding the development

of a conceptual representation of the experiment.

A semi-infinite slab of fused silica was used as the substrate in the COMSOL simulation,
with a thin (200 nm) gold transducer atop it as in a typical experimental sample. Given the
mesh size, such a thin transducer is effectively just a boundary conductance in the
simulation. The simulations provided real space 3D temperature distributions at each time
point. The time steps taken by the software are in dimensionless time, scaled such that 10
data points are obtained per heating cycle of the pump. The results of this simulation are,
naturally, exactly as expected from the relationships given in the previous section. Axial

temperature, shown in Figure 3.3, tapers off as predicted by Eq. 3.4.
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Figure 3.3 Axial temperature (r=0) as a function of dimensionless depth. The real space
coordinate is normalized by the penetration depth calculated by Eq. 3.4 for fused silica at
the simulation frequency (10 kHz). Time coordinate is scaled such that 10 temperature
points constitutes one complete heating cycle.

As expected, as the thermal wave penetrates into the solid the temperature modulations
decrease in magnitude. The heating envelope is almost completely bound within a single
penetration depth, highlighting the sensitivity of the measurement to the sample of
interest. Additionally, we see that throughout the heating cycle the axial coordinate also
oscillates around the steady state temperature (here very near room temperature), as is

intuitive.
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Figure 3.4 Radial surface temperature (z=0) distribution. The real space coordinate is
normalized by the pump spot size typical to the experimental apparatus used. Simulation
frequency is 10 kHz. Time coordinate is scaled such that 10 temperature points constitutes
one complete heating cycle. A higher frequencies or sample thermal conductivities, this
distribution tightens in space.

At the transducer surface, the temperature is also seen to oscillate as expected (Figure
3.4), with lateral spread directly proportional to the thermal conductivity of the sample
also as is readily expected. Monitoring the temperature at the center of the coordinate
system r=0, z=0, sheds light on the relationship between this intuitive behavior and the
FDTR measurement, which is directly cataloging the frequency response that corresponds
to this very oscillation. Figure 3.5 shows how the surface temperature oscillates in time at

different heating frequencies. It is readily apparent that both the amplitude and the
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relative phase of the surface temperature oscillations change as a function of frequency.
In fact, both of these values decrease as a function of frequency. At very low heating
frequencies, the phase of the response is almost identical to that of the heater. We see
now that this intuitively results from the difference in the length of dimensionless time
corresponding to a given frequency. At 10 kHz, the time for a full oscillation is a full order
of magnitude longer than for 100 kHz, effectively allowing the sample more time at lower
frequencies to respond to the incident heating flux without as significant a phase penalty.
This also explains why more conductive samples tend to have lower phase lag at
comparable frequencies, as these materials have a faster response time (a lower thermal

impedance) than more insulating materials.
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Figure 3.5 COMSOL calculated surface temperature oscillations (at z=0, r =0) as a function
of dimensionless time. The flux is plotted on a different axis as it has no meaningful
temperature associated with it. Its presence is entirely for comparison of the relative phase
of the frequency response at different heating fluxes
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3.5 Experimental Implementation

3.5.1 Optical Layout

The FDTR experimental setup built for carrying out the work presented in this dissertation
is illustrated schematically in Figure 3.6. Low noise continuous wave 488 nm and 532 nm
diode lasers (both Coherent Sapphire 200 CDRH laser systems) are employed as the pump
and probe, respectively. The latter was chosen to optimally leverage the high coefficient
of thermoreflectance of the gold transducer at 532 nm. Wavelength-specific optical
isolators are used to prevent backscattered light from entering the laser cavities. The
intensity modulation of the pump beam required for the experiment is achieved using an
electro-optic modulator (EOM), which is driven by an electronic signal amplified from an
arbitrary waveform generator. For experimental simplicity and minimal harmonic noise,
sine waves with 1 Vpp are fed via the signal generator to the EOM driver. The now-
modulated pump beam is then split via a 10:90 non-polarizing cube beam splitter. The
lesser portion of the split pump is sent along a path including a micrometer driven
translation stage to a Si fixed gain detector. This signal is sent to the lock-in amplifier as the
reference waveform. The larger portion of the split pump is reflected off of a dichroic and
sent through the microscope objective to be reflected off of the sample (coated with a Au
transducer). The laser spot is Gaussian and oscillates in intensity according to the
waveform driving the EOM, successfully implementing the periodic heat flux necessary for

the technique.

The probe light is sent through a half waveplate into a polarizing beam splitter (PBS). The
reflected light is sent through a quarter waveplate before passing through the dichroic.
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The use of the PBS and the waveplates allows for efficient separation of the modulated
and unmodulated probe light, since light that has reflected off of the sample surface will
have a different polarization from that just downstream of the optical isolator. The
waveplates can be fin adjusted to optimize reflection of light heading to the sample and
signal passed through the PBS post-sample. The laser spots are aligned collinearly following
the dichroic, such that the probe monitors the thermoreflectance of roughly the same area
that is heated by the pump. After reflection from the sample, the now modulated probe
light is collected by the objective and sent back down its original laser path to the PBS. Due
to the polarization shift mentioned above the modulated probe light now passes through
the PBS before being aligned into a Si fixed gain detector. The signal measured by this
photodetector is sent to the signal input on the lock-in amplifier, which then determines
the relative phase lag of the signal modulation from the reference. Importantly, the
reference and signal arms must be as nearly matched in path length as possible, so as to
avoid an absolute phase lag between the sample and the reference line regardless of the

sample.
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Figure 3.6 Schematic of the optical table layout for FDTR as built by the author. Colored
lines indicate the path of the laser light, with the colors corresponding to those of the pump
(blue) and probe (green). When dashed, the lines represent intensity modulated light.
Isolators are wavelength specific optical isolators. EOM is a Conoptics model 350 EOM that
modulates the intensity of the pump laser light. Amplifier is an analog Conoptics model
25A EOM driver that amplifies a 1 Vpp signal from the signal generator and sends it to the
EOM to drive operation. PBS = polarizing beam splitter cube. A/2 and A/4 are half and
quarter wave plates. 488 nm filter selectively blocks stray pump laser light. Dichroic passes
532 nm laser light and reflects 488 nm light, 40x objective (Nikon 40x S Plan Flour) focuses
and collects collinear pump/probe laser light to/from sample in backscattering geometry.
Si fixed gain detectors measure path-matched reference and signal modulations, which are
detected via Lock-in detection and sent to a personal computer via USB.
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3.5.2 Alignment of the setup

Facile alignment of the FDTR setup described in section 3.3.1 is aided by several key
considerations, each of which affects the quality/reliability of the data obtained in the
experiment. First is alignment into the microscope objective, misalignment of which will
lead to lower signal collection, misshapen laser spots, and frequently noncollinear beams.
It is recommended that during alignment, of the system, the pump and probe laser are
separately aligned to be collinear before being aligned into the objective. Then, two
additional mirrors along the laser path following the mirrors used to separately adjust the
pump and probe laser positions can be used to precisely align the combined beam into the
microscope objective. Care must be made here to ensure that the lasers are entering the
objective at normal incidence. This can be easily tested by rotating the microscope focus
through the focal plane to see if there is asymmetry or drift in the center of the laser spots
during the movement of the objective. As is usually the case, iterative alignment is typically

necessary to obtain optimal spot quality.

As mentioned in the previous section, a significant consideration when setting up the
instrument is maintaining matched path lengths between the reference and signal arms of
the layout. Specifically, the path traveled by the reference portion of the pump beam must
be equivalent to the path length that the pump travels from the nonpolarizing beam
splitter cube to the sample in addition to the path traversed by the probe light after
reflecting off of the sample. Since the waves are finally mixed in the lock-in amplifier, even
the phase lag induced by the detectors and the length of the BNC cables used to send the
signal/reference waves to the lock-in must be included in this measurement. Any delay
between these two paths will lead to an additional fixed relative time lag for the signal
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measured during the experiment. This time delay corresponds to successively larger

measured phase lag at higher pump modulation frequencies, which would have to be

measured and subtracted as a linear background from all data collected.

Instead, the path signal and reference path lengths were matched by a temporary

adjustment of the FDTR layout, the result of which is shown schematically in Figure 3.7.

The probe laser is turned off and the dichroic is replaced with a partial mirror (80:20) and

a mirror is placed on the sample stage. When the path lengths are perfectly matched, such

an arrangement should lead to a measured phase lag of < 0.012 at 1 MHz. In principle this

alignment now only needs to be done once when the layout is established.
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- Sample

Reference Photodetector

Lock-in Amplifier

Figure 3.7 Layout of the optical table when the probe laser is turned off and the dichroic is
replaced with a partial mirror for absolute phase calibration. All other optics/equipment
are as defined previously.
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3.5.3 Data Acquisition

Although the operating power for the lasers used is relatively high (200 mW), the surface
temperature oscillation required for a reliable/physically meaningful must be relatively
small. Additionally, the steady state temperature rise of the sample should be minimized
as much as possible to avoid beam damage and maintain experimental integrity. To this
end, a variety of neutral density filters are used to control the power of the reference,
pump, and probe beam lines. Typical laser powers (as measured by a power meter at the
sample stage) are ~250-300 puW, but higher powers can and typically must be used for

more conductive samples (> 1 W/mK).

Similarly, the spot sizes of the pump/probe lasers must be carefully controlled to maximize
signal while also probing the dynamics of interest. The spot sizes represent the relevant
length scale for the radial component of heat transfer during an FDTR measurement, and
as a result control of the spot size can sensitively probe axial, radial, or mixed transport.
Forinstance, if the spot size is larger than the axial penetration depth at a given frequency,
then the pump laser can be treated as a 1D plane heating source and the axial component
can be ignored. Similarly, when the radial length scale is much smaller than the axial
penetration depth, the radial component of heat transport plays a significant role and
cannot be ignored. For our experiments, typical spot sizes of ~1.2 um were found to
maximize signal at the laser powers while remaining within the axial (1D) transport regime.
In practice, the spot size must be measured during each individual data acquisition run,

which is accomplished through the use of a CCD camera.
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The phase response of the sample was measured using a Zurich HF2LI lock-in amplifier.
This instrument sensitively detects small harmonic oscillations in electrical signals (in this
case provided from the signal collected at the photodetectors). Operation was frequency
locked using the output from the reference photodetector, but not phase-locked of course
as this is the parameter we expect to monitor. During a data acquisition run, a Labview vi
on a personal computer connected to both the lock-in amplifier and the signal generator
was implemented. This vi was used to control both the lock-in detection settings and the
signal generator waveform settings. In a typical instance of data acquisition, the phase
response is measured by sweeping the modulation frequency fed to the EOM from 100
kHz — 1 MHz and cataloging the measured phase lag at each frequency. This frequency
range was chosen due to both the lock-in/EOM operating windows and a relevant span of
penetration depths for sensitive thermal property measurement (submicron penetration

depths for all perovskite samples).

3.5.4 Lock-in Detection and Measurement of Phase Response

As mentioned previously, a Lock-in amplifier was used to experimentally measure the
frequency response via the transfer function, Z(w) as in Eq. 3.26, corresponding to the
small sample-induced modulation within the probe laser. To accomplish this the lock-in
amplifier mixes the collected signal with two reference waves that are 90 out of phase with
one another, yielding an in-phase (X) and out-of-phase (Y) voltage that correspond to the
real and imaginary components of Z(w). Typical data for this raw measurement is shown
below in Figure 3.8. The real and imaginary components are then easily converted to
relative phase lag (@) via

o Im{Z(w)}

@ = tan m—tan

Y
X
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Figure 3.8. An example dataset collected for a fused silica sample, showing a typical phase
response The singular outliers are resonances corresponding to the photodetectors used,
and do not typically affect the results of a measurement, especially when at high
frequencies.

3.5.4 External Measurement of Relevant Parameters

Since the measured phase response is sensitive to so many external parameters, such as
the laser spot sizes, material thermal properties and transducer thickness, reliable
extraction of the sample thermal conductivity is most easily obtained by measurement of
as many of these other parameters as possible. To this end, we measure all external
parameters pertaining to the heat transfer analysis of the experiment when not known.
The thickness of the transducer was measured with stylus profilometry, and when

necessary thin films of sample material were measured using AFM. Both of these
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techniques offer precision (~ 1 nm) such that their uncertainty need not be considered in
the heat transfer analysis. The heat capacity of the sample, when not previously measured,
was separately measured with differential scanning calorimetry (DSC), a standard
technique for such a measurement and frequently used in conjunction with FDTR. The
sample mass density is also readily measured with x-ray diffraction for all 2D lead halide
perovskites. The spot size of the lasers remains as the most sensitive complicating factor
in analyzing our data. To best address this, we measured the spot size before each
acquisition using a CCD camera. As can be seen in Figure 3.8, the spots are well fit by
Gaussian lineshapes, so extraction of the beam waist is uncomplicated. The resolution of
the CCD, however, limits the resolution of spot and places an inherent uncertainty on all

measurements that is the largest source of error in the measurement.
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Figure 3.8 Pump (left) and probe (right) laser spots as measured by CCD (grey markers) and
fit by a Gaussian lineshape (blue). Images collected by CCD are isotropic, thus a line scan
as above is sufficient to measure the spot size within the resolution of the camera.
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3.5.5 Data fitting procedure and parameter extraction

The analytical representation of the FDTR experiment reviewed in section 3.3 is based on
the same heat transfer model for analysis posed originally by Cahill, and used ubiquitously
since then with respect to TDTR/FDTR measurements of effective/diffusive thermal
conductivities®”12. Many other models have been posed as potentially superior in directly
capturing nonequilibrium transport behavior evident in FDTR experiments without the use
of an effective thermal conductivity, but such models typically apply to much higher
heating frequencies and with respect to far more conductive samples, and so fall outside
the scope of this dissertation.'®! In order to extract an effective thermal conductivity of a
macroscopic solid such as a 2D lead halide perovskite crystal, Fourier’s law and thus the
Cahill model remain sufficient. This model was fit to the experimentally measured phase
response (phase lag vs. frequency) using a nonlinear least squares Levenberg-Marquardt
algorithm. During fitting, the laser spot size was allowed to vary within experimental error
and the thermal conductivity was allowed to vary by an order of magnitude from an initial
guess. Convergence was repeatable and only sensitive to the initial guess when such a
guess was much lower or higher (>80%) than the measured value for the conductivity. In
these instances, the residual of the fit was much worse and so the algorithm was re-run
with more stringent bounds on the conductivity. The uncertainty of the measurement was
determined by evaluating the absolute change in measured thermal conductivity for the
maximum variance of the spot size within the resolution of the CCD. Typical uncertainties

are ~ 10 %, in line with other FDTR measurements previously reported.>14
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3.5.6 Demonstration of Instrument Capability

Using the fitting procedure described in the previous section to fit data collected using the
setup and acquisition settings given in the preceding sections, data was obtained for
several thermal conductivity standards as a means of assessing the capabilities of the
system. Standards were bulk solids purchased from MTI with known thermal and material
properties. Thermal evaporation was used to apply the gold transducer film (~100 nm
thick). Figure 3.9 and Table 3.1 show the results of our system match up extremely well
with the known properties of these materials. Furthermore, the efficacy of FDTR in
measuring the thermal conductivity of these solids enumerates the usefulness of the

technique across a broad range of variously conducting samples.
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Figure 3.9. Data and numerical fits for three standard solid materials. Reported values for
the thermal conductivity each of these standards is: Sapphire (25.1 W/mk), Quartz (6.1
W/mK) and Fused Silica (1.84 W/mK). Spot sizes were all ¥ 1 um, the tranducer thickness
was measured to be 113 nm.

As an additional check on the capabilities of the system, we measured the thermal
conductivity of lead sulfide (PbS) quantum dot (QD) thin films, a well-studied nanomaterial
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whose thermal conductivity is well established®*. We synthesized the PbS QDs via a
previously established method from our research group, identical to those used by Liu et
al*™>1 The density and heat capacity of the QD solid was assumed to be consistent with
that previously reported, as the QD preparation is the same and these properties both
depend exclusively on the relative mass fractions of the organic and inorganic components
within the thin film, which is well controlled by synthesis.?” The thickness of the QD films
was measured via AFM. From these results, as seen in Figure 3.10a, the established trend
of increasing thermal conductivity as a function of QD diameter in addition to the absolute

values of the thermal conductivities themselves are as measured previously (Figure 3.10b).
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Figure 3.10. Thermal conductivity of PbS QD thin films. (a) measured thermal conductivity
of quantum dot thin films with varying diameter. Inset, model of a single PbS QD,
reproduced from*®. (b) Previously measured thermal conductivity of PbS QD thin films
(green squares) by Ong, et al. Reproduced from?3.
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Chapter 4 — Ballistic Phonon Transport and Diffuse Interface
Scattering in 2D Lead Bromide Perovskites

The basis of this chapter has been submitted as:

N. S. Dahod, W. Paritmongkol, W. A. Tisdale, “Tunable Ballistic Transport and Diffuse
Interface Scattering Drive Thermal Transport in Hybrid Layered Two-Dimensional Lead
Bromide Perovskites”
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4.1 Introduction

Unlike the conventional semiconductors they seek to replace, bulk HOIPs are characterized
by ultralow thermal conductivities (0.34-0.73 W/mK), which are up to two orders of
magnitude lower than those for traditional semiconductors.’™ The thermal conductivity of
a solid is a macroscopic property defining the spatial temperature gradient developed in a
material in response to the absorption of a heat flux. Thus, a lower thermal conductivity
implies a larger temperature gradient is produced in a material for a unit of absorbed heat.
Put differently, a solid with a large thermal conductivity can dissipate a relatively large
quantity of heat without a significant rise in temperature. The microscopic mechanism by
which this macroscopic temperature gradient is established poses a deeper question, one

that can only be understood by careful analysis of the heat carriers in the material.

While in metals and other semiconductors with relatively large electron mobilities and
free-carrier concentrations electrons can help establish thermal equilibrium, in bulk HOIP
solids phonons (quantized lattice vibrational waves) are exclusively responsible for the
measured thermal conductivities.! From kinetic theory, the phonon thermal conductivity
can be expressed in terms of the product of the mean-free path (A, MFP), group velocity

(v), in addition to the heat capacity (C) of the phonons responsible for heat transport (k =
ngA). Preliminary reports have identified that the ultralow measured thermal

conductivities likely stem from a combination of factors such as low phonon group
velocities and high anharmonic scattering between phonon modes associated with the
lead-halide lattice and the small organic cation enclosed within it.>>= The elastic softness

of HOIPs corresponds to lower sound speeds of acoustic phonons, the longer wavelength
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vibrations responsible for thermal conductivity in conventional semiconductors.'®
Additionally, the presence of a high density of low frequency optical phonons that couple
anharmonically with these acoustic modes via multiphonon scattering processes leads to
very short estimated MFPs in HOIP solids (~1 nm).> Other studies, however, suggest that
the MFP of phonons may be much longer and contend that the phonon speeds are

exclusively responsible for the ultralow thermal conductivities of HOIPs.?

Although 2D LHPs are derived from their bulk counterparts, their natural structure more
closely resembles that of inorganic superlattices, multilayer periodic stacks of ultrathin
bulk semiconductor films. In many ways, 2D LHPs present as idealized superlattices, with
atomically abrupt interfaces between layers, minimal thickness variation throughout the
structure, and exceptional long-range order. In contrast, unlike all inorganic superlattices
2D LHPs are composed of phases with a large acoustic impedance mismatch and which are
bound to one another by weaker hydrogen bonding interactions. It should be noted,
however, that the impedance mismatch in 2D LHPs is far lower than for other organic-
inorganic hybrids, due to the relative softness of the perovskite subphase. Inorganic
superlattices showcase a variety of unique phenomena related to phonon transport, such
as extreme suppression of thermal conductivity due to the added thermal boundary
resistance between each film in addition to wave-like phonon transport in which collective
vibrations of the entire superlattice structure are largely responsible for thermal energy
transport.’71 |n the latter scenario, the wave nature of bulk phonons is maintained and
the material can be treated as its own bulk solid with distinct diffusive phonons, whereas
for the former the transport behaves as described by ballistic (minimally scattered)

phonons within each sub-layer that scatter exclusively with the boundaries between layers.
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To our knowledge, only one early study of phonon transport properties of 2D LHPs exists
at present. Guo et al. probed the existence and coherence time of coherent longitudinal
acoustic phonons of the entire 2D LHP multi-layer structure, determining that for MAPbI-
based 2D LHPs such modes exist but travel much slower and with far shorter coherence
times than observed for the bulk perovskite.r” These results suggest the possibility that
such modes may contribute to thermal conductivity in much the same way as observed in
inorganic superlattices. But, due to the likely significant anharmonic interaction between
the organic and inorganic subphases this contribution may be weak or altogether

negligible, a crossover well established for a variety of inorganic superlattices.?418-20

In pursuit of clarifying these questions as to how thermal energy is dissipated in 2D LHPs
and how suppressed the thermal conductivity is relative to the already ultralow value
measured for bulk HOIPs, we investigate the thermal transport properties of a variety of
PbBr based 2D LHPs. We report measurements of the heat capacity and thermal
conductivity of 2D (C«Hax+1NH3)2[MAPbBr3],.1PbBra perovskites at room temperature as a
function of both the octahedral layer thickness of the perovskite layer (n = 1,2,3) and the
organic spacer chain length (x=4,5,6,7,8) using differential scanning calorimetry (DSC) and
frequency domain thermoreflectance (FDTR) respectively. We observe ultralow thermal
conductivities (0.18 — 0.51 W/mK) for all 2D LHPs studied, which corresponds to minimal
suppression of thermal conductivity with respect to the bulk. The thermal conductivity is
found to increase monotonically as a function of both the octahedral layer thickness and
the organic chain length. We invoke a thermal conductivity model derived using the
Boltzmann transport equation for multilayer structures that exhibit ballistic transport with
diffuse interface scattering to understand the origins of these trends, and suggest that
thermal transport in the 2D LHPs studied is determined by interface scattering and the
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periodicity of the nanostructure rather than the thermal conductivity within either bulk
phase. Our results indicate the potential for independently tuning the thermal conductivity
to be higher than that observed in the bulk via organic spacer chemistry while also

shedding light on relevant phonon transport pathways in 2D LHPs.

4.2 Results and Discussion
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Figure 4.1. Left: Schematic of Frequency Domain Thermoreflectance (FDTR) measurement,
in which two coaxially aligned lasers are focused through a microscope objective and
reflected off of a gold (Au) thin film transducer, which has been exogenously deposited
atop a solid sample of interest (here small 2D LHP crystals). The pump laser sinusoidally
heats the transducer and thus the sample, and the corresponding modulations in the
reflected probe intensity inform on heat transport in the sample. The pump modulation
frequency, w, directly determines the penetration depth (§) of the heating in the

measurement according to the scaling relationship §~./a/w where «a is the thermal
diffusivity of the solid. Thus higher modulation frequencies correspond to shallower
heating depths. These frequencies are controlled in the experiment to maximize sensitivity
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of the signal to the sample of interest rather than the transducer or the substrate (black).
Right (top): Schematic of a typical n=2 2D LHP. The octahedral layer thickness, n,
corresponds to the number of pseudocubic unit cells within the inorganic subphase. Right
(bottom): Pictures of n=1,2,3 PbBr 2D LHPs. Although these are nanostructured materials,
their macroscopic composition is as solid crystals.

FDTR is a widely utilized optical metrology technique for monitoring thermal transport in
solids, small crystals, thin films, and even across molecular junctions such as self-assembled
monolayers.?1724 Herein, FDTR was implemented to analyze macroscopic 2D LHP crystals
synthesized using a method published previously (Figure 4.1). All crystals were adhered to
a glass substrate and coated with a thin Au film (100 nm). Briefly, two coaxially aligned
lasers are focused on the sample of interest through an objective lens, one of which (pump)
is intensity modulated while the other (probe) is not. Since the transducer used exhibits
linear thermoreflectance at the laser wavelengths/powers employed, the intensity of the
reflected probe light is modulated as the surface is heated by the oscillating pump. The
reflected probe light is separated from the pump and its phase lag across a range of pump
frequencies is catalogued using a lock-in detection scheme. This frequency response is fit
to a solution of the diffusion equation for the system geometry in order to extract the
thermal conductivity.”® In order to obtain reliable measurements of the thermal
conductivity, the transducer thickness, laser spot size, and heat capacity are measured

separately using profilometry, a CCD camera, and DSC respectively.
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4.2.1 Quasi-Ballistic Thermal Transport in 2D LHPs
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Figure 4.2. Left: Schematic of 2D LHP and approximation of it as a periodic multilayered
nanostructure. Parameters used to approximate each layer are shown within their
respective shaded region, and correspond to the layer thickness (d), volumetric heat
capacity (C) and sound velocity (v). Black arrows show phonon transport as represented by
model in Eg. 4.1. Phonons move via ballistic transport through each layer and scatter
diffusely (without memory) at the interfaces. Right: Measured thermal conductivity using
FDTR for n =1 BAPbBr and n = 2,3 BA:MAPbBr 2D LHPs at room temperature (open circles)
and via the theoretical model in Eq. 4.1.

At room temperature, the thermal conductivity of PbBr 2D LHPs utilizing butylamine as an
organic spacer (n=1 C4:PbBr and n=2,3 C4:MAPDbBr) increases monotonically with
octahedral layer thickness from 0.18 to 0.26 W/mK (Figure 4.2). These values represent an
approximately 50% reduction in the thermal conductivity from that measured for the bulk
(0.45 W/mK) both herein and reported elsewhere in the literature.? While suppression of
phonon transport is well documented for larger nanostructures?®, stemming from the
introduction of a classical size effect limiting phonon propagation as the system boundaries
approach the same length scale to the average phonon MFP, given that the layers in 2D
LHPs are only several unit cells thick at most such a moderate reduction is surprising. For
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instance, even if no reduction in the thermal conductivity within each subphase is assumed

(Linorganic + Lorganic _ LapLuP

and a simple series-resistance model ) is used to estimate the

inorganic ~ Korganic ~ K2DLHP
“upper limit” of the thermal conductivity for the 2D LHP in the diffusive transport regime,
the low thermal conductivity of the organic subphase (~0.1 W/mK for most short-chain
alkanes) actually predicts a lower thermal conductivity than measured (~0.15-0.21 W/mK
for n=1-3 C4 PbBr 2D LHPs). This is especially surprising given that this representation does
not account for any phonon scattering at the organic-inorganic interfaces between layers.
Semiconducting nanocrystal arrays, as an example, show a thermal conductivity reduction
of two orders of magnitude relative to their bulk values, due largely to the organic-
inorganic interfaces between the semiconductor crystallites and the passivating surface

ligands bound to their surface.?®

This suggests that unlike solids composed of nanocrystal arrays and nanoscale films made
from traditional semiconductors, the natural length scale of these 2D LHPs is not
appreciably smaller than the average MFP of heat carrying phonons within the
semiconductor phase. This is largely in agreement with several computational and
experimental studies in the literature, and reinforces the contention that thermal
transport in bulk HOIPs is limited by extremely short MFP phonons.”~” Additionally, and
more importantly, since the thermal conductivity is actually higher than that predicted
from traditional composite theory (even when neglecting interface resistances), the
dominant phonon scattering mechanisms within the material are likely fundamentally

different than in the bulk.

In order to understand the monotonic increase observed as a function of the octahedral

layer thickness, we utilize an expression for the cross-plane thermal conductivity, k, of
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periodic multilayer solids derived from the Boltzmann transport equation (BTE) and first

reported by Chen et al. for use with all-inorganic superlattices (Eq. 4.1):

1< 1 N 1 >—1(d1+d2)

k==
Civ; Gy 2

5 (Eq.4.1)

Where the subscripts denote the layer material, Ci is the volumetric heat capacity, vi is the
sound velocity, and di is the layer thickness.'! This equation, as may be expected intuitively,
bears much similarity both to the expression from kinetic theory as well as that for thermal
resistors in series. Specifically, this model suggests phonons that travel an average MFP

corresponding to the layer thicknesses and which experience resistance at those distances
. o . 1Y .
(the organic-inorganic interfaces) equal to the sum of the resistances (E) in each layer.

This precise expression is obtained for a periodic structure under the relaxation time
approximation, and examines the limiting case in which layers are very thin (with
periodicity comparable to the MFP of phonons within either film) and exhibit infinite long-
range order with minimal defects or heterogeneities in the layers. As a result, the transport
within each layer is ballistic and scattering only occurs at the interfaces, hence the series
representation of the resistances. Precisely, it should be noted that this representation of
the scattering at the interlayer interfaces describes fully diffuse inelastic phonon
scattering, meaning that phonons scattered at an interface share no phase relationship
with their previous state. This is to say, phonons leaving an interface are indistinguishable
regardless of whether they are propelled by reflection or transmission. This is in contrast
to specularly scattered phonons, which obey laws such as variants of Snell’s law upon
interaction with an interface. The diffuse scattering limit is then a very strong assumption,

in that it eliminates coherent phonon transport across interfaces. Accordingly, this
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assumption reflects the lowest predicted thermal conductivities for a model invoking
ballistic transport and appropriately fits inorganic superlattices in which diffuse scattering

is dominant at interlayer interfaces.!!

Each of these assumptions, while limiting for most inorganic superlattices, are actually
rather appropriate for 2D LHPs as described above. Importantly, as stated the assumption
of very thin layers necessitates that phonon transport within each layer is completely
ballistic. Given the extremely short MFPs of bulk HOIPs this seems an appropriate
assumption for the inorganic phase. >~/ Although, it should be stressed that owing to this
extremely short MFP and the especially thin inorganic layer thicknesses employed by 2D

d: .
LHPs, addition of another in series resistance corresponding to the diffusive <M>
kmapbBrpulk

contribution would minimally impact the predicted conductivity. Most significantly, this
assumption completely replaces the ultralow thermal conductivities of liquid alkanes with
significantly faster ballistic thermal transport across the molecular junctions that comprise
the organic subphase. Such behavior has been observed elsewhere as ballistic heat

transport across the molecular junctions within self-assembled monolayers?’-28.

We find reasonable agreement between the diffuse inelastic superlattice (DIS) model in Eq
1 and our data when using bulk values for the heat capacity and sound speed within the
perovskite layers, sound speeds for bound alkanes extracted from previous studies on
SAMs?® and CdSe quantum dots®®, and heat capacities for liquid alkanes (which have
comparable densities to the organic subphase in 2D LHPs). While it is routine to
approximate the phonon group velocity as the sound speed, using the volumetric heat
capacity can become tenuous when optical phonons that contribute significantly to the
heat capacity do not contribute to thermal transport. This, however, does not seem to be

the case for HOIPs since optical phonons contribute heavily to thermal conductivity.?
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Additionally, we find that measurements of the 2D LHP heat capacity are consistent with
those estimated from mass-weighted averages using these bulk values (Figure 4.3),
suggesting the assumption that the nanoscale subphases retain their bulk heat
capacities/sound velocities is reasonable. Such observations have been observed for other
composite nanomaterials such as quantum dots, wherein the vibrational density of states
(vDOS) of the nanomaterial is simply the sum of the vDOS of the organic (ligand) and

inorganic components.??
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Figure 3. Experimentally (via DSC) measured (purple) values for the specific heat of 2D LHPs
with various organic spacer molecules (chain length C) and octahedral layer thicknesses (n) roughly
agree with those predicted (red) with a mass-weighted average from bulk heat capacities (C,p pp =

XCrapbprpuik T (1 = %) Carkane,puik)-

Increasing the octahedral layer thickness of 2D LHPs, using the DIS model, should lead to
an increase in the thermal conductivity solely from the increase in the period thickness, as
we observe. This is the case since the interfaces provide the same thermal resistance
regardless of the octahedral layer thickness, and the phonon transport within the
perovskite layer is ballistic. The latter directly requires that a thicker layer lead to a larger

thermal conductivity as phonons can transport thermal energy further before scattering at
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the interfaces. This also potentially explains why the increase in thermal conductivity for
n=3 C4:MAPDbBr is less than predicted by the DIS model, because for 2D LHPs with n>2 the
perovskite layer thickness is potentially longer than the MFP of phonons moving within this
phase. As a result, the decrease in measured thermal conductivity for n=3 C4:MAPbBr with

respect to theory may be due to phonon-phonon scattering within the perovskite layers.

4.2.2 Engineering the Organic Spacer for Enhanced Transport

a) b)

L | 1.0 |
xé Theory T o B s
«2; 0.8 _— O Experiment —_ - Té 0.8 _— __
> ES
s 06 - 8306 _
S | BulkMAPBBr . 1 F8 | |
3 o5
S 04— — % =04+ _
T o2l o 1 88 )
£ 021 Cﬁ — 8 0.2 _
50 1R _
= 00 l | | | | 0.0 1 | | I |

4 5 6 7 8 4 5 6 . 7 8

Carbon Chain Length Carbon Chain Length

Figure 4.4. a) Measured thermal conductivity using FDTR for n = 1 PbBr 2D LHPs at room
temperature (open circles) and via the theoretical model in Eq. 1 as a function of the chain
length of the organic spacer subphase. b) Calculated relative thermal transmittance ratio

(%) for the organic spacers used in (a) based on bulk heat capacities and sound speeds
1vY1

measured from SAMs & alkyl ligands bound to quantum dot surfaces.

In order to probe this behavior further we measured room temperature thermal
conductivities for n=1 PbBr 2D LHPs with varying organic spacer chain lengths (butylamine-
octylamine). Increasing the length of the carbon chain for the organic spacers used actually
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influences the thermal conductivity through several channels (Figure 4.4). Firstly, the
period thickness of the organic layer naturally increases consistently with the length of the
carbon chain. The sound speed through the bound organic molecule increases by a factor
of three, which is much faster than the modest (< 10%) decrease in the heat capacity. Thus,
the thermal transmittance (C,v,) and the period thickness both increase with the length
of the organic spacer molecule, without affecting the perovskite layer (Figure 4.4b). As
before, the measured thermal conductivity is well-approximated by the DIS model, within
instrumental error. Consequently, increasing the carbon chain length of the organic spacer
leads to a monotonic increase in the thermal conductivity of the 2D LHP to 0.51 W/mK for
n=1 C8:PbBr. That the thermal conductivity of this 2D LHP actually meets that of bulk
MAPDbBr, while striking, is consistent with expectations from the DIS model. In fact, this
behavior highlights an interesting consequence of the DIS model, that the thermal
conductivity of 2D LHPs are, in principle, not influenced by any of the mechanisms that
lead to the ultralow thermal conductivity of bulk perovskites. As long as the transport

within both sub-phases remains ballistic, the only determinants for thermal conductivity

. . (C . : :
are the thermal transmittance ratio (CZ—ZZ) and the period thickness. Thus, for relatively
11

large thermal transmittance of the organic sub-phase the thermal conductivity will reach
a theoretical maximum dependent solely on the period thickness and the thermal
transmittance of the perovskite layer. It must be stressed that such a maximum is actually
far above what we probe herein, and would actually significantly exceed the thermal

conductivity of bulk MAPbBr.
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4.3 Conclusions

In summary, we have measured the thermal conductivity of a series of alkylammonium
lead bromide 2D LHPs. We have observed ultralow thermal conductivities ranging from
0.18 — 0.51 W/mK, revealing minimal thermal conductivity suppression relative to bulk
MAPDbBr perovskites. The thermal conductivity is found to increase monotonically as a
function of both the octahedral layer thickness and the organic chain length. Using a
thermal conductivity model derived using the Boltzmann transport equation for multilayer
structures that exhibit ballistic transport with diffuse interface scattering to understand
the origins of these trends, we suggest that thermal transport in the 2D LHPs studied is
determined by interface scattering and ballistic transport across the organic subphase
rather than phonon scattering within either bulk phase. The efficacy of this model suggests
that the unexpectedly high thermal conductivities of 2D LHPs relative to other hybrids and
nanomaterials stem from several unique facets of this material. First, the short MFPs of
bulk MAPbBr perovskites allow for atomically thin inorganic layers that do not exhibit
significant suppression of phonon transport. Second, the use of molecular junctions as
organic spacers incorporates a subphase that, owing to the unique ballistic transport
across these junctions, is actually more conductive that the perovskite layer. Thus, 2D LHPs
discard the phonon-scattering pathways that limit bulk perovskites in exchange for
interface scattering that can be dexterously controlled via the chemistry of the organic
subphase. As a result, 2D LHPs can in principle support thermal conductivities an order of
magnitude higher than bulk perovskites. Or, since they may be designed to have bulk-like
thermal properties as nanocomposites where advantageous and deviant behavior where
bulk properties would be deleterious, these materials can be engineered to have even

lower thermal conductivities (as for thermoelectric devices). Most critically, since the
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thermal transport in these materials is driven by ballistic phonon conduction across the
organic subphase, the inorganic subphase, and thus the prodigious optoelectronic
properties of 2D LHPs, will be largely uncoupled from these pursuits in thermal

engineering.
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Chapter 5 — Direct Observation of Composite Vibrational Modes in
2D Lead Halide Perovskites via Low Frequency Raman
Spectroscopy

The basis of this chapter has been submitted as:

N. S. Dahod, A. France-Lanord, W. Paritmongkol, J. C. Grossman, W. A. Tisdale, “On the
Low Frequency Raman Spectrum of Layered Two-Dimensional Lead-lodide Perovskites”
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5.1 Introduction

The low frequency vibrational spectrum of these materials, which informs on the phonons
supported by the crystal, provides useful fundamental insight into a variety of important
phenomena relevant for device engineering. For example, with respect to bulk MAPbIs,
Raman spectroscopy is utilized to help identify localized crystallographic transformations
or degradation pathways, particularly those that couple with the electronic behavior of the
materiall. Additionally, this technique provides critical corroborating details for analysis of
various particle-phonon scattering processes (e.g. electron-phonon, phonon-phonon,
spin-phonon), such as the energies and lifetimes of relevant optically active phonon
modes?3. These mechanisms are essential to developing quantitative models for energy
transport in devices that incorporate these materials. This utility can be extended to
include experimental verification of theoretical calculations of important relationships
such as the phonon dispersion and vibrational density of states, typically through
techniques such as density functional theory or molecular dynamics simulation*=. Finally,
for hybrid organic-inorganic materials, wherein phases of incongruous elastic properties
commingle, Raman spectroscopy can help elucidate the vibrational overlap between the
constituent phases. Since the inorganic component of perovskites like MAPbIz are so much
heavier than the organic components these coupled inorganic-organic phonon modes are

only observed at low frequencies (<150 cm™).

For bulk lead halide perovskites, the observed low-frequency Raman spectrum has been
found to be particularly sensitive to the crystal structure of the material*®2. In particular,
for higher temperature phases in which the translational and rotational freedom of the A-
site cation is unlocked, a broad central (0 cm™) peak is observed and ascribed to the local
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polar fluctuations of this cation®. At lower temperatures, particularly in the orthorhombic
crystal phase, for which the cation is largely immobilized, well-resolved features are
obtained, although in many cases these features remain dynamically broadened by local
inhomogeneities in cation positioning. Nonetheless, density functional theory calculations
verify that the low frequency phonon modes arise due to both lead-halide cage modes

(octahedral distortions) and associated coupled movement of the organic cation.*’

Layered perovskite-type compounds (sometimes called low-dimensional networked
perovskites or n=1 2D LHPs), another material system analogous to 2D LHPs in which single
atomic layers of BXs octahedra are separated by an organic sublayer have also been
investigated preliminarily with Raman spectroscopy.®*? As for bulk perovskites, these
compounds exhibit low frequency Raman-active phonon modes that are attributed to
octahedral twists and distortions, which are coupled to the motions of the molecules
within the organic subphase. These modes, as for bulk perovskites, are also dynamically

broadened by molecular motion of the organic subphase.

In this chapter we discuss the low frequency Raman spectrum of various Pbl 2D LHPs, as a
function of A-site cation (MA, FA), octahedral layer thickness (n=2-4), and organic spacer
chain length (butyl-, pentyl-, hexyl-). Using Density Functional Theory (DFT) calculations
under the harmonic approximation for n=2 BA:MAPbI we assign several LO/TO phonon
modes between 30-100 cm™, the eigendisplacements of which are analogous to that
observed previously for octahedral twists/distortions in bulk MAPbI. Additionally, we
suggest that further low frequency modes below this band (< 30 cm™) may be zone-folded

longitudinal acoustic phonons corresponding to the periodicity of the entire layered
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structure. We validate this tentative assignment in the context of all inorganic superlattices
using the Rytov elastic continuum model for zone-folded dispersion in layered structures.
Our results are consistent across the various 2D LHPs studied herein, with energetic shifts
of optical phonons corresponding to microscopic structural differences between materials
and energetic shifts of acoustic phonons according to changes in the periodicity and elastic

properties of the perovskite/organic subphases.

5.2 Results & Discussion

5.2.1 Identification of Modes in the Low Frequency Raman Spectrum of n=2 BA:MAPDI
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Figure 5.1. a) Space filling model extracted from single crystal X-ray diffraction for triclinic
crystal structure of n = 2 BA:MAPbI and phase bar showing structural transitions and
approximate transition temperatures. The red dotted line traces a single unit cell. b) Low
frequency Raman spectrum at room temperature (red) and 77 K (blue). Raman frequencies
and activities predicted from DFT calculations (green). c) Calculated dispersion for folded
Brillouin zone from the Rytov model.
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The measured Raman spectrum of n=2 BA:MAPbI perovskite crystals is shown in Figure
5.1b. At room temperature, the observed spectrum is dominated by a large peak centered
at 0 cm™. Analogous to the higher temperature Raman spectra of bulk MAPbI3 perovskite,
this central peak likely arises due to the presence of local polar fluctuations of the organic
cations (both the A-site cations and the longer chain spacers). Specifically, interactions
between the cations and the inorganic lattice, due to translation/rotation of the former,
over a range of time scales (~0.3-3 ps for MA cations in MAPbI3) fast relative to the
lifetimes of the Raman-active phonons leads to a broad peak in the frequency domain
centered at 0 cm™.513 While it is not immediately discernable which cation contributes
more to the central peak observed, it is well established that at room temperature both
components exhibit significant dynamic disorder.'* Although the crystal structure of the
2D LHP is orthorhombic owing to the larger periodicity inherent in the material, the
inorganic sub-lattice closely approximates that of cubic MAPbI3, leaving a cavity large
enough for the MA cation to rotate. Additionally, both x-ray diffraction measurements and
thermal analysis certify that the BA molecules in the organic subphase behave, analogous
to self-assembled monolayers, as liquid molecules bound to a two dimensional surface.
Although virtually all Raman features disappear beneath this central peak at room

temperature, one mode at ~44 cm™ remains visible.

In order to reduce the central peak and study the low frequency vibrational spectrum of
the material, data was collected at 77 K, which is far below the freezing point of the organic
subphase. At these temperatures, the crystal structure differs somewhat from that at room

temperature. The 2D LHP as a whole is characterized by a lower symmetry triclinic
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structure (Figure 5.1a), owing to the contraction of the organic subphase during freezing
and a distortion of the inorganic sub-lattice in response. At this temperature, several
phonon modes between 20-100 cm™ become visible. In addition to these modes, however,
the MA cation still exhibits some dynamic disorder and thus the central peak is still present

in this spectrum.

First principles lattice-dynamics calculations were performed under the harmonic
approximation, using the experimentally determined triclinic crystal structure as an input,
in order to determine the vibrational modes of the material, the Raman intensity
corresponding to each mode, and the real-space vector displacements within the crystal
corresponding to each mode (see Methods section). The brightest Raman-active modes
determined in this fashion were then utilized to assign the experimentally obtained
spectrum at 77 K. As the calculations were performed at O K under the harmonic
approximation, small shifts (of about 4-5 cm™) between the calculated and experimental
frequencies was expected. The harmonic approximation does not consider anharmonic

bond expansion at non-zero temperatures, which leads to said shifts.

We separate our discussion of the observed/calculated modes into three distinct bands:
those above 50 cm™, those between 30-50 cm™, and those below 30 cm™. Above 50 cm™,
one distinct mode is observed at 100 1 cm™. While this frequency is likely still too low for
the observation of isolated vibrations within the aliphatic chains of the organic subphase,
the coupling of molecular modes to inorganic vibrations in bulk MAPbI; leads to Raman
active vibrations in this region.* Density functional theory calculations of n=2 BA:MAPbI

suggest that this is indeed the case for these layered crystals as well. Experimentally, this
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peak appears with relatively low intensity, in agreement with the low calculated activity of
the mode, and large FWHM as a result of inhomogeneous broadening with respect to the

MA cation.

Between 30-50 cm, several Raman-active modes corresponding to octahedral
twists/distortions are observed experimentally. In particular, a sharp mode at 47.5 +0.1
cmt can be clearly resolved in addition to several overlapping peaks between 30-40 cm™.
While these modes are appreciably sharper than those observed at higher frequency, they
are well fit by Gaussian lineshapes, suggesting significant inhomogeneous broadening
remains. This broadening could be the result of either strain-induced deformation of the
inorganic lattice or a distribution of equilibrium positions with respect to the MA cation,

both of which are observed via X-ray diffraction measurements.

Below 30 cm?, one prominent Raman-active vibrational mode is observed experimentally
for the n=2 BA:MAPbI 2D LHPs. Interestingly, there are no corresponding bright Raman
modes calculated from DFT. The energy of this mode is comparable to that observed for
an octahedral twist (TO) mode in bulk cubic MAPbIs, but the equivalent vibrational mode
is not observed with significant Raman activity in our calculations. Our calculations do,
however, reveal one mode in the vicinity of that measured experimentally, but with much
lower intensity than observed. We suggest that if this calculated mode contributes to the
peak observed experimentally, then it does so at a comparable intensity to the peak
observed at 100 cm™. Such a peak would likely not be distinguishable atop the growing
background produced by the central peak at low wavenumbers, hence we suggest an

alternative vibrational mode may be responsible for this feature.

111



While density functional theory calculations provide deep insight into the phonon
dispersion within the first Brillouin zone as determined by the crystallographic unit cell, it
cannot provide insights into the effect of periodicities comparable to or longer than this.
For most crystals this is largely irrelevant as no such periodicities exist, but for periodic
nanostructures such as 2D all-inorganic superlattices this difference is critical to
understanding the low frequency phonon dispersion (and Raman spectrum as a result).
The longer cross-plane periodicity (d) introduced by the stacking of materials with differing
elastic properties atop one another can lead to phonon dispersion corresponding to the
“mini” Brillouin zone (with wavevector less than m/d). Within this mini Brillouin zone
acoustic phonon branches are “zone-folded” and even form mini gaps in their dispersion
for wave vectors that satisfy the Bragg condition. This phenomenon is analogous to the
formation of electronic bandgaps for an electron in a periodic potential well (described by

the Kronig-Penney model).

Additionally, because these zone-folded acoustic modes have non-zero frequency at the
zone center they are optically active and can be probed with Raman spectroscopy. Such
phonons are well established for various all-inorganic superlattices® ™ and have even
been observed in some organic-inorganic layered materials?®. Finally, the longitudinal
zone-folded acoustic modes for those cases wherein the interface between layers is sharp
and the dispersion can be approximated as linear near the zone center can be well
represented with a simple continuum model (very similar in derivation to the Kronig-

Penney model) first given by Rytov:
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cos(kd) = cos (wdl) cos (w—dz) _ Lt sin (wv—dl) sin (w—dz) k=22 (Eg. 5.1)

U1 V2 P22

where k is wavevector, w is frequency, v1, are sound velocities, d1, are layer thicknesses,

and p1,2 are mass densities within each phase.

As discussed in the previous chapter, in many ways 2D LHPs exemplify an ideal superlattice,
as they consist of atomically abrupt interfaces, virtually no crystalline heterogeneities (as
evidenced by their well-established octahedral thickness purity), and very long-range order
stemming from their growth as single crystals'*. Importantly, though, 2D LHPs involve a
significant mismatch in the elastic properties of the organic and inorganic subphases.
Coherent longitudinal acoustic phonons near 0 cm™ (optically inactive) have actually been
observed for this variant of 2D LHPs using stimulated Brillouin scattering, although whether
or not these materials exhibit zone-folding has not been discussed.’! As a result, we
suggest the use of the Rytov model for phonon dispersion within the mini Brillouin zone to

describe the longitudinal acoustic (LA) phonons inherent to 2D LHPs.

Using bulk values for the sound velocity and density in the inorganic sub-lattice and those
measured for SAMs and bulk liquids for the organic subphase, in addition to layer
thicknesses as calculated by single crystal X-ray diffraction we calculate the zone-folded
phonon dispersion for n=2 BA:MAPbI (Figure 5.1c). Unsurprisingly, owing to the low sound
velocities of both subphases this dispersion is characterized by largely dispersionless
branches. Additionally, the large mismatch between the acoustic impedances of the
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subphases (directly calculated via k as ~25.1) opens the calculated band gaps appreciably
from those calculated for all inorganic superlattices.'® This calculation reveals an optically
active zone-folded LA phonon mode at 25.2 cm’, in excellent agreement with that
observed experimentally. Thus, we tentatively assign the prominent peak at 25.2 cm™ as a
zone-folded LA phonon of the superlattice. It should be noted that we do not expect any
higher frequency zone-folded modes to be present in our spectra, as such modes would
extend beyond the first Brillouin zone of the 2D LHP. Additionally, although the Rytov
dispersion suggests further zone-folded LA modes at lower frequencies, these modes are
likely hidden by a combination of the optical filter used to suppress the Rayleigh line (onset
at ~20 cm™) and the increasingly high intensity contribution of the central peak at lower
wavenumbers. As we will show briefly, for 2D LHPs with a less influential central peak, we

can resolve even these zone-folded LA phonons.
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5.2.2 Altering the A-site Cation and Corroboration of Zone-Folded Acoustic Vibrations
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Figure 5.2. a) Space filling model extracted from single crystal X-ray diffraction for triclinic
crystal structure of n = 2 BA:FAPbI and phase bar showing structural transitions and
approximate transition temperatures. b) Low frequency Raman spectrum at room
temperature (red) and 90 K (blue). c) Calculated dispersion for folded Brillouin zone from
the Rytov model.

In order to further investigate the nature of the modes assigned above, we vary the identity
of the A-site cation in the 2D LHP from MA to the larger formamidinium (FA). As for bulk
lead halide perovskites, this substitution does not appreciably change the crystal
symmetry. At room temperature, the organic subphase is disordered and the space group
is orthorhombic. Similarly, below the 2D melting point of the organic subphase the
symmetry is reduced to a triclinic P-1 cell, with ordered and oriented organic molecular
chains (Figure 5.2a). One key difference between the 2D LHPs arises from the relative
stiffness of the FAPbI inorganic sublattice as compared to that of MAPbI. Perovskites
utilizing the large FA cation in the A-site are appreciably less stiff (lower elastic modulus)
than analogous perovskites with smaller central cations.?? This is likely because the large
FA cation, which is essentially as large a cation as can be sustained by the octahedral

network (quantified by a near unity Goldschmidt tolerance factor), stretches the size of the
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unit cell. The longer bond lengths correspond to weaker elastic stiffness and consequently

a lower sound velocity for effectively the same material density.?>?3

Owing to their structural similarity, the room temperature low-frequency Raman spectrum
of n=2 BA:FAPbI is almost identical to that acquired for n=2 BA:MAPbI (Figure 5.2b). At
cryogenic temperatures, analogous peaks above 25 cm™ are observed and likely
correspond to the same eigendisplacements calculated for the n=2 BA:MAPbl 2D LHP
above. The zone-folded LA mode, however, actually red-shifts slightly to 24.8 +0.2 cm™?
from that measured for n=2 BA:MAPbI. This slight shift intuitively stems from the lower
sound velocity of the FAPbI sub-lattice, a relationship that is well represented by the Rytov
model, which predicts a decrease in the zone-folded LA mode by ~0.1 cm™ (Figure 5.2c).
The characteristic frequency of the inorganic medium, given by vi/d;1 in Eq. 5.1, is directly
proportional to the sound velocity of the material for roughly equivalent slab thicknesses.
Additionally, and somewhat surprisingly, several lower frequency phonon modes are
observed between 10-25 cm™. The phonon energy of these modes are all consistent with
the phonon dispersion given by the Rytov model for n=2 BA:FAPbI, thus we tentatively
assign all of these modes as zone-folded LA phonons as well. This agreement over several
different branches of the Rytov dispersion further validates our incorporation of said
model into our analysis. We attribute the appearance of these additional peaks in the FA
spectrum to a decrease in the dynamic disorder exhibited by the larger, likely sterically
limited, FA cation. This consequentially decreases the intensity of the central peak below
20 cm™ where the optical filter begins attenuating the Raman signal, allowing for the

resolution of features previously unobserved.
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5.2.3 Independent Tuning of Acoustic/Optical Modes via Inorganic Layer Thickness
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Figure 5.3. a) Space filling model extracted from single crystal X-ray diffraction for triclinic
crystal structure of n = 4 BA:MAPbI and phase bar showing structural transitions and
approximate transition temperatures for both n =3 and n=4 BA:MAPbI. External octahedra
are highlighted in teal while internal octahedra are highlighted in purple. The red dotted
line traces a single unit cell. b) Low frequency Raman spectrum of n=4 BA:MAPbI at room
temperature (red) and 77 K (blue). ¢) Low frequency Raman spectrum of n=3 BA:MAPDbI at
room temperature (red) and 77 K (blue). d) Optical phonon energy as a function of
octahedral layer thickness. Bulk value is obtained from Ref. 4. e) z-f LA phonon energy as a
function of octahedral layer thickness.

Increasing the Pbl octahedral layer thickness, n, does not significantly impact the overall
symmetry of the 2D LHP. Both n=3 and n=4 2D LHPs retain orthorhombic space groups at
high temperature and low symmetry triclinic cells below the freezing point of the organic
subphase (Figure 5.3a). Consequently, at all temperatures and n-values the Raman spectra
remain qualitatively the same (Figure 5.3b, c). One subtle distinction arises from the
presence of Pbl octahedra with differing local symmetry for higher values of n. Specifically,
although for n=2 all octahedra interact with the ammonium ions from both the organic

|II

spacer and MA, higher n 2D LHPs have additional “internal” octahedra that only engage in
hydrogen bonding with MA. For these internal octahedra, the local environment is

identical to that of bulk MAPbIs. External octahedra, on the other hand, are categorized by
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axial bond-length asymmetry, wherein the axial Pb-l bond lengths are distorted
significantly from the values for bulk Pb-I. Since the optical phonons assigned for bulk
MAPbI; previously, as well as their analogs assigned for n=2 BA:MAPbI above, are twists
and distortions of presumably identical octahedra, it is expected that asymmetry therein
would lead to slight changes in the phonon energies. Indeed, at cryogenic temperatures
we observe slight red shifting of the prominent optical cage mode as n is increased (Figure
5.3d). This is to say, as the relative quantity of internal octahedra is increased the phonon

energy shifts towards its bulk value (45 cm™).4

Changing the inorganic slab thickness alters the periodicity and the characteristic
frequency within the Rytov model, and thus should lead to some variation of the zone-
folded LA Raman features from those observed for n=2. As for the n=2 2D LHPs discussed
above, higher n 2D LHPs also appear to support such zone-folded LA modes, although at
increasing values of n it should be noted that as for the optical mode discussed above, the
higher frequency optical modes (such as that analogous to the bulk MAPbIs observed near
26 cm™) will likely soften and begin to overlap the LA phonons. At high enough n-values,
the periodicity of the 2D LHP will be too large relative to the wavelength of the phonons,
and they will likely cease to be observed. This, naturally, is another expression of the
tendency towards bulk properties of a nanomaterial as its characteristic size is increased
relative to the relevant characteristic length of confinement. The increase in period
thickness for n=3&4 BA:MAPDbI leads to a reduction of the characteristic frequency, which
is large enough to yield an increase in the number of branches within the mini-Brillouin
zone. This additional branch intersects with the zone center at values comparable to those
observed experimentally (Figure 5.3e). Interestingly, for n=3, two branches intersect the
zone center at frequencies within the linewidth of the feature we have assigned as a zone-
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folded acoustic phonon, implying that this feature is potentially a doublet. Observing this
experimentally herein is unlikely given the inhomogeneous broadening apparent in all

observed Raman features for 2D LHPs with MA A-site cations.

5.2.4 Preservation of Composite Vibrational Spectra for Different Organic Spacers
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Figure 5.4. a) Space filling model extracted from single crystal X-ray diffraction for triclinic
crystal structure of n = 2 PA:MAPbI and phase bar showing structural transitions and
approximate transition temperatures. b) Low frequency Raman spectrum at room
temperature (red) and 77 K (blue). c) Space filling model extracted from single crystal X-
ray diffraction for monoclinic crystal structure of n = 2 HA:MAPbI and phase bar showing
temperature invariance of crystal structure. d) Low frequency Raman spectrum at room
temperature (red) and 77 K (blue).

In addition to varying the perovskite sublattice, we also synthesized 2D LHPs insulated with
various organic spacer molecules. Specifically, we varied the alkyl chain length of the
organic subphase from a four carbon chain (above) to five and six carbon chain alkylamines.
At cryogenic temperatures (well below the freezing point of the hexyl and pentyl amine
subphases), the crystal structures vary slightly from those observed for the 2D LHPs that
utilize BA as an organic spacer. Rather than a triclinic space group, the hexylammonium-

spaced 2D LHPs are described by monoclinic unit cells at 77 K. Additionally, since these unit
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cells contain many more atoms than for triclinic n=2 BA:MAPbI, it was infeasible to carry
out DFT calculations for these materials. Since the optical modes we observe in our Raman
measurements are primarily inorganic perovskite cage modes, however, and given the
qualitative similarity between our results for all 2D LHPs, we hypothesize that the modes
we observe are analogs of those assigned above for n=2 BA:MAPbI. Interestingly, the
relative intensity of the cage modes between 25-45 cm™ increases significantly with the
symmetry of the crystal structure, a trend which qualitatively matches that observed for
bulk lead halide perovskites via DFT calculations. # This suggests that the increased

symmetry leads to less splitting of phonon modes and thus higher Raman intensity.

Altering the chemical composition of the organic subphase naturally impacts the zone-
folded LA phonons as well, which are observed for both PA and HA 2D LHPs studied herein.
Changing the chain length of the organic spacer alters the density, period thickness, and
the sound speed within this medium, all of which influence the phonon dispersion as
modeled by Eq. 5.1. The changes in density are relatively minute and do not appreciably
alter the calculated dispersion within the mini-Brillouin zone. The increases in sound
velocity and period thickness, on the other hand, both compete in influencing the
characteristic frequency (v2/d2) of the organic subphase and consequently affect the
expected frequency of the LA phonons. As a result, although increasing the organic chain
length from 4 to 5 carbons increases the period thickness, it also leads to a much larger
increase in the sound velocity through the organic medium, hence an increase in the
measured frequency of the LA mode is both calculated and observed. Further increasing
the chain length to 6 carbons continues to increase the chain length but does not lead to
as significant of an increase in the sound velocity, and so the measured frequency actually
decreases. This agreement corroborates both our assignment of these modes as coherent
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LA vibrations of the 2D LHP superlattice and also the efficacy of the Rytov model in
describing the phonon dispersion that gives rise to them. It also highlights the manner in
which the vibrational and structural properties of the organic subphase can uniquely
control the vibrational properties of these materials without simultaneously influencing

the optical properties.

5.2.5 Temperature Evolution of Raman Modes for 2D LHPs
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Figure 5.5. a) Low frequency Raman spectrum of n=2 BA:MAPbI at various temperatures
between room temperature and 77 K. b) Phonon mode softening for primary optical mode.
¢) Phonon mode softening for zf-LA mode. d) Temperature dependence of FWHM for
primary optical mode. e) Temperature dependence of FWHM for zf-LA mode.

Across the melting transition of the organic subphase, the phonon energies soften
discontinuously and the linewidth increases dramatically; this occurs in concert with the
effects of a larger central peak in the high temperature phase. Across solid-solid phase
transitions, such as that observed for n=2 PA:MAPbI between 200 Kand 250 K, pronounced
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mode softening occurs gradually over the temperature range associated with the
transition. As observed for the synthetically-controlled structural changes discussed above,
in each of these cases the deviation in phonon energy is likely the result of changes in the

symmetry and bond lengths of the atoms associated with said transitions.

In addition to the pronounced spectral changes observed across phase transitions within
the various 2D LHPs, we also observe temperature-dependent phonon energy and
linewidth shifts in the absence of such transformations (Figure 5.5). Each phonon mode
discussed above exhibits the same trend, phonon mode-softening (red shift) as the
temperature of the lattice is increased, along with a slight inflation of the measured peak
linewidth. Mode softening with increasing temperature is a widely reported phenomenon,
typically attributed to anharmonic lattice characteristics such as thermal expansion.
Thermal expansion is observed via powder x-ray diffraction for 2D LHPs, and the
lengthening of each bond in the lattice naturally leads to a lower force constant for each
phonon mode in the Raman spectrum, hence a lower measured frequency. Within the
Rytov model for the zone-folded LA phonons, this same behavior is captured via changes

in the density and elastic parameters of the lattice.

The increase in linewidth as a function of temperature is somewhat unexpected, given the
energy of the phonon modes studied herein are all well below ksT. Far below kgT, the decay
of phonons into lower energy phonons ceases to become temperature dependent, and as
seen for inorganic semiconductor quantum dots with organic ligands the Raman linewidth
also ceases to vary as a function of temperature.?* Lead halide perovskites, however,
exhibit a significant degree of homogeneous broadening owing to the multitude of degrees

of freedom available to the organic cations employed, the extent of which is temperature
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dependent.* At higher temperatures increasing degrees of freedom for cation rotation are
unlocked, leading to a wider continuum of energies distributed throughout the lattice, and
thus a broader observed Raman mode. It should be reiterated, though, that our observed
Raman modes are all best fit by Gaussian lineshapes, implying that inhomogeneous
broadening due to the variable orientation of the different organic cations is largely
responsible for the measured peak width. In the absence of a phase transition such as

those described above, this broadening should not be temperature dependent.
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5.3 Conclusions

In summary, we have probed the low frequency Raman spectrum of various Pbl 2D LHPs,
as a function of A-site cation (MA, FA), octahedral layer thickness (n=2-4), and organic
spacer chain length (butyl-, pentyl-, hexyl-). We observe a broad central peak, similar to
that observed for bulk perovskites, likely due to anharmonic fluctuations in the positions
of the organic cations. We see that the influence of this peak decreases below the freezing
point of the organic subphase, at which temperatures several sharp Raman features are
distinguished. Using Density Functional Theory calculations under the harmonic
approximation for n=2 BA:MAPbI| we assign several LO/TO phonon modes between 30-100
cm, the eigendisplacements of which are analogous to that observed previously for
octahedral twists/distortions in bulk MAPbI. Additionally, we suggest that further low
frequency modes below this band (< 30 cm™) may be zone-folded longitudinal acoustic
phonons corresponding to the periodicity of the entire layered structure. We produce this
tentative assignment in the context of all inorganic superlattices, and correspondingly use
the Rytov elastic continuum model for zone-folded dispersion in layered structures to
quantify this analogy. Our results are consistent across the various 2D LHPs studied herein,
with peak shifts in optical phoons corresponding to microscopic structural differences
between materials and peak shifts in acoustic phonons according to changes in the

periodicity and elastic properties of the perovskite/organic subphases.

On one hand, our results indicate the similarity between 2D LHPs and their bulk
counterparts, as all optical modes observed are analogs of bulk phonons, with minimal
changes resulting from the additional organic cation and nanostructured length scale. This
supports the hypothesis that 2D LHPs are truly hybrid materials in which the organic spacer
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subphase, much like the A-site cation, does not fundamentally alter the dispersion relation
of the Pbl inorganic cages. Instead, the vibrational density of states for 2D LHPs more
closely resembles the sum of each of these phases, as has been observed for other organic-

inorganic hybrid nanomaterials.?

Our observation of ostensibly coherent acoustic phonons, on the other hand, suggests that
although 2D LHPs are analogous to their bulk counterparts in many ways they may be
capable of supporting acoustic phonons not accessible to MAPbI. These phonons may
prove important for understanding a variety of phenomena related to heat transport in
these nanomaterials. For instance, as has been observed for inorganic superlattices that
exhibit zf-LA phonons, thermal transport in these systems may proceed by wave-like
phonon transport through which these long wavelength phonons scatter off of one
another without regard for the organic-inorganic interfaces that usually limit hybrid

organic-inorganic nanostructured semiconductors.?®
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5.4 Methods

5.4.1 Low-Frequency Raman Spectroscopy

Raman spectra were collected using a home-built instrument described in a previous
publication. Spectra were obtained in a backscattered geometry through an inverted Nikon
microscope (60x, 0.6 NA objective). A 785 nm narrow-band excitation source was filtered
from undesirable amplified spontaneous emission using a series of cleanup filters (laser
and filters from Ondax). The Rayleigh line was minimized by passing the collected signal
through a set of volume holographic grating notch filters (from Ondax) before being
dispersed in a 0.5 m focal length spectrograph (SP-2500, Princeton Instruments) using a
1200 g/mm and 750 nm blaze grating, and ultimately imaged on a cooled CCD camera
(Princeton Instruments Pixis). Collected spectra were fit using the multipeak fitting package
in Igor Pro 6.37. A sloping Gaussian background was used to approximate the central peak
beyond the optical filter, and Gaussian lineshapes were found to best fit the Raman
features present in all samples. For data collected at different temperatures, the fit from
77 K was used as an initial guess for subsequent fits at higher temperatures. Data was
collected at several locations along a pristine crystal in order to assure reproducibility.

Errors reported represent the 99% confidence interval for the fit parameters.
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Chapter 6 — Outlook

Every major advance in the capabilities of optical and electronic devices has come with the
aid of a clear understanding of how to mitigate the additional thermal stress associated
with enhanced performance. Modern computers and smartphones are all packed tightly
with electronics that would overheat and cease to function if not for many creative cooling
solutions. Solar cells only absorb a small percentage of solar energy, converting much of
the rest to waste heat that would quickly destroy the cell if not for efficient thermal energy
dissipation within the device architecture. Additionally, thermal energy harvesting
technologies such as thermoelectrics can leverage excess environmental heat to produce
usable energy. All of this engineering, however, is deeply rooted in the answers to
fundamental questions about how the active materials used transport heat. The scope of
this dissertation has been thus to answer the first level of such questions for a particularly
inviting next generation semiconductor, two dimensional layered lead halide perovskites
(2D LHPs). In this pursuit, we have found that even though these materials are composed
of nanostructured phases only a unit cell or a single molecule in length, they behave in a
manner that can be well represented exclusively using knowledge of their bulk properties
and well-established composite theories heretofore scarcely used in hybrid materials. We
have shown how this knowledge allows for the prediction of near room temperature phase
changes within isolated phases, which can potentially store heat during device operation.
We have also shown how this knowledge can be leveraged to control which particle-like
phonon scattering pathways contribute to thermal conductivity, setting new bounds on
the thermal conductivity of these materials. Finally, we display how further control over

these pathways may be possible via the wave-like transport of coherent phonons.
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Future work must seek to test the bounds of the novel properties discussed herein. Novel
organic spacer chemistries, specifically that have increased heat capacities and sound
velocities relative to those studied herein, must be intelligently designed and incorporated
into 2D LHPs to test the limits of thermal conductivity placed on the particle-like transport
of phonons in lead bromide 2D LHP. The thermal transport behavior of lead iodide 2D LHPs,
which ostensibly support coherent longitudinal acoustic phonons that may be capable of
transporting phonons across hybrid interfaces free from scattering must be catalogued,
potentially using the metrology strategies explored herein. Since the organic phase
transitions characterized herein can be tuned to appear at a variety of temperatures with
minimal effect on the optical properties of the perovskite layers, device design for thermal

actuation or thermal energy storage is suggested.

Additionally, the surprisingly effective composite representation of these materials must
be further probed. For instance, this dissertation focused exclusively on cross-plane
thermal transport, wherein the interface resistances within the composite picture are in
series and thus correspond to the lowest possible for a system exhibiting ballistic transport.
These materials, however, are extremely anisotropic, as can be readily seen by their
structure as multilayered sheets. Thus, in-plane transport may be well predicted using an
analogous model wherein thermal transport is governed as though by resistors in parallel.
As in electronic transport, such transport would correspond to the highest possible
conductivity. An investigation into this behavior would allow engineers to recreate the
well-known Wiener bounds on the conductivity tensor. Such insight would create a
conductivity map that could be used to intelligently engineer future devices with far
enhanced facility. Additionally, this investigation may well find that the ballistic transport
that dominates transport in the cross-plane direction is not exhibited in the in-plane

direction. Instead, in this direction the subphases may exhibit the anharmonic phonon-
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phonon scattering pathways that limit their bulk conductivities so significantly. Such insight
would also be exceedingly interesting, as this would serve to suggest that the dominant
transport pathways are actually directionally-dependent, even though the observed

anisotropy may not be terribly significant.

Science is by its very nature perpetually unfinished. It is the author’s sincere hope that the
intrepid reader that makes it this far has been inspired by some portion of this text, and
engages in the pursuit of designing their own solutions to the problems that face our world,

from the atoms up.
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Appendix A

A.1 PbBr 2D LHP Synthesis

Crystals of bromide 2D LHPs were synthesized using a previously published cooling-
induced crystallization method?. Briefly, a solution of PbBr, was prepared by dissolving PbO
(99.9+%, (trace metal basis) <10 microns, powder, ACROS Organic) in concentrated
aqueous HBr solution (ACS reagent, 48%, MilliporeSigma) under reflux at 130 °C for 15
minutes. The solution was then allowed to cool to room temperature before a small
volume of organic spacer (alkaneamine, L) was added and a white precipitate of n =1 L-
PbBr formed. For the syntheses of n = 1 2D LHPs, this solution containing the white
precipitate of n = 1 L-PbBr was heated on a hot plate set at 130 °C until clear. After that,
the clear solution was allowed to cool slowly inside a thermos filled with hot sand at 110
°C to induce crystallization. After a day, crystals of bromide 2D LHPs were collected by
suction filtration and dried under reduced pressure for at least 12 hours. For the syntheses
of n =2 and 3 2D LHPs, the solution containing the white precipitate of n = 1 L-PbBr was

mixed with a solution of MABr in concentrated aqueous HBr before the final heating step.

A.2 Photoluminescence Measurements of Bromide 2D LHPs

In order to confirm that the crystals grown were indeed composed of periodic atomically
thin layers of perovskite and organic molecular junctions, photoluminescence
spectroscopy was utilized to confirm appropriate quantum confinement given the
perovskite quantum well thickness via appearance of an excitonic emission peak (Figure

A.1). For n=1 PbBr 2D LHPs, this peak is located at ~410 nm, whereas for n=2,3 PbBr 2D
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LHPs the thicker perovskite layers correspond to weaker quantum confinement and
excitonic emission at ~¥445 nm and ~465 nm, respectively. The inflated linewidth of the n=1
2D LHPs in Figure A.1b are likely due to reabsorption of the excitonic emission. The re-
absorbed light is emitted at lower energies (higher wavelengths), leading to the broader
observed linewidth of the 2D LHPs. This is facilitated by the very small Stokes shift in n=1

2D LHPs and has been reported on elsewhere.?
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Figure A.1. Summary of representative PL for PbBr 2D LHPs. a) PL for 2D LHPs at various
inorganic sheet (octahedral layer) thicknesses. b) PL for n=1 2D LHPs with various chain
length organic spacer subphases (Cx alkylammonium spacer ions).

Photoluminescence spectra of bromide 2D LHPs were collected by a home-built
photoluminescence set up. The output of a 365 nm fiber-coupled LED (Thorlabs, M365FP1)
was used as an excitation source and was cleaned by a 390 nm short-pass filter (Semrock,
FF01-390/SP-25) before exciting a sample. The emission from a sample was filtered by a
400 nm long-pass filter (Thorlabs, FELO400) to remove any residual excitation light before

being measured by a fiber-coupled spectrometer (Avantes, AvaSpec-ULS2048XL).
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A.3 Powder X-Ray Diffraction Measurements of PbBr 2D LHPs

The long-range order present in the crystals, as well as the retention of the perovskite unit
cell within the inorganic sublayer was confirmed with powder X-ray diffraction. These
results are readily compared with those corresponding to solved crystal structures of other
Ruddlesden-Popper 2D LHPs in the literature, confirming synthesis of pure material and
allowing for analysis of structural parameters such as the material density and the
organic/inorganic period thicknesses, both of which are readily obtained from analysis of

a proposed crystal structure.*# Representative powder XRD patterns are shown below in

Figure A.2.
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Figure A.2. Powder X-ray diffraction for structural confirmation. a) Powder XRD for n=1-3
C4:MAPbBr 2D LHPs showing structural confirmation between our materials and those
established elsewhere.* b) Representative powder XRD for n=1 PbBr 2D LHPs with varying
organic spacer length, showing structural similarity between our materials and those
established elsewherel3. The consistent decrease in 2-theta for a given peak as a function
of increasing spacer length corresponds to the increasing periodicity of the multilayer. The
lack of pronounced shift in inorganic (non (h00) planes) suggests the inorganic sublattice
is unchanged and well approximated by the bulk unit cell.

Powder X-ray diffraction data was taken using a PANalytical X'Pert Pro MPD X-ray
diffractometer (Cu Ka radiation, A = 1.54184 A) with High-Speed Bragg-Brentano Optics. A
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0.04 rad soller slit, a 1° anti-scatter slit, a 10 mm mask and a programmable divergence slit
with an illuminated length of 6 mm were used in the incident beam path. The diffracted
beam optics included a 0.04 rad soller slit, a Ni Filter and an automatic receiving slit. The

detector was an ultrafast X'Celerator RTMS detector. The angular step in 26 was 0.04°.

A.4 FDTR Data Fitting and Parameter Extraction for PbBr 2D LHPs

For consistency with previously reported material thermal conductivities, we utilize the
same heat transfer model for analysis posed originally by Cahill, and used ubiquitously
since then with respect to FDTR measurements of effective thermal conductivities>®.
Many other models have been posed as potentially superior in directly capturing
nonequilibrium transport behavior evident in FDTR experiments without the use of an
effective thermal conductivity, but such models typically apply to much higher heating
frequencies and with respect to far more conductive samples, and so fall outside the scope
of this particular report.>1° In order to extract an effective thermal conductivity of a
macroscopic solid such as a 2D lead halide perovskite crystal, Fourier’s law and thus the
Cahill model remain sufficient. This model was fit to the experimentally measured phase
response (phase lag vs. frequency) using a nonlinear least squares Levenberg-Marquardt
algorithm. During fitting, the laser spot size was allowed to vary within experimental error
and the thermal conductivity was allowed to vary by an order of magnitude from an initial
guess. The uncertainty of the measurement was determined by evaluating the absolute
change in measured thermal conductivity for the maximum variance of the spot size within
the resolution of the CCD. Typical uncertainties are ~ 10 %, in line with other FDTR
measurements previously reported.'*? Several representative measurements/fits are
shown below in Figures A.3.
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Figure A.3. Representative data and numerical fits for a single crystal of bulk MAPbBr and
a 2D LHP crystal. The value for thermal conductivity of bulk MAPbBr is in excellent

agreement with those previously reported.*?

A.5 Measurement of Relevant System Parameters

Since an FDTR measurement is sensitive to a variety of system parameters and materials
properties, it is important to separately measure all of these parameters except for the
parameter of interest, the sample thermal conductivity. The spot size is measured as
described in Ch. 3. For the transducer thickness/properties, the following approach was

used.

The thermal conductivity and volumetric heat capacity of the Au transducer were 314
W/mK and 2500 kJ/m3, as reported elsewhere.'*? To measure the thickness of the gold
transducer, stylus profilometry was used. First, a reference gold-coated glass film from the
same deposition as the samples of interest was scratched using a razor. Then, a Bruker DXT
stylus profilometer was used to measure the thickness of the film via a line-scan across this

scratch. A representative line-scan is shown in Figure A.4.
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Figure A.4. A representative profilometry line-scan used to measure the film thickness of a
transducer film. The thickness of this Au film was measured to be 67 +1 nm. Typical films
range from 60-150 nm depending on the deposition settings used.

A.6 Estimation of the Mass Density of 2D LHPs

Although differential scanning calorimetry measurements provide reliable measurements
of the specific heat capacity, the heat transfer model for FDTR requires knowledge of the
volumetric heat capacity (product of the specific heat capacity and the mass density) of a
sample. For 2D LHPs, since the generic crystal structure is fairly well established this is
simple to estimate even when the precise structural solution is not available. Within the
inorganic (perovskite) subphase, the bond lengths and angles are well approximated by
that of the pseudocubic bulk unit cell. Thus, the density within this layer is effectively that
of the bulk MAPbBr perovskite. This is the case even for n=1 perovskites without a proper
methylammonium cation as the spacer binding group is still an ammonium ion. This
estimation is consistent with the assumption that the structure/vibrational spectrum of

the inorganic subphase is unchanged from that established for bulk MAPbBr. Within the
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organic subphase, the period thickness is easily extracted by subtracting the periodicity as

determined via x-ray diffraction measurements by the inorganic subphase thickness. As

has been established elsewhere, these thicknesses are consistent across 2D LHPs with

different compositions of the inorganic subphase.® As a result, we can confirm our

measurement of the organic subphase with those made for n=1 Pbl 2D LHPs precisely

measured via single-crystal XRD previously by Billing et al.13'# Knowing the cubic unit cell

of the inorganic subphase, octahedral layer thickness, and organic subphase period

thickness, the orthorhombic unit cell of PbBr 2D LHPs is readily approximated. Dividing the

molecular weight of the 2D LHP as expected from its chemical formula from the volume of

this unit cell then directly approximates the mass density of the perovskite. Figure A.5

below lists the results of these estimates for the PbBr 2D LHPs studied herein.
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Figure A.5. a) Estimated mass density of PbBr 2D LHPs b) PbBr 2D LHP periodicities
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A.7 Parameters Used for Composite Models

In order to determine the thermal conductivity of the PbBr 2D LHPs using the models
proposed in the main text, several materials parameters need to be known. Specifically,
the period thicknesses, component heat capacities, and component sound velocities are
the necessary inputs. The first of these is measured/estimated using XRD as described in
the previous section. The heat capacity and sound speed of bulk MAPbBr perovskite (380
J/kgK and 1717 m/s) as measured elsewhere and herein was used for the inorganic
subphase.’® The heat capacity of bulk alkanes were used to approximate the heat capacity
within the organic subphase, a reasonable assumption because the organic molecules are
known to exhibit significant dynamic disorder (liquid-like motions) at measurement
temperatures and have densities comparable to their bulk liquid counterparts.!* The
sound speed for ballistic phonon transport across the molecular junctions that comprise
the organic subphase has been studied extensively for surface-bound alkyl chains, in
systems such as self-assembled monolayers and semiconductor nanocrystals.*®™8 Across
all of these measurements, the values for the sound velocity of such phonons are
consistent and show essentially linearly proportional sound velocity with increasing alkyl
chain length. We use a linear interpolation of the measurements made by Li et al. as an

input for calculation of the sound velocity within the organic subphase.®
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