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Abstract
Nanoscale Thermal Transport Phenomena in Superstructured Semiconductors

A Study of Heat Transfer in Superatomic, Nanocrystalline, and 2D Perovskite Structures

Alexander D. Christodoulides

Chair: Professor Jonathan A. Malen

The underlying transport phenomena that dictate properties like thermal conductivity have been
extensively investigated in small unit cell semiconductors and metals. However, more complex
structures have received less attention. Here, we investigate heat transfer in superstructures, or
materials with nanometer-scale periodicities that are longer than those seen in atomic crystals. We
use a combination of theoretical, experimental, and modeling techniques to elucidate thermal
transport mechanisms in superatomic structures, colloidal nanocrystals, and two-dimensional
perovskites. Most notably, we use frequency-domain thermoreflectance to measure thermal
conductivity in single crystal and thin film samples. Our results in certain superatom and
perovskite materials are indicative of ordered-to-disordered phase transitions and coherent phonon
transport. Our work highlights the tunability of all three groups of materials and emphasizes
multifunctionalities that may be exploited in the design of next-generation photovoltaic,
optoelectronic, and thermoelectric devices. Additionally, we shed light on phonon transport
behaviors that result in ultralow thermal conductivities on the order of the lowest ever measured
in fully-dense solids. Our results may be helpful towards a deeper understanding of thermal
transport in superstructures as well as towards the development of novel technologies that are able

to either functionalize or manage the heat transfer characteristics we observe.
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1 Introduction

1.1 Fundamentals of Nanoscale Heat Transfer

Heat transfer is broadly concerned with the transmission of thermal energy, or heat, from
one body or space to another. The main mechanisms by which heat is transferred are conduction,
convection, and radiation. Conduction is the movement of heat in systems resulting from the
random collision and resulting energy exchange of micro- and nanoscopic particles, or energy
carriers. One-dimensional thermal conduction is often described as diffusive, where heat travels
from hot regions to cold ones. Convection, while typically considered isolated from conduction,
is in reality a combination of conduction (random motion of particles) and advection (collective
motion, or bulk flow). Convection is a major contributor to the overall exchange of heat between
systems composed of gases and liquids. The final mode is radiation, or heat transfer via
electromagnetic radiation. Bodies are able to interact with one another without a medium by
radiation exchange through the absorption, reflection, or emission of photons. Radiation is
particularly important in vacuum environments that suppress conduction and convection, such as

space.



Conduction Convection

Radiation

Figure 1.1. All three of the main mechanisms of heat transfer are involved in boiling water. The
hot coil turns red, emitting photons that are absorbed by the pot as heat. The heat is transferred to
the water at the bottom of the pot, which begins to flow due to the effects of natural convection.
Excess heat is transferred to the user’s hand via conduction from the hot water to the pot handle

(image courtesy of MachineDesign.com).

In this document we will explore elements of thermal conduction, convection, and
radiation, however the discussion will be primarily relegated to conduction as it is the mode that
dictates heat transfer within fully-dense solids. The macroscopic theory of diffusive heat
conduction is centered around the Fourier law, which identifies a linear relationship between the

heat flux (q) and temperature gradient (VT) in a system, as shown in Eq. 1.1.1.

q = —kVT 1.1.1

Here, the constant of proportionality is the thermal conductivity, or k, which is a material

dependent property that describes the ability of heat to travel within it. Naturally, the higher the



thermal conductivity, the better heat will be able to propagate. Inherent to the Fourier law, captured
mathematically by the minus sign, is the notion that heat will travel opposite the direction of the
temperature gradient, meaning that it will always flow from the region of lower temperature to that
of higher temperature.

The Fourier law and thermal conductivity are massively important for engineering and
design purposes and are widely accepted concepts in most macroscopic applications. This simple

law is the basis of the heat diffusion equation, reproduced as Eq. 1.1.2.

a(kaT)+0(k0T)+0(kaT)+__ oT 112
ax \“ox) Tay\“ay) T9z\"8z) T1T Py "

This equation, sometimes simply known as the heat equation, can be solved given initial/boundary
conditions and other system characterizations (i.e. thermal conductivity, volumetric internal
energy generation) for the temperature distribution as a function of time of a system as governed
by conductive thermal transport. The heat diffusion equation is ultimately a descriptor of energy
conservation and is of utmost importance in most heat transfer applications.

Unsurprisingly, thermal conductivity is a significantly more complex concept than the
Fourier law, as represented in Eq. 1.1.1, would imply. Thermal conductivity spans several orders
of magnitude; at room temperature it can be as low as 0.05 Wm~*K~1 in gases like air and as high
as 2000 Wm~1K~1 in ultra-stiff materials like diamond. Moreover, thermal conductivity and
other thermophysical properties (i.e. heat capacity, density, thermal diffusivity and effusivity)
exhibit significant temperature dependencies that make quantifying heat transfer via the Fourier
law difficult without the use of advanced numerical and computational tools. A deep understanding

of the underlying principles that dictate these important quantities is therefore needed.
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Figure 1.2. Thermal conductivity, here expressed as A, of multiple metals across a wide range of

temperatures. Dependencies on temperature are often highly nonlinear and exhibit non-monotonic

trends (courtesy of thermopedia.com).

Thermal conductivity results from the movement and collisions of so-called ‘heat carriers’
within a system. As the term implies, heat carriers are molecules or other basic particles that carry
energy that may manifest as heat, and includes species such as electrons, phonons, and photons.
The heat carrier that dominates thermal conductivity is dependent on the system itself. Heat

conduction in metals and other electrical conductors (materials for which there exists no electronic



bandgap) is overwhelmingly characterized by electrons. By contrast, phonons largely dictate
thermal conductivity in non-metals such as semiconductors and insulators (for which electrical
band gaps exist) since free electron density is greatly reduced. In this work we pay special attention
to semiconducting materials, and a discussion of phonons is therefore necessary.

Phonons are quasiparticles that quantize the collective motion and vibration of atoms in a
solid system. They conform to the wave-particle duality of elementary particles and are thus
characterized by particle-like descriptors such as group velocity and momentum and
simultaneously by wave-like descriptors such as frequency and wavevector. Furthermore, phonons
behave as bosons, meaning that theoretically, unlike in systems of fermions, a single phonon state
may be occupied infinitely. The occupation is, however, determined by the Bose-Einstein

distribution reproduced in Eq. 1.1.3.

- A 1.1.3
exp( wK’p) -1

Here, (ng,) represents the number of phonons that occupy a state of wavevector K and

polarization p, w represents the phonon state energy, a represents the Planck constant, kg
represents the Boltzmann constant, and T represents the absolute temperature.

A phonon state, more commonly referred to as a phonon mode, is a vibrational wave within
a crystalline solid of a specific wavevector and frequency. The sum of all modes that exist within
a system dictate heat capacity and thermal conductivity within semiconducting and insulating
materials. This can be represented conveniently in the dispersion relation, which relates phonon

mode energy to wavevector, as shown in Fig. 1.3 for a diatomic chain.
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Figure 1.3. a) Phonon modes describe the collective vibration of atoms or molecules in a crystal
lattice. This one-dimensional diatomic chain (for which the unit cell length is a) has two types of
phonon modes: optical modes that describe vibrations in which neighboring atoms moving in
alternating directions and acoustic modes in which, due to their low frequency, describe vibrations
that move nearly synchronously. b) These modes are defined by precise wavevectors (represented
in the figure by k) and frequencies (w) within the first Brillouin zone, defined by mr/a (courtesy

of wikipedia.com).

The heat capacity at constant volume is defined as

C_(6U> 1.14
v=\o7/, 1.

where U is the system internal energy and T is the temperature. The contribution of phonons to
heat capacity (sometimes referred to as lattice heat capacity) is quantified based on the lattice

energy:



Ugr = z Z(nl(,p) hwg p 1.15
K p

The summation over wavevectors may be replaced so that the expression is written in terms of the
change in the quantity of modes per change in energy level, otherwise known as the density of

states D, (w).

hw
Uar = Z f dw Dp(w) ) 1.1.6
p exp (kB_T) -1

If the substitution of x = :—“’T is made, Eq. 1.1.4 can be used to determine the lattice heat capacity:
B

x2 exp(x)
Cy ot = kg zp: j dw Dp(w)m 1.1.7

The Debye model for the density of states relates the dispersion relation to the wavevector linearly
via the speed of sound, which is constant across all polarizations, such that w = vK. The density

of states if therefore

dN VK?dK Vw?
D(w) =—=———=

= = 1.1.8
dw 2n?2dw 2m2v3



where N represents the number of modes having a wavevector equal to or less than K and V
represents the volume of the model system.
If the phonon velocity is independent of polarization then the summation in Eq. 1.1.7 can

be replaced by a factor of 3. Once this is done, the expression becomes

LT

Cy tat = 9NkB f dx 3 1)2 1.1.9

where 6 represents the Debye temperature, or the temperature at which the highest frequency

acoustic phonon mode become occupied:

5 1/3
_Iw6n”N 1.1.10
g\ V

The Debye temperature of a material is a critical quantity as it generally represents the upper limit
to phonon activation. While high frequency optical modes may remain inactive at this temperature,
they generally contribute less to heat capacity and thermal conductivity than the acoustic modes
and are therefore typically less important. Accordingly, understanding the Debye temperature is
often useful in describing heat storage and transport phenomena in non-metals.

Thermal conductivity due to phonons (otherwise sometimes called lattice thermal
conductivity) is related to their velocity and scattering rate. Conduction is the diffusive nature of

thermal energy transport due to the random motion and consequent collision of heat carriers (which



are primarily phonons in semiconductors). The kinetic theory of gases can therefore be applied to

develop an expression for thermal conductivity:
1
k = §CV17/1 1.1.11

where ¥ is the average phonon group velocity and A is the average mean free path of all active
phonons. Eq. 1.1.11 can be substituted into the Fourier law (Eq. 1.1.1) to create an equation that

describes conductive heat flux in terms of a phonon gas2.
1
q="3 CyvAVT 1.1.12

Eq. 1.1.12 presumes isotropic thermal transport in each direction, which we will see is often not
the case. This expression will be used throughout the text as a basis for hypothesis and the

foundation for understanding heat transfer in the complex material systems that will be introduced.
1.2 Applications and Areas of Interest

Devices that are developed and researched today such as computer chips often contain
extremely small components with dimensions on the order of microns or nanometers. The
continuum picture of heat transfer typically fails to capture the transport and storage phenomena
present at this scale®. Researchers therefore focus on analyses and experimentation that are reliant

on nanoscale considerations to yield more accurate predictions. These same concepts and practices



are also often useful in understanding thermal transport in situations where more conventional
experimentation and modeling is difficult, such as in extreme temperatures and complex structures.

The fruits of the study of nanoscale heat transfer are evident in many fields of engineering,
materials science, and chemistry. One of the highest thermal conductivities of 3500 Wm™1K™?
was measured when a group of researchers successfully suspended a single-walled carbon
nanotube (SWNT) between two metal contacts. Such a discovery had not previously been possible
due to limitations in CNT synthesis and nanofabrication techniques at the time. The group reasoned
that the trend they observed was due to a combination of Umklapp scattering and three phonon
scattering processes*. Another team took a similar approach to measure the thermal conductivity
of single-layer graphene and found it to be as high as 5300 Wm~1K~1 ° On the opposite end of
the spectrum, non-contact laser techniques have allowed for the discovery of ultra-low thermal
conductivity materials. One study used time-domain thermoreflectance (TDTR) to measure the
thermal conductivity of WSe,, finding it to be as low as 0.05 Wm~*K~1 8. Other groups have used
similar techniques to measure PCBM and found its thermal conductivity to be below
0.06 Wm~'K™!as a result of amorphous-regime scattering mechanisms’°.

These experimental and computational results are critical to the successful implementation
of novel materials in next-generation devices. Thermal management is a core component of design
of new devices used in electronics, electro-optics, thermoelectrics, photovoltaics. Such
technologies often operate at extremely high powers per unit area, especially in localized hot spots,
and are therefore prone to thermally induced degradation and even potential burning/melting®®.
Consequently, this area of research not only aims to elucidate the fundamental nature of thermal
transport at small scales but also to aid in the advancement of technology by addressing thermal

bottlenecks in all facets of engineering design, from microelectronics to nuclear reactors.
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1.3 Thermal Transport in Superstructures

Much of the characterization of nanoscale transport, storage, and conversion phenomena
has been relegated to popular small unit cell materials like silicon, carbon allotropes, perovskites,
GaAs/GaN, and simple metals. This is because simpler materials are not only easier to create, but
also easier to understand in terms of electronic and phononic behaviors. Fewer atoms per unit cell
allows for modeling and simulation research to encapsulate more of the dynamics between modes
(since more high energy modes can be calculated), including three-phonon and even four-phonon
interactions®!. However, there is an ever-increasing need for characterization of more complex
structures that have larger unit cells owing to their layered or otherwise nano-patterned nature.

Much of this document will focus on three superstructured material classes: superatoms,
two-dimensional perovskites, and nanocrystals. Broadly, the term superstructure is used to refer to
a wider class of material defined by nanoscale periodicity that exceeds the length scales associated
with atomic crystals. This periodicity may exist in one dimension, as is the case in most
superlattices, two dimensions, such as in a forest of nanotubes, or in three dimensions, like in a
nanoparticle or nanocage system.

Superatomic structures are defined by precisely composed clusters of atoms that are
periodically spaced from one another and often conjoined by ligands that extend from the outer
surface of the material. Colloidal nanocrystals are similarly sized but exhibit polydispersity in the
total number of atoms per cluster'?. Two-dimensional perovskites exhibit one-dimensional
periodicity (the perovskites exist as two-dimensional sheets, hence their name), and are

sandwiched with organic spacer layers. They contain periodicity similar to that seen in
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superlattices or other two-dimensional materials like graphene, except with typically thicker layer

spacing.*®

Figure 1.4. a) a schematic of a superatomic lattice of [CosTes][Ceo]2 from both a top-down and
cross-sectional view'*, b) a cross-sectional view of a BA;MAn.1Pbnlsn1 two-dimensional
perovskite, where n represents the thickness of the perovskite layer®®, ¢) a cartoon of an array of

nanocrystal cores connected by ligands extending from each core?®.

An understanding of thermal transport in these materials is necessary due to their growing

popularity and their attractiveness in optoelectronic, photovoltaic, and thermoelectric devices. We

therefore sought to undergo multifaceted experimental research to elucidate their thermal
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conductivity and the underlying phonon behavior that controls phase change, order-to-disorder,

and coherence dependencies.

1.4 Methodology — Frequency Domain Thermoreflectance

Our primary interest is to understand heat transfer and thermal conductivity in these novel
materials. To do this, we employ an experimental technique known as frequency-domain
thermoreflectance, or FDTR. This tool will be referred to repeatedly throughout the text, so a
detailed description of its fundamental operation and daily use is necessary.

We use FDTR as opposed to the other techniques that exist to measure thermal conductivity
for several reasons, the first of which being that it can be used to measure materials with ultrahigh?’
and ultralow thermal conductivity®, and anything in between. Moreover, FDTR is a non-contact
optical pump-probe technique, so unlike 3 or transient hotwire it is completely non-destructive
and does not require complex sample preparation. The technique can be used to interrogate
samples kept at any temperature and in any transparent medium and can be used while samples
are kept in vacuum with no additional challenge. Finally, and perhaps most importantly, FDTR,
as well as time-domain thermoreflectance (TDTR), is highly sensitive to thermal conductivity in
materials (high and low k) and samples (ultrathin, small lateral dimension) that conventional
techniques typically are not'4*8,

In FDTR, a continuous-wave (CW) 488 nm laser is passed through an electro-optic
modulator (EOM) to create a sinusoidal intensity modulation at a frequency set by a signal
generator. This laser, called the pump laser, is directed at and focused on the sample to serve as a

circular heat source. The periodicity of the heating causes the temperature of the nearby vicinity
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to modulate at the same frequency but at a slight delay due to the sample’s limited thermal
responsivity at high frequencies. This induces a periodic variability in the reflectance of the sample
(hence thermoreflectance), which is observed by a CW 532 nm ‘probe’ laser. The phase delay
between the reflected pump and probe beams are collected by a photodetector which is locked into

the same frequency as set by the signal generator, as shown in Fig. 1.5.
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Figure 1.5. FDTR is represented in the schematic. The pump and probe lasers are directed at the
sample and are both reflected towards a photodiode. The EOM and photodiode are set at the same

frequency so that only signal generated by the thermoreflectance is captured in the measurement*®.
The phase information, an example of which is shown in Fig. 1.6, is fit to a model solution

of the heat diffusion equation that relies on thermophysical inputs to determine the sample’s

thermal conductivity.
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Figure 1.6. The data acquired from FDTR (red) is fit to the MSE-minimizing solution of the heat

diffusion equation to determine the sample’s thermal conductivity. In this example, the

measurement was acquired at 25 points spaced logarithmically between 100 kHz and 5 MHz.

The sample thermal conductivity is evaluated numerically from the following expression which

describes the range of sample temperature resulting from pump heating:

[0e]

wé + w?
AT, = 21A j G(A) exp <—7r2/12 %) AdA 1.4.1
0

Here, A represents the amplitude of the heat source, G(A) is the Hankel transform of the radial
2 2
heat source described by the pump laser where A is a transform variable, and % is the square

of the average laser spot size, where w, and w, represent the radius of the pump and probe beams.
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For a single layer, G(A) is

la))l/z 1.4.2

where k is the thermal conductivity, w is the modulation frequency, and D is thermal diffusivity.
This solution can be generalized for a multi-layered sample through an iterative approach. This is
critically important for our work as samples are typically coated with a metal transducer, or signal
amplifying layer, to improve the signal to noise ratio of our measurement. In Eq. 1.4.3, n represents

the layer of the sample, where n = 1 represents the topmost layer.

(B+) _ i [exp(_unl'n) 0 ]
B™/n 2y 0 exp(uyLy) .
1.4.
y (Vn +Yn+1 Yn— Vn+1) (B+)
Yn —VYn+1 VYn tVn+1/ \B~

n+1

Since the sample is assumed to be infinite in the thickness direction, the value of B* and B~ of the

bottom layer are 0 and 1, respectively. Here,

. 1/2
Lw
w, = (4n2A2 + D—) 14.4

n
Yn = knlUy 1.4.5

Finally, G(A) is expressed as
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1.4.6

This expression can be put back into Eq. 1.4.1 to predict the pump-induced temperature modulation
(AT, which turns out to be a complex number) at which point the thermal conductivity can be
iteratively fit to the solution by finding the value for k that creates a predicted phase delay that

most closely matches the experimental data.?’ The phase delay is calculated from AT, as

-1 ATAC,imag inary

0109 = tan 147

ATAC,real

The fully-developed solution combining Eq. 1.4.1 with Eq. 1.4.6 can be applied to predict
the temperature of the local region of the sample subjected to laser heating. This is done by

summing the DC and AC contributions from the relevant lasers:

ATtot = ATDC,pump + ATAC,pump + ATDC,probe 1438

Since the probe is unmodulated, heating is not frequency dependent. Fig. 1.6 shows the sample
thickness dependance of localized temperature rise. The samples measured using FDTR often have
low thermal conductivities and diffusivities and are therefore heated well beyond room
temperature if sufficiently thick. This poses a considerable challenge when measuring single-

crystal samples, as we will see in subsequent sections.
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Figure 1.7. Localized temperature rise is a result of steady-state, or DC heating as well as the
component of heating from the pump that is periodic. The effects of modulation only become
visibly present when the EOM frequency is sufficiently larger than the thermal response time of

the material.

It is important to assess the sensitivity of the model to the parameters which it invokes in
order to gauge the model’s, and by association the measurement’s, sensitivity to the sample’s

thermal conductivity. The sensitivity to a specific parameter g is

o _ B9 _oln() _ain(p) _In(Pp) = Inlep) Lao
7 9op o) A In(Baq;) — In(B)
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where the term /¢ is introduced to normalize the sensitivity parameter?’. This definition of
sensitivity is standard and has been used in a plethora of both TDTR and FDTR analyses (¢ is

replaced by —Vin/Vou in TDTR)"#2°2,
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Figure 1.8. Model sensitivity to parameters . The model is typically very sensitive to laser spot
size, and metal transducer thermal conductivity. Uncertainties that result from negative and
positive sensitivities can potentially nullify one another, so the resulting uncertainty in thermal

conductivity is not simply the aggregate of the sensitivities at that modulation frequency.

The sensitivity for a simple sample comprised of 60 nm of Cu on top of a 10 um thick
investigative material resting on a SiO2 wafer is shown in Fig. 1.8. As the figure suggests, the
model is overwhelmingly sensitive to the laser spot size compared to any other parameter. This is
not necessarily concerning, however, since the spot size is well understood and is not expected to

vary significantly to introduce error in the fit of thermal conductivity. Moreover, uncertainty
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resulting from this sensitivity can be managed using mathematical techniques?®. Fortuitously,
parameters that are unknown at the time of measurement, such as sample heat capacity (denoted

by Csamp) do not significantly affect the model and are unlikely to diminish the quality of fit.
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2  Superatomic Structures

2.1  Background and Introduction

Precision and tunability of material composition, and the associated effects on functional
properties, are critical to the development of modern technology. Generally, compositional
tunability of conventional crystalline solids is limited by the number of thermodynamically stable
compounds that can be created from elements and polyatomic molecules. The creation of
hierarchical materials from these basic building blocks, which can then serve as the basis for highly
tunable nanocomposites is therefore an attractive concept. One such class of material is the
nanocrystal solid, which exhibits exciting optoelectronic properties. These materials, however, are
typically polydisperse and often do not have the atomic precision needed to gain insight on key
relationships between crystal structure and resulting energy transport, storage, and conversion
characteristics?’~%°,

Thermodynamically stable atomically precise clusters, or intermediately sized groups of
atoms, that exhibit collective behavior are termed ‘superatoms.” They gained this term for their
tendency for collective behavior, much like one might expect from a singular large, or super, atom.
There are many types of superatoms, the most notable of which include metal-chalcogenides and
fullerenes stabilized with capping ligands that encourage self-assembly and cluster organization.
The long-range assembly of such superatoms are commonly referred to as superatomic crystals, or
SACs. Efforts to study, develop, and utilize superatomic crystals has culminated in a vast library
of materials with a wide variety of functional properties such as redox activity, large magnetic

moment, and luminescence!?.
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Figure 2.1. The cross-sectional image of a metal chalcogenide — fullerene SAC (left) is shown
against Cdl; to illustrate the similarities between superatoms and their elemental counterparts.
While visually similar, superatoms differ from nanocrystals in their atomic precision and slightly

reduced size.

2.1.1 Thermal Transport in Superatomic Crystals

Heat transport in SACs and other crystalline dielectrics is mediated primarily by phonons.
However, the main mechanisms by which heat is transferred from cluster to cluster or across
ligands was largely unknown until only a few years ago. Nanocrystal arrays exhibit a high degree
of phonon scattering across organic-inorganic interfaces and are thus described well by effective
medium approximations (EMAs)®3132 SACs, however, are built from smaller clusters that are
not large enough to exhibit bulk-like transport properties, therefore requiring different treatment.
Ong et al. used FDTR to measure the thermal conductivity of both unary and binary SACs
composed of metal chalcogenides CosSs(PEt3)s, CosSes(PEt3)s, CosTes(PEts)s, and the fullerene

14
Ceo".
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Ong et al. found that SAC room temperature thermal conductivity is linearly proportional

to the average sound speed of phonons, consistent with the phonon gas model expressed in Eq.

1.1.11. Moreover, they suggested that the temperature-dependency of thermal conductivity of

CosSes(PEt3)s(Ceo)2 at low temperatures is representative of a crystalline material. They reason

that at low temperatures the fullerenes are locked in place, but that they become orientationally

disordered at temperatures above 190 K and scatter phonons, initiating an amorphous-like heat

transfer regime. This phenomenon is not seen in CosTeg(PEt3)s(Ceo)2 due to the considerably larger

chalcogenide superatom size which inhibits short-range anisotropic interactions that induce

fullerene rotation3334,
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Figure 2.2. a) SAC thermal conductivities are plotted against the average phonon sound speed

within each structure to highlight to linear dependence and conformity to the standard phonon gas

model, b) most SACs have amorphous-like thermal conductivities (temperature independent),
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however [CosSes][Ceso]2 experiences an order-to-disorder transition around 190 K which allows

the fullerenes to rotate freely and scatter phonons, thereby catalyzing an amorphous-like regime'“.

2.2 [CosTes(PEts)s][C7o]2 Superatomic Crystals

The order-to-disorder transition and consequent effects on thermal transport behavior in
CosSes(PEt3)s(Ceo)2 naturally raised the question of whether similar phenomena could be observed
in other SAC materials, and if so, what functionalities or tunable properties might arise. In this
study, we considered a novel superatomic crystal created by our collaborators at Columbia
University, [CosTes(PEts)s][C7o]2, due to the complementary size of the metal and fullerene
cluster®®. Cyo is larger and more oblong than Cgo and is similar in shape to a rugby ball. We
therefore hypothesized that this structure posed a larger probability of exhibiting orientational
disorder, particularly along the long axis, as opposed to a structure that paired C7o with a Se-based
metal cluster.

Unlike the binary SACs studied by Ong et al., this structure, which will be referred to as
[CoTe][Cro] henceforth for brevity, exhibits two distinct thermally driven phase transitions. The
three structural phases are identified using a technique known as single crystal X-ray diffraction,
or SCXRD. This experiment subjects the sample to a beam of X-rays with wavelengths on the
order of the crystal structure which are diffracted according to Bragg’s law and collected as the
sample is rotated. The X-ray count is collected at every orientation and fit computationally to
determine the atomic structure of the compound?®.

An Agilent SuperNova diffractometer was used to collect SCXRD data at 100, 250, and

340 K. The low temperature phase, or Phase A, is distinguished by a combination of orientationally
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ordered monomers (Cro) and dimers (C140%), the latter of which consist of two Czs chemically
bound together along the long axis. The fullerenes become orientationally disordered in the
intermediate phase, Phase B, and rotate about their axis of symmetry. The dimers finally dissociate
at 340 K as they enter Phase C due to reversible homolytic cleavage that decouples their rotation
and delocalizes electrons at the intersection of the two C+os, resulting in nearly spherical electron

densities surrounding the fullerenes.
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Figure 2.3. a) some C7o's form dimeric C140°>° compounds at low temperatures, b) all fullerenes
become able to rotate about their long axis in the intermediate temperature phase, ¢) dimers are
separated via homolytic cleavage, making the full structure monomeric and enabling full

orientational disorder and electronic delocalization®.

Homolytic cleavage was identified as the separation mechanism in the fullerenes based on
a previous report®” and was characterized in the [CoTe][Cro]2 structure using differential scanning
calorimetry, or DSC. This thermoanalytical technique is commonly used to measure the location
of phase changes by recording the temperature of the sample as a function of the heat flow, thereby
enabling calculation of the heat capacity of the material. The heat capacity of [CoTe][C70]2 was

measured using a TA Instruments Q20 Differential Scanning Calorimeter and is shown in Fig. 2.4.
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Figure 2.4. Heat capacity of [CosTes(PEts)s][C70]2 as a function of temperature. A linear
interpolation and extrapolation is performed to compensate for effects of phase change on the

measurement and to provide an estimation of low temperature heat capacity.

Samples between 8 and 15 mg were loaded into non-hermetic aluminum pans and run between
200 and 370 K at a rate of 10-20 K/min with an isothermal interval of 5 minutes between cycles.
The phase change from Phase A to Phase B is minor in terms of formation enthalpy compared to
the high temperature phase change, consistent with the idea that additional energy is needed to

cleave the bond joining neighboring Czos. Moreover, optical gap energy data shown in Fig. 2.5a
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reveal the emergence of a low energy gap at this phase change, greatly increasing the material’s
electrical conductivity (o) by two orders of magnitude (shown in Fig. 2.5b) and increasing lattice

spin density and therefore the molar magnetic susceptibility (shown in Fig. 2.5c¢).
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Figure 2.5. a) optical gap energy, obtained from the absorption spectra, reveals a new gap in phase
C, which is responsible for increased free electron density and thus b) increased electrical

conductivity and c) higher molar magnetic susceptibility in that phase.

The effects of homolytic cleavage on electrical and optical properties appear to be
completely relegated to the high temperature phase transition. However, thermal conductivity is
comparatively more affected by the low temperature phase transition. We collected thermal

conductivity data using frequency-domain thermoreflectance, or FDTR, which is shown in Fig.
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2.6. Data was acquired at a wide range of temperatures by placing samples in an Oxford
Instruments Microstat He. The chamber was evacuated to pressures below 10° Torr using a
Pfeiffer HiCube 80 Eco and the mounting platform was cooled using liquid nitrogen.

For this experiment, we adhered single crystals of thickness less than 100 um on SiO»
wafers using a non-degassing epoxy developed by 3M. The assemblies were then placed in a
Perkin Elmer 6J sputtering system and coated with a transducer layer of 60-100 nm of Au. The
thickness of the Au was confirmed using an X-ray reflection technique on the X Pert Pro MRD X-
Ray Diffractometer. The Au thermal conductivity was obtained via four-point probe resistivity
measurements using a Lucas-Signatone Corp 302 Resistivity Stand in conjunction with the

Weidemann-Franz law, shown in Eq. 2.2.1.

k = oLT 221

Here, o represents electrical conductivity, T represents absolute temperature and L represents the
Lorenz number which is typically equal to or near 2.44 x 108 WQK~2. This relation is a useful
and often accurate approximation of thermal conductivity of materials in which the heat carriers
are predominantly electrons. Bulk values of k,,, are not reliable for films of such thickness due to
the boundary scattering events that limit the cross-layer propagation of low-frequency or long

mean free path states of heat carriers (primarily electrons).
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Figure 2.6. Thermal conductivity data from ~100 — 360 K, where each structural phase is

distinguished by background color. A strong temperature-dependence is observed in the low

temperature phase but disappears in Phases B and C.

Thermal conductivity data is shown in Fig. 2.6, where nominal temperatures were
calculated using an iterative approach where heating is modeled using the theory established in
section 1.4 and the sample’s absorbed thermal energy, which was measured using a Thorlabs
PM100D Digital Optical Power Meter, to determine the sample’s thermophysical properties at that

temperature. The error bars represent uncertainty for a cluster of measurements which were

29



deemed acceptable (+ 0.45 um from the measured spot size and error, quantified as a mean
squared error (MSE) no greater than 1.2 times the global minimum). The average thermal
conductivities and temperatures (denoted generally in Eq. 2.2.2 as x) of the cluster of

measurements were calculated as

N
1
%= Nz X; 222

where N represents the number of measurements within the cluster. The total uncertainty of the

cluster, u, was calculated based on a formulation derived in previous work3?3:

=

k decreases strongly with temperature in Phase A, following the typical behavior of a

1 N
5D w4+ xP)
i=1

— 3?2} 2.2.2

crystalline material and plummeting from 0.49 + 0.19 Wm~'K~! to approximately 0.16 +
0.08 Wm~1K™1. This is attributed to the activation of phonon modes that begin to scatter with one
another, reducing the average phonon mean free path and therefore thermal conductivity.
However, the temperature dependence is no longer present in phases B and C due to the
orientational disorder of the fullerenes which create incoherent vibrations that scatter lattice
phonons and induce an amorphous transport regime. Because electrons contribute very little to
thermal conductivity in this material (less than ~10~* Wm™1K™1), the effects of increased o are

not evident in the thermal conductivity across the high temperature phase transition.
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These results confirm our initial hypothesis that orientational disorder could exist in
materials beyond those discussed by Ong et al.*. In this work we found that the SAC
[CosTes(PEt3)s][C7o]2 exhibits three distinct structural phases. The low temperature phase
transition is distinguished by C7o rotation that scatters phonons and causes thermal behavior to
switch from that akin to a crystalline material to that of an amorphous one. The high temperature
phase transition is marked by the homolytic cleavage of the Ci40%> dimer into two Czs which
creates a low energy optical gap. The increased free electron density greatly increases electrical
conductivity, and an increased spin density increases molar magnetic susceptibility. This study

demonstrates the expansiveness of property tunability, reversibility, and engineering in SACs.

2.2.1 Statement of Contribution

Alexander D. Christodoulides, Matthew Bartnof, Alan J.H. McGaughey, and Jonathan A. Malen:
Metal deposition and other sample preparation for thermal conductivity measurements, FDTR
measurement of thermal conductivity and related analysis.

Evan S. O’Brien, Jake C. Russell, Kihong Lee, Jordan A. DeGayner, Daniel W. Paley, X.-Y. Zhu,
and Xavier Roy: Sample synthesis, SCXRD, DSC, electrical, optical, and magnetic measurements

and related analysis.

2.3 [CosTeg(PPr3)s][PBCM]n Amorphous Thin Films

The previous study exhibits SACs with highly reversible and functionalized phase

transitions through careful selection of the constituent superatoms ([CoTe] and [C+o]) that self-
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assemble due to size and mass pairing. However, it is also possible to frustrate electrostatic
interactions using larger clusters that inhibit ionic cluster pairs and therefore overall crystallization.
This type of structure, no longer a superatomic crystal but rather an amorphous superatomic thin
film, shows similar levels of tunability to SACs due to their shared solution processability but with
enhanced properties that make it attractive for thermoelectric applications.

Our collaborators at Columbia University prepared fully amorphous superatomic thin films
containing large clusters, CosTes(PPr3)s (or simply [Co]) and C72H14O> (or PCBM) in order to
disperse electric charge over large volumes thereby weakening local electrostatic interactions. This
is made possible by the inclusion of tri-n-propylphosphine as the metal-core ligand as opposed to
the triethylphosphine (PEts) used in previous studies'*. The increased flexibility of these chains
greatly reduces the strength of electrostatic interactions that bind superatoms together, enabling
fully amorphous structures. In this study we examined the properties emergent from compositional
tunability in this compound by through variation of the molar ratio of PCBM to CosTes(PPr3)e
(2:1, 3:1, 4:1, 5:1, 7:1, and 9:1). This ratio will henceforth be represented by n, being that it is

always an integer value.
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PCBM

Figure 2.7. A schematic of a [CosTeg(PPr3)s][PCBM]n superatomic thin film is shown, where the

orientation of both clusters appears random as would be expected in an amorphous structure.

Superatomic thin films, such as the one depicted in Fig. 2.7, were spin-coated on silicon
substrates and structurally characterized using scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) to ensure uniformity and homogeneity. In SEM, the sample
is bombarded by an electron gun with primary electrons which generates secondary electrons
which are collected as the gun rasters to generate a high-magnification image. EDS, by
comparison, relies on the interaction of the sample with X-rays to emit atomically characteristic
electromagnetic waves. Sample thicknesses were gauged using atomic force microscopy, or AFM,
which measures vertical movement of a probe tip as it moves across the sample based on the
deflection of a laser that is reflected off the probe. This type of microscopy has extreme precision
and is capable of characterizing the topography of nanometer scale thin films, such as the ones that

were used in this study (~100 nm).
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Electrical conductivity (o) of each compound was measured at room temperature using a
two-point resistivity approach on the Agilent 4155C semiconductor parameter analyzer in a N2
glovebox enclosure. 40 nm of Au was deposited underneath the films to serve as source and drain
electrodes. o varies across all n from 19 to 301 S/m and appears to peak at n =5, as shown in Fig.
2.8. Variable temperature electrical resistivity measurements reveal similar activation energies
between n =5 and n =9 (87 vs 86 meV), suggesting that the higher conductivity seen inthe n =5
mixture is due to a higher ratio of CosTeg(PPr3)s which serves as the electron donating molecule.
This mixture more optimally encourages free electron transport than n = 2 which was measured to

have a significantly higher activation energy of 101 meV.
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[Co] 2 4 6 8 [PCBM]

[PCBM]:[Co]
Figure 2.8. o has a volcano-like relationship with molar composition. While [Co] and [PCBM] are

both insulating materials in their pure form, molar mixtures of the two results in more electrically

conductive thin films.
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We used FDTR to measure the room temperature thermal conductivities (k) of these binary
mixtures. Thermal conductivity data fitting requires knowledge of the mixtures’ densities and heat

capacities, which were unknown. We therefore defined the mixture density as

Micolipcaml,
PicolpcaMIn = V"— 23.1
[col[PCBM],,

where My represents the molar mass and Vi, represents the molar volume of the mixture. This

expression was then modified in terms of the properties of the mixture constituents:

_ Mico) + Mipcpmy, Mco) + nMpcpm)

V[Co] + V[PCBM Co / [PCBM] /
pr CO] PlpcBMm]

Plcol[PcBM]n 2.3.2

where pico) and ppcpiy Were determined previously®®4°, and molar mass was calculated as the

summation of the molar mass of the constituents. Finally, we represented the specific heat as a

function of the constituent heat capacity, density, and molar mass.

Cco1M(co) n nCipcemiMpcBm]
Pico] PipceMm) 2.3.3
Mico) + nMipcpm]

Clco]l[PcBM]n

Here, c[x) represents the specific heat whereas Cjx; represents the volumetric heat capacity. Cipcpm,

was obtained from previous work® and Ci¢,) was measured using a DSC technique.
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These calculations are not exact, so we managed the operation of FDTR to minimize
sensitivity to mixture heat capacity and density. According to our sensitivity analysis, shown in
Fig. 2.9 for [Co][PCBM]_, sensitivity to k¢, ipcamin IS largest for modulation frequencies of 100

kHz to 2 MHz, so data was constrained to this range. Additionally, thermal time constants of the

films,

t2
[Col[PCBM]n
T(co][PCBMIn = W 234

where t and «a represent film thickness and thermal diffusivity, are small compared to 1/f,

indicating an approximately steady state temperature that is insensitive to heat capacity.

k
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Figure 2.9. Normalized sensitivity of the model used to fit FDTR data is shown for modulation

frequencies of 100 kHz to 10 MHz. FDTR data was only collected up to 2 MHz, represented by
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the dashed vertical black line. The model is primarily sensitive to laser spot size, mixture thickness,

and mixture thermal conductivity.

We find that all mixtures possess k of 0.05—0.07 Wm~*K~! with no observable
dependency on molar ratio, as shown in Fig 2.10a. While n = 5 exhibits comparatively high o, the
Wiedemann-Franz law suggests that thermal conductivity is largely dictated by lattice
contributions, k;, and that electrical contributions, k., are less than 3% of the total value. The
amorphous nature of all film compositions likely scatters almost all low-frequency vibrational
modes that might exist in crystalline materials, leaving only high-frequency intermolecular modes
to carry heat. This results in a consistently ultralow thermal conductivity nanocomposite that
stands among the lowest ever recorded in fully dense materials®, and well below that of its
crystalline relatives (0.16 Wm™*K~! of [CosTes(PEts)s][Ce0]2 and 0.25Wm K™ of
[CoeSes(PEts)s][Ceol2)**.

The apparent decoupling of electrical and thermal conductivity behavior with n motivated
us to explore the thermoelectric capabilities of these mixtures. A thermoelectric material is one
that exhibits the creation of an electric potential due to a temperature gradient or vice versa. Such
materials have shown great promise at extremely high temperatures but have struggled to achieve
similar efficiencies at room temperature**4. Thermoelectric performance is typically assessed

using a figure of merit, ZT.

0S?T

ZT = 2.35

37



Here, S represents the Seebeck coefficient, which is the ratio of voltage to temperature gradient.
The highest room-temperature ZT comes from bismuth chalcogenides Bi>Tes and Bi,Ses at around
0.8 —1.0 *%. By comparison, lead telluride compounds are capable of ZTs as high as 1.4 — 1.8 when
subjected to temperatures more than 750 K**3, While these values are promising, thermoelectric
materials that may be used for solid-state cooling or parasitic heat recycling need to be capable of
operating at lower temperatures that are typical of computer parts and other electronic devices.
Our collaborators measured the Seebeck coefficients of higher electrical conductivity
mixtures (n =5 and 9) and found them to be —129 and —169 pVK~? respectively, resulting in ZT

values of ~0.02 at room temperature for both compositions (shown in Fig. 2.10b).
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Figure 2.10. a) k measured using FDTR for [Co][PCBM]» mixturesof n =2, 3,4, 5, 7, and 9. Pure
[Co] and [PCBM] were also measured, and the latter was comparable to that measured in previous
reports®®, b) Seebeck coefficient measurements and ZT calculations for n = 5 and 9. The negative
value of Seebeck coefficient indicates that the voltage at the low temperature terminal is higher,

and that the potential gradient points opposite the temperature gradient.
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While these mixtures may not be competitive with bismuth chalcogenides as thermoelectrics, they
garner their own sphere of influence owing to their high compositional and consequent property
tunability. Mixtures exhibit both high and low electrical conductivities while maintaining record
low thermal conductivities as a result of their amorphous structure. The solution processability
combined with the high degree of property flexibility opens pathways for the development of other

multifunctional cluster solids.

2.3.1 Statement of Contribution

Alexander D. Christodoulides, Lingyun Dai, and Jonathan A. Malen: FDTR measurements of
thermal conductivity and related analysis.

Jingjing Yang, Boyuan Zhang, Qinzhi Xu, Amirali Zangiabadi, Samuel R. Peurifoy, Christine K.
McGinn, Elena Meirzadeh, Xavier Roy, Michael L. Steigerwald, loannis Kymissis, and Colin
Nuckolls: material synthesis and sample preparation, SEM imaging, AFM characterization, TEM

characterization, electrical conductivity, and thermoelectric measurements.
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3 PbS Colloidal Nanocrystals

3.1 Background and Introduction

Colloidal nanocrystals (NCs) are clusters of inorganic particles several nanometers in
diameter that are connected and stabilized by a matrix of ligand molecules connected to the
nanocrystal surface. They are typically solution-grown, and they self-assemble into solid materials
when deposited onto a substrate. The solid solutions, commonly termed NC solids, have found use
in electronic*®*’, photovoltaic*®*°, thermoelectric®, and optoelectronic**~75! applications. While
nanocrystals are unable to achieve the atomic precision of the superatomic structures discussed in
the previous chapter, they exhibit superior monodispersity to materials used for similar
applications such as molecular beam epitaxy-grown quantum dots®?. This monodispersity results
in enhanced property precision which, combined with convenient solution-processability and high
tunability, makes NC solids attractive candidates in many facets of engineering design.

The thermal properties of NC solids are important for their successful implementation in
functional devices. Prior research on thermal conductivity of NC solids shows that they have
exceptionally low values of k of 0.1 - 0.4 Wm™1K~1 165354 These low thermal conductivities
are useful in applications where large temperature gradients are needed, such as in thermal barrier
coatings or thermoelectric devices. However, they may be problematic in applications where
parasitic heat dissipation is needed, such as in electrical parts that generate significant amounts of
thermal energy. Accordingly, a deep understanding and control of thermal transport in these

materials is needed.
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Figure 3.1. Inorganic nanocrystal cores are surrounded by a matrix of ligand molecules that

stabilize the structure into a solid material when drop-cast or spin-coated on a substrate®®.

Prior work has identified different mechanisms that bottleneck thermal transport in NC
solids. Ong et al. found that the bulk k of the NC core material has a minimal effect on the NC
solid k, while core diameter is significantly more impactful®®. This result suggests that the high
thermal conductivity of different core materials is bottlenecked by core/ligand phonon mode
mismatch, resulting in poor thermal communication. Liu et al. identify that the binding strength of
the ligand end molecule is unimportant, but that backbone length is inversely correlated towards
NC solid k via its effect on ligand volume fraction®*. Finally, Wang et al. demonstrate that
covalently crosslinking ligands greatly increases thermal conductivity in FesOs NC solids by

increasing the mean free path of acoustic phonon modes®2.
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Figure 3.2. a) thermal transport in NC solids is not strongly affected by binding group but rather
by ligand length and NC core diameter®*, b) crosslinking oleic acid ligands results in a four-fold
increase in iron oxide NC solids®, ¢) NC solid k is unaffected by changing core k by orders of

magnitude?®.

3.2 PbS Nanocrystal Superlattices and Thin Films

Prior work has demonstrated that improved chain alignment of similarly bonded polymer
chains results in increased thermal conductivity and strength®®%¢ and that alignment of
hydrocarbon chains in self-assembled monolayers (SAMSs) enhances thermal conductances3>°":%,
However, until now, the effects of ligand ordering and consequent core organization on thermal
conductivity and elastic modulus in NC solids have been unexplored.

In this study, our collaborators at Arizona State University created single domain PbS NC

superlattices (NCSLs) which exhibit excellent long-range order compared to conventional NC
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solid thin films (NCFs). They produced such pristine samples by invoking slow diffusion of non-
solvent (ethanol) into the NC solution. This was done by placing the NC/touluene solution at the
bottom of a beaker, creating a buffer layer of proponal, and capping the heterogenous liquid
mixture with ethanol. A silicon substrate was placed vertically within the tube, and diffusion of
solvent into the NC solution, resulting in destabilization and NCSL crystallization, occurred within
a 1 — 2-week period. The substrate was then carefully removed, rinsed with ethanol, and blow-

dried with No.

a V. b
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Figure 3.3. a) Typical NC solids were created by spin-coating NC solution on a substrate, b) the
result of such preparation is an array of NC cores connected by disordered ligands, c) a cross-
sectional SEM of the NC thin film; d) high-resolution SEM reveals disordered packing of PbS
cores, €) NCSLs were prepared by slow diffusion of ethanol into NC solution, f) resulting in
comparatively more ordered ligands; g) SEM image of an NCSL crystal, which typically takes a
triangular or hexagonal form; h) high-resolution SEM shows ordered packing compared to NC

thin films.
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This synthesis technique was used to create monodisperse PbS NCSLs with core diameters
of 3.0 — 6.1 nm with oleic acid ligands. A traditional method (shown in Fig. 3.3a) was also
employed to create PbS NCFs as a basis of comparison. TEM imaging reveals average
interparticle, or edge-to-edge, spacing of ~1.5 nm across all nanocrystals, and that NCFs present
slightly higher core-core spacing. This is attributed to the fast-drying nature of the spin-coated
solution which does not allow cores and ligands to order into a more thermodynamically favorable
state. Such a phenomenon has been previously studied in PbS nanocrystals using small-angle-X-
ray scattering (SAXS), which characterizes samples by detecting the scattering of slightly angled
X-rays as they pass through a sample. Lee et al. report a 33% increase in interparticle spacing
between three-dimensional crystals and films®®, and our collaborators therefore approximated the

average interparticle spacing of NCSLs to be ~1.2 nm.
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Figure 3.4. TEM imaging of PbS nanocrystals with OA ligands for core diameters of a) 3.0 nm, b)

3.5nm, c) 4.9 nm, d) 5.0 nm, €) 6.1 nm.

We used FDTR, as illustrated in Fig. 3.5a to measure the thermal conductivity of samples
of PbS NCSLs with core diameters of 3.0, 3.5, 4.9, 5.0, and 6.1 nm, and NCFs with core diameters
of 3.0, 3.5, 4.9, and 6.1 nm. FDTR data (phase difference) is shown for representative samples of
NCFs and NCSLs in Fig. 3.5b, where the good agreement between measurement and model fitting
indicates reliable results of thermal conductivity. The fitting results are plotted in Fig. 3.5¢c, where
the measurements of Ong et al. are included as a benchmark of comparison to our NCF
measurements®. Lower and upper error bars in Fig. 3.5c represent the 10" and 90ths quantiles of
fit distributions gathered by a Monte Carlo estimation of uncertainty. All samples were coated with
a Au transducer layer of 70 nm in thickness using electron-beam evaporation prior to FDTR
measurement to enhance the thermoreflected signal. PbS nanocrystal specific heat was measured

using differential scanning calorimetry (DSC).
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Figure 3.5. a) FDTR was used to probe k of PbS NCSLs and NCFs, where the inset shows an
optical microscope image of a Au-coated NCSL; b) data and fits of measurements used to
determine NSCL and NCF k, where good agreement between fits and data indicate reliable
measurement, c) thermal conductivity measurements of NCFs and NCSLs as a function of PbS
core diameter where error bars represent the 10" and 90" quantiles of fit distributions created using
a Monte Carlo estimation of uncertainty; NCF measurements performed by Ong et al. agree well

with our own measurements; d) ligand matrix thermal conductivity of NCSLs and NCFs



determined using the Hasselman Johnson Maxwell Euken (HJ-ME) effective medium
approximation (EMA); results are compared to predictions of a minimum thermal conductivity

model and the thermal conductivity of Pb-oleate wax.

We perform a sensitivity analysis on the FDTR model and find that it is largely controlled

by spot size (75,,.) and Au thermal conductivity (kg4,,), as shown in Fig. 3.6b. Spot size is well

understood in our system and is unlikely to vary based on the sample under investigation.
However, Au k could not be measured on NCSL samples since the four-point probe resistivity
method requires a larger surface area than that shown in the inset of Fig 3.5a. Therefore, central
values used in the fitting of NCSLs are based on resistivity measurements conducted on NCFs that
are converted to thermal conductivity using the Wiedemann-Franz law. While this is likely an
adequate approximation considering that PbS NCFs exhibit low electrical conductivities (thereby
allowing most of the measured voltage to be a result of electron transport in the Au layer), actual
values may deviate slightly due to differences in grain-boundary formation in the Au layer
resulting from interlayer stresses that differ between the two nanocrystal systems. We therefore
elected to include k4, as a variable parameter in the fitting, resulting in high-quality fits that match
multiple measurements shown in Fig. 3.6¢. Mean-squared error (MSE) contours, as shown in Fig.
3.6d show that only fits that use values of k,, that fall within a small range that is near the

measurement done on NCFs result in high-quality fits.
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Sensitivity to Fitting Parameters of 3.5 nm PbS NCSL
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Figure 3.6. a) sample configuration (including typical layer thicknesses) used in FDTR
measurements; b) sensitivity analysis of FDTR model of a NCSL with 3.5 nm PbS cores, ¢) phase
data and model fits of measurements taken on different NCSL crystals, where the similarity
between fits indicates measurement consistency, d) the mean squared error (MSE) contour plot
highlights fit quality dependence on NCSL thermal conductivity (kycs.) and Au thermal
conductivity (kg4,,); only fits that use values of kg4, that reside within a narrow range and close to
that measured on NCFs using four-point probe resistivity and the Wiedemann-Franz law yield

low-MSE results.
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We generated the error bars presented in Fig. 3.5¢ using an approach previously employed
to study the effects of uncertainty in fitting parameters in measurements of interface
resistances®®6!, Each fitting parameter was modeled as a normally distributed random variable
described by a mean value and standard deviation based on literature or experimental
measurement, as shown for spot size as an example in Fig. 3.7. The uncertainty of each
measurement was determined by sampling from the distribution of each fitting parameter 1000
times to create a matrix of 1000 combinations of fitting parameters which were input to the FDTR
model to create 1000 fits of NC sample k. The distribution generated from each measurement of
the same sample type belong to one statistical population and were therefore combined into a single
distribution from which statistically meaningful information was calculated. These distributions
are often non-normal and so the medians were used as the indicators of central tendency rather

than the means. The distributions of NCSL and NCF thermal conductivities are shown in Fig. 3.8.
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Figure 3.7. a) a normal random distribution was assigned to each parameter, like spot size, where
the mean and variance were prescribed by experimental experience or literature, b) a flow chart of
the uncertainty algorithm is presented; the fitting model is first used to determine rough fitting
parameters, which were then modeled as random variables and sampled by the fitting model to

create a distribution of fits to NC sample thermal conductivity.
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Figure 3.8. Thermal conductivity distribution of fits for a) 3.0, 3.5, 4.9, and 6.1 nm PbS NCFs and
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peaks of NCSL distributions but not of NCF distributions, indicating that thermal conductivity is

a stronger function of core diameter in NCSLs.
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The FDTR results shown in Fig. 3.5c reveal that k of PbS NCSLs generally exceed those
of NCFs, and that the k of NCFs increased from 0.19 + 0.05/—0.04 to 0.24 +
0.06/0.05Wm™1K™! as the NC diameter increases from 3.0 to 6.1 nm, consistent with past
research®>*. By comparison, k of NCSLs are up to thrice those of NCFs, particularly at higher
diameters (0.32 + 0.11/—0.09 to 0.75 + 0.26/0.18 Wm~1K™1), as ky.s, experiences greater
enhancement due to core diameter enlargement. The difference in k behavior between these two
groups is reminiscent of that seen in crosslinked versus non-crosslinked iron oxide NCs®3, albeit
due to different underlying mechanisms. PbS NCSLs feature weak vdW ligand-ligand interactions,
so enhanced thermal transport cannot be attributed to improved ligand-ligand interactions resulting
from chemical bond strength.

Our collaborators at the University of Washington performed stiffness measurements on
the samples to better understand mechanical behavior and its relationship to thermal transport in

these materials. The average speed of sound in a material is linked to the elastic modulus as

where E and p are the Young’s modulus and density. We therefore sought to measure E, and,
having already known p through thermogravimetric analysis (TGA), determine the average sound
speed which could be used as a basis for approximating thermal conductivity using the phonon gas
model described in Eq. 1.1.11.

A Ubi-1 Nanoindenter by Hysitron was used to perform mechanical measurements. The

machine, equipped with a diamond Berkovich tip, was initially calibrated with a fused silica
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sample. 20 200 nm indentations were made per sample using a 3-segment (10s load, 5s hold, 10s

unload) load cycle to get an average Young’s modulus. The reduced modulus was calculated as

where S is the stiffness based on the unloading curve and A is the contact area (which is a calibrated

function of depth). E, is related to the Young’s modulus of the sample (E) and that of the indenter

(E;) by

1 1-9% 1-97
1 _1-97 1-9 3.2.3
E,~ E E,

where 9 and 9; represent the Poisson’s ratio of the sample and indenter, respectively. Values of
the diamond tip are known, and a universal Poisson ratio of 0.3 is used for 9. Finally, longitudinal,

transverse, and total sound speed were calculated as

E 1-9
VL= \/E 1+9)(1 - 219)] 324

/ E
R R 325
YT = 1251+ 9)
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It should be noted that sound speed is the low-frequency limit of phonon group velocity, as it
represents the slope of the dispersion relation, %, of acoustic phonon modes. In other words, the

sound speed does not consider the velocity of non-acoustic modes or those outside the linear, low-
frequency range of the acoustic branches, and therefore may not be fully representative of the
average phonon group velocity invoked in Eq. 1.1.11.

Nanoindentation reveals that NCSLs possess Young’s moduli that are up to thrice that of
NCFs, as shown in Fig. 3.9f, increasing from 360 to 1770 MPa as opposed to 110 to 600 MPa.
This increased diameter-dependence is the result of two phenomena, the first being an increased
volume fraction of NC cores, as lower interparticle spacing allows for higher NC packing densities.
We also attribute the higher stiffness to improved alignment and interdigitation of ligands, which

we suspect increases with NC diameter and opposite surface curvature®2%2,
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Figure 3.9. a,c) illustration of NCF and NCSL response to indenter load, respectively; the indenter
penetrates equally in both circumstances despite unequal load due to the improved stiffness in
NCSLs resulting from higher volume overlap, alignment, and interdigitation of ligands; b,d) SEM
images of nanoindentation of an NCF and NCSL sample, respectively, ) NC pair potentials

derived from coarse-grained modeling and the resultant stress-strain behavior in NCFs and NCSLs,
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f) Young’s modulus data obtained via nanoindentation compared to fitted results from coarse-

grained model.

We used Young’s modulus data to calculate the average speed of sound, as shown in Fig.
3.9f. vg increases by approximately ~40 — 60% with increasing diameter in NCSLs, however this
alone is insufficient to explain the strong diameter dependence of thermal conductivity observed
in Fig. 3.5¢ (since k scales with E1/2). Moreover, not only are our DSC measurements of C, quite
similar across all core diameters, but there is a decreasing trend which opposes that of k. This leads
us to conclude that the final variable of Eq 1.1.11, average phonon mean free path, A, must increase
with NC diameter. We hypothesize that enhanced ligand and core ordering that results from
increased core volume fraction results in increasing k with core diameter, and that this behavior is
enhanced in NCSLs due to their improved long-range order resulting from the slow-diffusion
process.

We used the Hasselman Johnson — Maxwell Euken (HJ-ME) effective medium
approximation (EMA) to model thermal transport in NCSLs and NCFs in terms of the properties
of the individual components of the composite NC material®. According to this model, thermal
conductivity of composite materials that are constructed of a spherical dispersion (here, the
nanocrystals) within a matrix (here, the oleic acid ligands) is a function of the dispersion thermal
conductivity (kyc), matrix thermal conductivity (k,,), NC core volume fraction (V;), NC core

radius (a), and core-ligand interfacial thermal conductance (G), as shown in Eq. 3.2.7.
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kess is obtained through our FDTR results to be 0.32 + 0.11/0.09, 0.23 + 0.13/0.06, 0.39 +
0.14/0.07, 0.48 + 0.14/0.11, and 0.75 + 0.26/0.18 Wm~1K~! for NCSLs with core diameters
of 3.0, 3.5, 4.9, 5.0, and 6.0 nm, and 0.19 + 0.05/0.04, 0.18 + 0.06/0.05, 0.21 + 0.08/0.06, ,
and 0.24 + 0.06/0.05 Wm~1K~? for NCFs with core diameters of 3.0, 3.5, 4.9, and 6.1 nm. k, is
assumed to be ~2.6 Wm ™K~ based on previous work on thermal transport in undoped PbS®>¢7,
h. is set as 150 Wm~2K ™1 based on model fitting of other PbS nanocrystal materials'®. Ong et al.
define the volume fraction of an FCC system based on the face-diagonal dimension, Fy;; = 2d +

2L, where d and L represent the core diameter and interparticle separation?®.

|Faise cos (%)]3 328
Vcell = 4
4 3
v, = SVZ 3.2.9

Vo1 represents the effective volume of a cell containing a singular core, since there are four cores
per unit cell. The ratio of the core volume to this value is then taken as the volume fraction of cores
within the structure in Eq. 3.2.9.

We performed a sensitivity analysis on Eq. 3.2.7 to assess the parameters that most strongly

effect kosr.
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Baaj Was set as 1% of the nominal value of 5. We assessed sensitivity at core diameters of 3.0,

3.5, 4.9, 5.0, and 6.1 nm and interpolated within this range, as shown in Fig. 3.10.

3 4 5 6
core diameter (nm)

Figure 3.10. Sensitivity of the HI-ME EMA to parameters £, shown in the legend.

The sensitivity analysis reveals that the model is overwhelmingly sensitive to k,,,, consistent with
prior work®3%4. In order to better understand the role that ligands play in thermal transport in the
PbS system, we rearranged Eq. 3.2.7 to solve for the matrix thermal conductivity, k,,. This

expression takes the form of a quadratic equation, ak?2, + uk,, +y = 0, where
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3.2.11

and

_ THEVu —day 3.2.12

k
m 2a

Eq. 3.2.12 grants two results, both of which are real positive values. We therefore matched this
analytical approach with a numerical mean squared error minimization to determine the physically
meaningful result. The agreement between the two techniques reveals nominal k,, of 0.36, 0.23,
0.43, 0.57, and 1.04 Wm~1K~* for NCSLs with nanocrystal diameters of 3.0, 3.5, 4.9, 5.0, and
6.1 nm, and nominal k,, of 0.18, 0.13, 0.20, and 0.18 Wm~*K~! for NCFs with nanocrystal
diameters of 3.0, 3.5, 4.9, and 6.1 nm, as shown in Fig. 3.5d. The error bars in Fig. 3.5d represent

the cumulative uncertainty in the parameters of Eq. 3.2.11 and 3.2.12:

2 2 2 2
ok, ok, ok, ok,
Sk, = | s (—5k) (—5h) (—51/)
m [(akeﬁ eff) ok, °%e) T\Gp, 0%) Gy, °Ye

1/2
ok 2
+ (—m Sa) ]

3.2.13

da
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where 8k, is taken as the larger of the difference between the median and the 10" or 90™"
quantiles of fit. 5k, is set at 0.1 Wm~2K~* due to the consistency at which it is reported®°’. The
HJ-ME EMA is not sensitive to h., which makes assessing its true value and dependency on core
diameter and ligand-ligand interaction in the PbS system difficult’®3l, §h. was therefore
overestimated as 100 MWm™2K™1, based on the uncertainty reported by Ong et al.1®. §a was set
at 0.3 nm based on monodispersity observations in high-resolution TEM imaging. Uncertainty in
interparticle spacing, 6L (which effects 6V,;) was liberally prescribed as 0.5 nm, though we expect
that the true value is much lower.

The total uncertainties presented in Fig. 3.5d are decomposed by each contributor shown
in Eq. 3.2.13, and are shown in Table 3.1 below. The contribution of k. is largest and decreases
with increasing core diameter. 8k, ¢, shows the opposite trend, meaning that its contribution to
uncertainty is an artifact of the close relationship between the two values, as shown in the
sensitivity analysis, rather than the magnitude of uncertainty in k.¢¢. A trend of increasing k, is
evident despite the size of the error bars, with most values greatly exceeding that of Pb-oleate wax

(kpp—o = 0.13 Wm™1K~1)® and liquid oleic acid (kp4 ~ 0.22 Wm™1"K~1)%8,
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Core Diameter (nm) 3.0 3.5 4.9 5.0 6.1
§ a 0.70 0.48 0.63 0.65 0.24
g
s Va 14.07 0.03 3.61 16.53 28.87
=) y
< ka 0 0 0 0 0
2
‘g I 7.74 7.33 18.73 20.21 11.19
8 kg 77.49 92.16 77.02 62.61 59.70

Table 3.1. Contributions to uncertainty in k,,, decomposed by parameter, where the sum of each
column is unity. Uncertainty is almost entirely dominated by k.sf due to the solution’s large

sensitivity to that parameter.

This result reaffirms the notion that stronger ligand-ligand interactions that result from
improved order and interdigitation act to increase effective thermal conductivity far past those of
NCFs, which are bottlenecked by thermal transport across neighboring ligands. Additionally,
NCSLs show an increase in k,,, with increasing diameter due to the reduction in surface curvature
of the cores which allows well-ordered ligands to interdigitate better. By contrast, NCF k,, is
insensitive to surface curvature because its effects are obscured by disordered NC packing and
consequent ligand randomness. Ligand order and its impact on thermal transport appears to be
analogous to thermal transport in polymers, where chain alignment improves heat conduction

along the molecule’s backbone.
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Heat transfer in polymers and other amorphous materials has been successfully predicted
by Cahill’s minimum thermal conductivity model®®"2. This model only considers incoherent
phonon modes, or vibrational waves that travel randomly. We employed this model to understand
how well such a model predicts k,, of NCFs and NCSLs. The high temperature limit of the

minimum thermal conductivity model is

oM\ s 3.2.14
kmin = (1_6) aneffvs,m e

where kg, n.sr, and v; ,, represent the Boltzmann constant, atomic density, and sound speed in

the matrix. Not all vibrational modes are active at room temperature, so we adjusted the atomic

density to reflect the degree of phononic activation using the heat capacity.

Cn
Nerr = % 3.2.15

Here, C,, represents the volumetric heat capacity of the ligand matrix. Eq. 3.2.14 can therefore be

rewritten as

1/3

s
Knin = (E) k;/g Crzn/3‘l75,m 3.2.16

where matrix heat capacity was taken to be 2.043 Jkg =K~ based on reporting in the literature®.

Vs m Was calculated using Eq. 3.2.1 based on the Young’s modulus of the matrix, E,,, which was
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derived from the composite (E) and nanocrystal (Ey.) Young’s modulus according to Halpin-Tsai

theory’* which has been previously applied to NC systems®'°,

E 1+6V,
_— = 3.2.17
Em 1- an
ENC/E -1
n=g—"— 3.2.18
NC
/g, +6

d in Eq. 3.2.17 and 3.2.18 represents the shape parameter for the filler material, which here is
spherical, so § =2 + 40 - V/,.

The model predictions of k,, are shown in Fig. 3.5d. While it accurately traces the
calculations of the HJ-ME model for NCFs, it grossly underestimates values for NCSLs. This
result further substantiates the hypothesis that oleic-acid ligands are disordered in the PbS NCFs
(and therefore behave thermally similar to an amorphous material), and that they are comparatively
better ordered in NCSLs and are therefore able to carry more heat. This model assumes that phonon
mean free path is approximately half the phonon wavelength, resulting in mean free paths close to
the interatomic spacing of the amorphous solid. The mismatch between k,, of NCSLs predicted
by this model and the HJ-ME model suggests that longer-range phonon modes may be present
within the ligand matrix that enhance thermal transport.

In this study, we showed that a slow-diffusion method facilitates the development of PbS
nanocrystal superlattices that exhibit superior core and ligand ordering compared to NC films

prepared according to a quick-drying process. We measured thermal conductivity using FDTR and
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elastic modulus using nanoindentation and found threefold thermal and mechanical enhancements
in NCSLs compared to NCFs. Our effective medium approximation and minimum thermal
conductivity modeling suggests that improved core ordering also increases interdigitation and
alignment of ligands, improving thermal transport in the ligand matrix and increasing effective
thermal conductivity. We find that both ligand matrix and effective thermal conductivities increase
with core diameter due to the decreasing surface curvature that allows for improved ligand-ligand
interactions. Our work demonstrates that improved ordering sits with crosslinking® and ligand
backbone tuning® as an effective method to boosting thermal and mechanical robustness in
colloidal nanocrystal solids, and that it may serve as a viable technique to improve their

performance in next-generation technology.

3.2.1 Statement of Contribution

Alexander D. Christodoulides, Lingyun Dai, and Jonathan A. Malen: FDTR measurement of
thermal conductivity.

Alexander D. Christodoulides and Jonathan A. Malen: MC estimation of uncertainty of thermal
conductivity data.

Alexander D. Christodoulides, Jonathan A. Malen, Zhongyong Wang, and Robert Wang: EMA
modeling of NCSL and NCA systems.

Yang Zhou and Junlan Wang: Nanoindentation and mechanical measurements.

Zhongyong Wang, Rui Dai, Yifei Xu, Qiong Nian, and Robert Wang: minimum thermal

conductivity modeling, pair potential modeling, atomistic molecular dynamics simulations
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4  Two-Dimensional Perovskites

4.1 Thermal Transport in Three-Dimensional Perovskites and Motivation

Perovskite materials are characterized by the general chemical formula ABXs, where sites
A and B are occupied by cationic molecules and X is occupied by an anionic molecule. This
structure is recognizable for the way the anionic molecules are often depicted as forming octahedra
surrounding the B sites. Such materials are found in nature but are also synthesizable in the
laboratory and have been found to exhibit wide-ranging properties useful in a myriad of
applications’.

Halide perovskites, or those for which the X site is occupied by a halide atom (X = F, Cl,
Br, or 1), are semiconducting materials that have found use in many areas of technology. These
structures have been lauded for properties including easy solution processability”’, enhanced
defect tolerance’®®, long-carrier lifetime’®7%8182  optical bandgap suitability®®, and high
absorption coefficient®®. The first reports of three-dimensional hybrid organic-inorganic
perovskites (HOIPs) of the sort came out in 1978%8 but research on their exceptional
photovoltaic and optoelectronic properties’’~79838487.88 gnly pegan in the 1990s. Since then,
incredible strides have been made in the improvement of HOIP photovoltaic power conversion
efficiency (PCE) and light emitting capabilities. Specifically, the PCE of MAPbI; (where MA
represents methylammonium, or CHsNHz) has been optimized from less than 3% to 24% in just
over a decade®*®® and its external luminescence efficiency has been improved to make it a

contender for future lasing applications’®8+87,
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Figure 4.1. The structure of methylammonium lead iodide, or MAPbIls, where methylammonium
is CH3NHs %0. This material exhibits high power conversion efficiency (PCE) and good external
luminescence efficiency which has made it the centerpiece of perovskite research for the past two

decades.

Research on HOIPs has largely been focused on properties pertinent to their
implementation as photovoltaic and optoelectronic devices, particularly stability and charge
transport. However, concentration began to shift towards thermal transport after ultralow thermal
conductivity was discovered in MAPbls, a HOIP well-known for its exceptionally high PCE®L,
This new information was at once exciting and problematic: ultralow thermal conductivity presents
a huge challenge for HOIP-based solar cells due to their typically high operational temperatures

and maintenance regulations® but also stages potential for thermoelectric capabilities, which has
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been further realized by studies of high Seebeck coefficient compared to other solution-processed
materials®*-°.

Halide perovskites are classified as phonon glasses while also as electron crystals (PGECs)
due to the ballistic charge transport and diffusive phonon transport that are simultaneously
present®, and are therefore sometimes referred to as “crystalline liquids”®’. This phenomenon
results from efficient charge transport across a large electronic bandwidth but low thermal
transport occurring across a comparatively small phonon bandwidth. The exact mechanisms by
which this occurs has been debated, but it is thought to result in scattering of long-range vibrational
modes, leaving mostly local, intermolecular modes to diffusively carry heat across small length
SCa|esl3,90,987101_

In their seminal study, Pisoni et al. observed decreasing thermal conductivity with
increasing temperature in MAPbIs, and an ultralow thermal conductivity of 0.5 Wm~tK~? for
single crystals at room temperature®’. They employed the Callaway model'® to explain this

behavior in terms of scattering event relaxation rates, t:

Op/T
x*e*
kl = CVT3 J T(X) lm] dx 41.1
0

where scattering mechanisms (boundary, defect, and Umklapp) are treated as independent, parallel
events (according to Matthiessen’s rule) such that = = ¥, 7;%. In Eq. 4.1.1, x = hw/kzT and
8y is the Debye temperature. Only Umklapp scattering exhibits temperature dependence, so the
authors attributed the trend they observe to increased phonon-phonon scattering commensurate

with the activation of additional modes, as is expected in a crystalline material. They claim that
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resonant scattering, emergent from a high density of modes with similar energies, is responsible
for increased scattering beyond 160 K that create a glass-like regime consistent with the
“crystalline liquid” previously described. Moreover, these scattering events, which they liken to

103 "are suggested to be induced by the activation

those seen in materials with dynamical disorder
of rotational degrees of freedom of the CHsNH3z molecule, resulting in an ultralow thermal
conductivity of 0.5 Wm~*K~! at room temperature®’. Below the activation temperature of these
dynamical disorder modes, it is believed that the orientational distribution of the A site molecule
dictates thermal transport anisotropy®. However, while dynamical disorder of the A site molecule
has been extensively studied, its effect on thermal transport has remained ellusive®:99101,104.105,
Elbaz et al. identified room temperature thermal conductivities of different lead-halide
perovskites using FDTR to understand common underlying phonon transport mechanisms?%:,
Their study considered MAPbX3, where X = ClI, Br, and I, as well as APbBr3, where A = MA, FA
(formamidinium), and Cs. While Pisoni et al. identify dynamic disorder of the noncentrosymmetric
A site cation as the cause of ultralow thermal conductivity, FDTR measurements revealed a weak
A site dependency (~10% variation) and a strong halide dependency. This result was impactful
considering that CsPbBr3, a structure with a centrosymmetric A site molecule, should, according
to Pisoni et al., exhibit high thermal conductivity compared to when A = MA and FA due to the
muted effects of dynamical disorder. Using nanoindentation and kinetic theory, Elbaz et al.
identified that low-frequency acoustic phonon speed (sound speed) differentiates thermal transport
in these perovskites, and that optical phonons contribute little to lattice thermal conductivity.
Further, they used the thermal conductivity accumulation function with a Bon von Karman

adjustment to the acoustic branches of the dispersion relation to study size dependence of resonant

scattering mechanisms. They found that such scattering only impacts thermal conductivity in
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structures with grains of ~50 nm or smaller, and that all perovskites exhibit similar accumulation
functions, suggesting that low thermal transport in these materials is a consequence of low
frequency phonon group velocity%,

While three-dimensional perovskites show great potential in next generation technology,
they are often unstable under ambient conditions. MAPDIs, for example, has been demonstrated to
rapidly degrade into solid Pbl, and vaporous MA™ and I even while subjected to dark vacuum
environmentsi®%. Degradation is accelerated by oxygen'%®, moisture!®110 [ight'09111112 and
heat!%®112 and control techniques such as encapsulation® 12 and pinhole control*** fail to improve
lifetimes to something that would be comparable to Si- or Ga-based compounds. Two-
dimensional, layered perovskites have therefore been studied as potential avenues towards
improving stability while maintaining the positive attributes of three-dimensional HOIPs like
solution processability and excitonic effects that make them competitive photovoltaics**>*Y,
Many varieties of two-dimensional perovskites have been developed, and while their photovoltaic
performance and stability characteristics have been extensively studied'®!® their thermal
behavior, which is critically important towards thermal management, has remained unexplored.
The two following studies aim to illuminate the thermal transport phenomena that result in ultralow
thermal conductivity in two families of two-dimensional perovskites: BA>MAn-1Pbnlan+1
Ruddlesden-Popper (RP) perovskites, and yMnCls (y = (CaH2n+1NH3)2MnCls for n = 10 and 12,

termed “C10” and “C12” respectively, and x = (NH3(CH2)4CeHs)2, or “Cas-phenyl”).

4.2 BA2MAn.1Pbnlzn+1 Ruddlesden-Popper Perovskites
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The success and potential of MAPDI3z motivated the development of a more stable two-
dimensional Ruddlesden-Popper (RP) perovskite, BA2MAn.1Pbnlzn+1. In this structure, MAPbDIs-
based perovskites are layered between organic spacer layers composed of butylammonium (BA),
as shown in Fig. 4.2. Here, n represents the number of repeated units of perovskite octahedra per
inorganic layer, such that the structure becomes MAPbIz as n — co. The inclusion of hydrophobic
BA improves the perovskite’s stability compared to MAPbI3, and even reduces its rate of heat-
based degradation at 80 °C0%117.118.120 'Eyrther, these RP phases exhibit PCEs of ~12.5%, which
are among the highest reported for lower-dimensional perovskites?®1?1122 However, while they
were known to be laden with promising photovoltaic properties, their thermal transport properties
were not understood. Their thermal conductivities were expected to be ultralow like that of their
relative, MAPDIs, however reduced dimensionality and structural complexity make such an

approximation inappropriate for design purposes.

n=1 n=2 n=3 n=oo

Figure 4.2. Crystal visualization of n = 1 — 3 members of the BA2MAn.1Pbnlan+1 family, where n

represents the number of repeated perovskite octahedra within each inorganic layer.
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Knowledge of the thermal conductivity of BA2MAn-1Pbnlzn+1 RP phases has two primary
values, the first of which is the practical need to understand thermal transport to predict and
manage thermal loads during device operation. The second is the enhancement of our
phenomenological understanding of thermal transport in materials with nanometer-scale two-
dimensional architectures. The organic-inorganic repeating unit shown in Fig. 4.2 is highly
reminiscent of a superlattice: a periodic structure composed of two or more materials. Such
materials, like GaAs/AlAs and (SrTiOs3)m/(CaTiO3)s, exhibit signatures of coherent phonon
transport in their thermal conductivities when layer thickness is low enough?®'?*, Low layer
thickness and correspondingly high interface density (number of interfaces per unit length) is
typically observed to decrease thermal conductivity due to increased boundary scattering and the
restriction of long-wavelength and long mean free path phonon modes. However, when layer
thickness is sufficiently low, coherent phonons, or those that emerge from the secondary
periodicity of the structure, propagate successfully across these interfaces and therefore sometimes
have mean free paths that exceed the period of the structure. These phonons are often described as
exhibiting “wave-like” transport qualities as compared to other “particle-like” modes that scatter

at the interfaces.
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Figure 4.3. a) When interfaces are far apart, heat is primarily transported within layers by phonon
modes that exist in the bulk of the constituent materials (here denoted by A and B). These phonons
scatter heavily at interfaces and are therefore classified as ‘particle-like’ modes. b) When interfaces
are close enough together, phonon modes that do not necessarily exist in the pure form of either
constituent material but are rather built from the superstructure (coherent phonons), propagate

across interfaces seamlessly, and are hence called ‘wave-like’ modes.

Coherent phonons have been demonstrated to carry significant amounts of heat resulting
in elevated thermal conductivity compared to superlattices with lower interface densities*?31%4,
However, these enhancements are often muted by imperfect interfaces that disrupt periodicity. We
were therefore interested to determine whether coherent phonon effects could be observed in the
thermal conductivity of BA2MAn.1Pbnlsn+1, Where interface density is controlled by tuning n.
Secondary periodicity and coherent phonons in two-dimensional perovskites had been previously
studied*?>'?", however their effects on thermal conductivity were contested. While one study
identified longer lifetimes of transient reflectance oscillations in (PEA)2Pbnlsnss (PEA =
phenethylammonium) in higher n structures as indicative of higher thermal conductivities?®,
another employed atomistic simulation to conclude that thermal conductivity of SrTiO3z-based RP
phases should decrease with increasing n'?°. These discrepancies left ambiguity surrounding
coherent phonon contributions to thermal conductivity in two-dimensional perovskites which we
sought to clear with direct measurement.

Our collaborators at Northwestern University and Argonne National Laboratory created
thin film BA2MAn.1Pbnlzn+1 RP perovskites of n = 1 — 4 as well as single crystals of n = 3 — 6.

Single crystals were synthesized according to methods previously employed!!®!20:130 \which
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generally involve precipitation from precursor solution. Thin films were prepared using a modified
hot-casting method® in which samples were spin-coated onto pre-heated silicon wafers (n-type,
Sb doped; 0.007 to 0.02 Q-cm in resistivity corresponding to dopant concentration of 1018 — 1019

cm3; 700 um in thickness).

Single Crystals

n=3-6
Thin Films
n=1-4

Figure 4.4. Single crystals (top) and thin films (bottom) of BA2MAn-1Pbnlsn+1 perovskites after
being coated with a thin layer of Au. Crystals vary in size, and tend to increase in size with
increasing n. The crystal depicted here is attached to quartz with a thin layer of epoxy that covers

the top half of the wafer.

We adhered single crystals to SiO, (quartz) substrates using either carbon tape or non-
degassing epoxy while in an Ar glovebox to limit harmful exposure to ambient conditions. A ~90-
115 nm Au transducer layer was sputtered on the crystals once the epoxy was fully cured using a
Perkin-Elmer 6J sputtering system. Thin films were also coated with Au (~70 nm) but with a

Lesker PVD250 Electron-Beam evaporator system instead. Perovskite thin film and Au layer
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thicknesses were measured using a Tencor P15 Profilometry System. Au layer thermal
conductivity was calculated from electrical resistivity measurements (done using a four-point

probe resistivity method) via the Wiedemann-Franz law. Sample properties are tabulated in Table

4.1.
sample type
thin film samples single crystal samples
. : RP . RP
. Layer St 15102 | perovskite | AY SiO2 | perovskite | AY
E K (W/m-K) 130 | 0.14 - 150-190 | 1.3 - 130-150
g C (MJ!ms-K) 163 | 1.67 | 0.84-1.14 2.50 1.67 | 0.84-1.14 2.50
e t (nm) 5E+05| 2 34-244 67-70 |[5E+05| 5E+03 93-112
spot size (um) 3

Table 4.1. Parameters relevant to FDTR measurement and modeling. Certain values, such as Au
thermal conductivity and thickness, are sample dependent and have slight variations. Volumetric

heat capacity is not variable across different samples, but is rather a function of n.
We measured the thermal conductivities of n = 1 — 4 thin films and n = 3 — 6 single crystals
of BA2MA.1Pbnlsn+1 RP perovskites using FDTR. Our fitting required knowledge of volumetric

heat capacity, C,,, which was not directly measured. We instead made estimations based on the

molar heat capacities of the RP phases’ constituent molecules: BA, MAPbI3, and Pbls.

Cmotn = NngaCmotga + Nomarbi, Cmotmarpi; + Nupoi, Cmot,poi, 421
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Here, N, », and Cy,,,; » represent the number of molecule x per unit cell and the molar heat capacity
of that molecule. Molar heat capacities of MAPbIs and Pbls were gathered from the literature311%2,
That of BA was estimated using a DFT simulation designed to calculate the response of a

butylammonium molecule to a physical perturbation. C,,,;,, was converted to specific heat by

dividing by molar mass.

= motn 4.2.2

We finally convert to volumetry heat capacity by multiplying with density:

Cv,n = CmnPn 4.2.3

These calculations yielded C,,,, of 0.84, 0.98, 1.04, 1.08, 1.11, and 1.14 Mjm 3K~* forn=1 -
6 RP perovskites. That of n = 1 was externally reported to be 1.18 MJm 3K~ based on molecular
dynamics simulations®*3. The 36% increase from our estimation is mostly inconsequential in
FDTR fitting due to relative insensitivity of the model to C, for thin films, as shown in Fig. 4.5.
The degree to which FDTR fitting is affected by any one parameter listed in Table 4.1 is
assessed through a sensitivity analysis as outlined in section 1.4. Model sensitivity to each term in
the fitting, Sp, is shown for thin films and single crystals of BA2MAn-1Pbnlsn+a in Fig. 4.5.
Sensitivity to sample thermal conductivity, kzp, is different between the two sample groups since
single crystals are significantly thicker. The dissonance between sample and Au thermal

conductivity encourages lateral heat diffusion, and the increased thickness of single crystals further
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exacerbates this tendency, reducing cross-layer heat transfer and therefore lowering sensitivity to

layers beneath the Au.
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Figure 4.5. Relative sensitivity of the model used to fit FDTR data to parameters outlined in Table
4.1 for a) thin films and b) single crystals of BA>2MAn.1Pbnlan+1. Sensitivity to the thermal
conductivity for single crystals is lower than that for thin films due to the increased thickness of

the RP layer.

Nominal phase difference data was collected via FDTR at pump modulation frequencies
ranged logarithmically from 100 kHz to 5 MHz for n = 1 —4 thin films and n = 3 — 6 single crystals.
Examples of data for each sample type are shown in Fig. 4.6a. Data collected for crystals show a
smaller spread compared to those collected for thin films, however all data are fit well by the

model. Nominal fits are shown as semitransparent data points in Fig. 4.6b. Opaque points are
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created through a Monte Carlo (MC) analysis of uncertainty, the method for which is discussed
for PbS nanocrystal solids in section 3.2. In brief, every modeling parameter is treated as a
normally distributed random variable with a standard deviation based on observation or literature,
shown in Table 4.2, such that 95% of each parameter’s distribution falls within 2¢ of the central
value. Upper and lower error bars represent the 90" and 10" quantiles of the distribution of fits
generated by the MC analysis. Histograms of the distributions for each sample type are shown in

Fig. 4.7.

-E Layer Si SiO RP Au
T <o y % | Perovskite

: 3

282 «x |25 25 i 25
£% C 25 | 1 10 1

2 s t 0 | 25 5 2.5
» spot size 25

Table 4.2. Standard deviations, o, used to describe each modeling parameter as a normally

distributed random variable. Each value is set according to literature or experimental observation.

Generally, the data suggests that the thermal conductivities of all perovskites are ultralow,
with those of n = 1 — 4 thin films measuring at 0.37 + 0.13/0.12, 0.17 + 0.08/0.07, 0.21 +
0.05/0.04, and 0.19 + 0.04/0.03 Wm~*K~1, and those of n = 3 — 6 single crystals measuring
even lower at 0.08 + 0.06/0.04, 0.06 + 0.04/0.03, 0.06 + 0.03/0.03, and 0.08 *+
0.07/0.04 Wm~1K~1. Thermal conductivities appear to decrease with increasing n, as would be
expected in a primarily wave-like regime as coherent phonons increasingly become hindered by

the increased period length, but plateau at higher n. Thermal conductivity measurements of n = 3
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— 6 single crystals are among the lowest reported for fully dense solids®. It also appears that thermal

conductivities of n = 3 and 4 thin films are significantly larger than those of single crystals.
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Figure 4.6. a) phase difference data and fits plotted against pump modulation frequency for thin
films and single crystals of BA2MAn-1Pbalsn+1. The differences in trends are indicative of
differences in the heat transfer that occurs within the sample due to, among other things, variation
in RP thermal conductivity. b) Thermal conductivity of BA2MAn.1Pbnlan+1 With respect to n.
Semitransparent markers represent nominal fits of individual measurements whereas opague
markers represent the medians of fit distributions obtained via a MC estimation of uncertainty
technique. Downward oriented triangles represent films with layers of parallel orientation (PO)
with respect to the substrate while sideways oriented triangles represent films with layers of normal
orientation (NO) with respect to the substrate. Upper and lower error bars represent the 90" and
10" quantiles of fit for each distribution. The gray area represents the range of thermal
conductivities of MAPbI3 reported in past research®1°1134 The period length of each perovskite

is shown on the top horizontal axis.
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Figure 4.7. Histograms generated from the Monte Carlo (MC) estimation of uncertainty approach.
Distributions are generally non-normal, so the median of each is generally a better descriptor of
central tendency than the mean. Distributions with tighter spreads correspond to data points in Fig.

4.6b with smaller error bars. ‘f” and ‘c’ denote distributions for films and crystals, respectively.

Laser power was controlled in the FDTR measurements so that laser-based heating was
minimized without compromising signal strength. This type of heating is composed of steady state,
or DC, heating created by both pump and probe beams as well as modulated, or AC, heating created
only by the pump beam, as described in Eq. 1.4.8. We limited cumulative incident laser power to
~2.6 mW and ~0.5 mW for thin films and single crystals, respectively, and measured the absorbed
power as the difference in power between the incident and reflected beams using a Thorlabs
PM100D Digital Optical Power Meter. The absorbed pump and probe power were input to the heat

diffusion model to calculate the maximum temperature rise, tabulated in Table 4.3 below.
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n type Max Temperature Rise (K) | DC Component (K) | AC Component (K)
1 18.4 14.6 3.8
2 . 27.0 21.5 5.6
film
3 28.7 22.8 6
4 311 24.7 6.4
3 28.4 24.2 4.2
4 29.7 25.4 4.3
crystal
5 29.7 25.4 4.3
6 28.4 24.2 4.2

Table 4.3. The maximum temperature rise of each sample type is decomposed into a steady state
(DC) and alternating (AC) component. Calculations were performed at a modulation frequency of
100 kHz, since AC heating-induced temperature fluctuations are largest at lower frequencies. DC

heating induced temperature rise is frequency independent.

Our collaborators performed structural characterization measurements on the RP phase thin
films to better understand the origins of the discrepancies in thermal conductivity, k, seen in Fig.
4.6b between thin films and single crystals of n = 3 and 4. Atomic composition and grain formation
of n = 1 — 4 thin films were assessed using grazing-incidence wide-angle X-ray scattering
(GIWAXS) at Beamline 12-1D-B of the Advanced Photon Source at Argonne National Laboratory.
This technique angles an X-ray laser beam toward the sample, almost to the point of total external
reflection, that is reflected towards a nearby detector granting angstrom-level detail of atomic
structure and orientation%%1%,

Data collected for n = 1 — 4 are shown in Fig. 4.8a-d, and schematic representations are
presented in Fig. 4.8e-h. Data were fit using the LineFit toolbox and were plotted using the

GIXSGUI program?3®, Data collected for n = 1 present peaks that indicate layer orientation that is
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consistently parallel to the substrate. Since FDTR primarily probes thermal transport perpendicular
to the sample surface, this result suggests that FDTR measurements are observations of cross-plane
thermal conductivity, k. Small peaks at low g may be representative of impurities in n = 1 thin
films, perhaps a consequence of solvated phases formed during film creation®*"*8, Data collected
for n = 2 reveal a bimodal distribution of grain orientations, at an approximately 1:2 ratio of grains
with layers oriented normal and parallel to the substrate. n = 3 and 4 data display peaks consistent
with layers oriented normal to the substrate. n = 4 peaks are broadened along the angular axis, y,
meaning that grains may be slightly angled from perfectly normal. In comparisonton=1, n=3
and 4 thin films will experience heat flow parallel to the layers during FDTR measurement,
meaning that the fit thermal conductivity will describe in-layer thermal conductivity which we
expect to resemble that of bulk MAPbIz (x = 0.34 — 0.50 Wm™1K™1) due to phonon transport
primarily along the inorganic perovskite layers. We therefore conclude that the higher thermal

conductivities measured in n = 3 and 4 thin films relative to single crystals is a consequence of

grain orientation rather than a physical difference in x, between the two sample types.




Figure 4.8. GIWAXS data, plotted using GIXSGUI, are shown in a — d for n = 1 — 4 thin films,
and interpretive schematics are presented alongside them in e —h. The [0 1 0] crystal direction of
n =1 is directed perpendicular to the substrate, whereas it is parallel to the substrate in n = 3 and
4 thin films. n = 2 is bimodal and exhibits a 2:1 ratio of grains with the [0 1 0] direction oriented

perpendicular and parallel to the substrate.

Our collaborators complimented GIWAXS measurements with powder X-ray diffraction
(PXRD) performed on a D2 Phaser (Bruker) diffractometer, as shown in Fig. 4.9. Peaks forn =1
are consistent with the cross-plane crystal directions, whereas peaks for n = 2 represent both cross-
and in-plane crystal directions, as would be expected for a bimodal distribution. Measurements of
n = 3 and 4 thin films reveal major peaks that correspond to the (2 0 2) crystal plane, which is
perpendicular to the substrate, and minor ones that correspond to the (1 1 1) crystal plane, which
is angled with respect to the substrate. The difference in amplitude of the peaks suggests that the
majority of grains have layers oriented perpendicular to the substrate, while some rest at a slight

angle.
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Figure 4.9. PXRD measurements of n = 1 — 4 thin films of BA2MAn_1Pbnlz+1. Here, peaks in the
data for n = 1 all represent planes parallel to the layers, indicating that the layers are parallel to the
substrate. Peaks are bimodal for n = 2, and the major peaks of n = 3 and 4 represent crystal planes

perpendicular to the layers, suggesting that layers are normal to the substrate.

Our FDTR measurements of thermal conductivity of n = 4 thin films are consistent with
the value reported by Giri et al. due to orientational consistency between the two samples (0.19 +
0.04/0.03 vs. 0.17 + 0.03 Wm~tK~1)**3, However, we measure lower values of x, inn =4 single
crystals since thermal transport induced by the pump laser in our technique is almost exclusively
cross-layer. Moreover, our measurements of k, of n = 1 are higher than those reported for thin
films by Giri et al. (0.18 + 0.04 Wm~*K~1)! and for single crystals by Rael et al. (0.125 +
0.089 Wm~1K~1)13° We believe that the discrepancy between our measurements and the former

study may arise from differences in sample preparation, particularly solvent choice and substrate
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temperature management, which are understood to affect film morphology, homogeneity, and
composition?%:130:138.140 \we hypothesize that the dissimilarity in our reported value with the latter
study may be due to their increased laser heating (~14 K vs. ~30 K DC temperature increase) which
they suggest may induce structural rearrangements.

The trend in similarly oriented RP phases shown in Fig. 4.6b (filled opaque data, n =1 and
2 thin films and n = 3 — 6 single crystals) suggests that x, initially decreases with increasing n
(and consequently interface spacing), but plateaus at higher n. An entirely particle-like transport
regime would require k, to either increase or remain the same with increasing n, meaning that the
observed result is likely a consequence of reduced contribution of coherent phonons to thermal
conductivity with increasing layer spacing. Coherent phonons will always exist to some extent in
superlattices and layered structures such as these RP phases, however their effect on thermal
transport is minimal once layer spacing is increased sufficiently. We therefore hypothesize that a
crossover point, similar to the one observed by Ravichandran et al.}?® may exist near the level-off
in thermal conductivity that we observe.

We developed a reduced-order harmonic lattice dynamics model (chosen over molecular
dynamics and first principles calculations due to its computational feasibility'*+4?) with a three-
phonon phase space!* to grain insight on the effects of group velocity of coherent phonons on
in BA2MAn-1Pbnlsn+1. Such an approach ignores high frequency incoherent phonons, however we
do not expect these modes to contribute directly to thermal conductivity. Incoherent modes,
however, affect scattering and are therefore needed for a fully quantitative model.

We grouped atoms into octahedron-like and BA-like beads to reduce computational
complexity?*, as shown in Fig. 4.10, and invoke three spring constants (octahedron-octahedron,

BA —BA, and BA — octahedron) to develop equations of motion to describe the system. The inter-
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octahedron spring constant was fit from the experimental dispersion of MAPbIs'*°, while the other
two were derived from experimental measurements of sound speed*®. In this, we assumed that
BA — BA and BA — octahedron spring constants are equal across all size phases. We find that the
octahedron-octahedron spring constant, k,, is 33.9 Nm™1, the octahedron — BA spring constant,

k,, is 3.6 Nm™1, and that the BA — BA spring constant, k3, is 1.2 Nm™1.

; 7 ey
¢ ‘4
b Bead representations (MA)qs Pbls s .

Figure 4.10. a) schematic representation of the n = 2 (BA2MAPD2I7) unit cell, b) beads invoked in

the reduced-order harmonic lattice calculations of n = 2.

The equation of motion for a bead, numerically labeled 0, is

E, = mpay
E, = mya, 424
E, = mya,

where the acceleration term in any cartesian coordinate (denoted by C) is

d?uf
a = my 2 425
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and u$ is the displacement of bead 0 from equilibrium. We defined the force along any coordinate

as a function of the relative displacement of bead 0 along that coordinate direction:

FC’ = FC’,rel.disp.along x—dir. + FC’,rel.disp.along y—dir. + FC’,rel.disp.along z=dir. 4.2.6

Here, forces are broken down into the sum of forces caused by the bead’s interactive neighbors

(INs):

— x x
FC,rel.disp.along x—dir. — Z kO,iaO,i(ui - uo)
iE{INs}
— y y
Fe,rel.disp.along y—dir. — z kO,iﬁO,i(ui - uo) 4.2.7
ie{INs}
— z z
FC,rel.disp.along z—dir. — Z kO,iVO,i(ui - uo)
i€{INs}

ko ; is the spring constant relating bead 0 and bead / while «y ;, B ;, and y, ; are coefficients that
relate displacements and forces in a specific direction, and can be calculated by cos(6) cos(¢),
where 6 and ¢ are the angles between the relative displacement and spring, and force and spring,
respectively.

Equations of motion can be reduced to

DU = —w?U 4.2.8

where D is the dynamical matrix, w is the phonon mode angular frequency, and U is the amplitude

of the wave calculated by plugging bead displacement into an assumed plane wave solution:
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u =Uexpli(q€ — wt)] 4.2.9

where q is the wave vector, and € is the bead’s coordinate position. This approach allows us to
solve for phonon frequencies according to wavevector as an eigenvalue problem.
Generally, Eq. 1.1.11 can be adapted to be written in terms of phonon lifetime rather than

mean free path:
Ky = z Cy pvipTp 4.2.10
B

where 8 denotes a particular phonon mode. The heat capacity contribution of a single mode was

calculated as

ey o0 (i)

V. —
T [ewn () - 1]

4211

and the cross-layer phonon group velocity was determined using the corresponding component of

the dispersion band:

Vip= m 4.2.12
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The phonon dispersion relation derived from our reduced-order harmonic lattice dynamics
calculations for n = 1, 3, and 6 are shown in Fig. 4.11a for the cross layer, or [0 1 0], crystal
direction for BA2MAn-1Pbnlan+1. A higher degree of band flattening at large wavevectors is seen as
n increases, reducing cross-layer average phonon group velocity, particularly fromn=1ton=2
as shown in Fig. 4.11b. More bandgaps emerge as n increases as well, reducing the fraction of the
total frequency range occupied by phonon modes. Such an effect indicates reduced phase space
for phonon scattering that increases relaxation times and therefore thermal conductivity. However,
the reduction in phase space caused by these bandgaps, as shown in Fig. 4.11c, is minor compared

to the reduction in group velocity and 8% decrease in Cy, g from n =110 6, resulting in the decrease

in k, fromn =1 to 2 and flattening from n = 3 to 6.
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Figure 4.11. a) cross-layer phonon dispersion relation for n = 1, 3, and 6 BA2MAn.1Pbnlzn+1 RP
phases, b) average cross-layer group velocity and c) normalized phase space forn =1 — 6 RP

phases.
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The reduced-order harmonic lattice dynamics model can predict x, in principle, however,
average phonon lifetime, 7, for each RP phase is not known. Instead, we use our thermal
conductivity data for similarly oriented RP phases (n = 1 and 2 thin films and n = 3 — 6 single
crystals) in conjunction with the group velocity results of the model to fit to a single T for all n =
1 — 6 RP phases that minimizes mean squared error. We found that T = 100 ps yields a model,
shown in Fig. 4.6b, that agrees well with experimental data across all n. Relaxation times likely
vary across orders of magnitude, but the close fit suggests that coherent phonon modes which
contribute heavily to x; have a narrow distribution. This relaxation time was converted to an

average mean free path:

A, =7 |02 4.2.13

which corresponds to ~ 7 nm for n = 6 and 12 nm for n = 1. These are larger to or similar to the
period length, suggesting that coherent phonon modes play a larger role in lower n structures, and
that they may still be significant in higher n RP phases.

In this study, we found that the cross layer thermal conductivity of BA2MAn-1Pbnlzn+1 RP
phases decreases with increasing n. x; decreases most significantly between n = 1 and 2, which
we believe is due to a reduction in coherent phonon transport as interlayer spacing increases. Our
FDTR measurements present ultralow thermal conductivities of n = 3 — 6 single crystals that rank
among the lowest ever seen in fully dense solids. Our lattice dynamics calculations indicate that
coherent phonon group velocity decreases with increasing n while average lifetimes may be more

uniform. The results of our work suggest that these RP phases may be difficult to utilize in devices
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due to their ultralow thermal conductivities which may respond poorly to thermal load. However,
tunability in thermal transport through adjustment of inorganic layer thickness, n, along with
improved stability over MAPbIs, makes this class of perovskite appealing for multi-dimensional

design in photovoltaic, optoelectronic, and thermoelectric applications.

4.2.1 Statement of Contribution

Alexander D. Christodoulides, Lingyun Dai, and Jonathan A. Malen: single crystal sample
preparation and metal deposition, FDTR measurement of thermal conductivity.

Alexander D. Christodoulides and Jonathan A. Malen: MC estimation of uncertainty of FDTR data
and thermally related analysis.

Peijun Guo, Richard D. Schaller, and Mercouri G. Kanatzidis: material synthesis and thin film
sample preparation, PXRD.

Justin M. Hoffman, Xiaotong Li, Xiaobing Zuo, Daniel Rosenmann, and Alexandra Brumberg:
GIWAXS measurements and analysis.

Lingyun Dai and Jonathan A. Malen: reduced-order harmonic lattice dynamics modeling of

perovskites.

4.3 Two-Dimensional MnCl4 Derivatives

Refrigeration is critically important in all facets of society. It is used for the preservation
of food, medicine, and other perishable goods, and is needed for cooling electrical devices of all

forms and sizes. A colossal 25 to 30 percent of all electricity is put towards refrigeration**’, and
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unfortunately most of it is used to power vapor compression cycles (VPCs) which can be harmful
to the environment due to the emission of chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs)!#8. Efforts have therefore been aimed at phasing out VVPCs
where possible and replacing them with technologies reliant on solid-state caloric effects'4%%,
These alternative cooling methods are categorized by the applied external field: caloric effects
caused by magnetic fields are termed magnetocaloric (MCE), those caused by electric fields are
electrocaloric (ECE), and those caused by mechanical stress are mechanocaloric (this includes
both elastocaloric (eCE) and barocaloric (BCE))*®.

Significant attention has been paid towards magnetocaloric materials and using them to
potentially replace VPCs since the discovery of giant MCE in Gd2Si,Ge; at room temperature®,
However, less time has been devoted to understanding the potential of mechanocaloric materials
until the last decade which has seen them rival both MCE and ECE materials in performance®®.
One study found giant BCE effects in Ni-Mn-In magnetic shape-memory alloys of 24.4.Jkg 1K1,
which competes closely with reports of magnetic isothermal entropy change in MCE
materials’®1®,  The relative ease of imposing mechanical stress (as opposed to very strong
magnetic fields), combined with efficiency and eco-friendliness, makes mechanocaloric solids a
material class of high priority to the renewable energy research community.

Layered perovskites, specifically (ChH2n+1NH3)2MCls (where M = Mn, Cu, Hg, and Fe),
have emerged as potential candidates for barocaloric solid state cooling. These two-dimensional
perovskites, unlike the ones discussed in the previous section, are highly stable in oxygen-rich
environments, and only begin to show thermal decomposition at and above 500 K. They are
structurally similar, however, in that they are defined by alternating layers of perovskite octahedra

and organic spacer molecules. The long alkylammonium chains are ionically bound at the A site
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of the prototypical ABX3 perovskite structure and are attracted to one another through weaker van
der Waals bonds. Most notably, the chains undergo reversible solid-solid phase transitions in the
near-ambient temperature range, while the inorganic cages are enthalpically inert*>"'%8, These
phase transitions are defined by high enthalpy and an iconic “chain-melting” process whereby the
carbon backbone of the spacers transforms from a generally ordered zig-zagging pattern to a
considerably more disordered, “liquid-like” configuration®®®, as illustrated in Fig. 4.12.
Characteristics of the transition (temperature, enthalpy, isothermal entropy and volume change,

heat capacity behavior, etc.) are closely tied to the length of the alkylammonium chains®’.
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Figure 4.12. The first-order phase transition of (CnH2n+1NH3)2MCls is marked by so-called melting,

or disordering and conformational freedom, of alkylammonium chains as the material is heated.

The high reversibility, large entropy changes, sensitivity to hydrostatic pressure, and low
hysteresis (1.5 K) associated with this order-disorder phase transition has naturally led to the

discovery of colossal BCE in (CnHzn+1NH3)2MCla. Studies performed independently by Li et al .1

92



and Seo et al.'®® recently showed that these materials achieve high barocaloric coefficients
resulting in large isothermal entropy changes when exposed to practically low hydrostatic

pressures. The values they report are yet unrivaled and demonstrate the viability of BCE materials

in replacing conventional refrigeration techniques such as VPCs in small devices.
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Figure 4.13. A theoretical BCE solid-state cooling device is shown here. The chain-melting

process is highly reversible, and the entropy associated with the disorder-to-ordered transition can

be used to remove heat from a source through the external application of hydrostatic pressure.

Successful barocaloric cooling relies on cyclically driving reversible phase transitions

through thermodynamic processes that are designed to temporarily store waste heat in the solid-

state material before transferring it to a heat sink. The functionality of this approach is dependent
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on the barocaloric material’s ability to exchange heat efficiently with both the heat source and
sink, as well as its capacity to conduct heat internally and reach a uniform temperature for phase
transition without local overheating. Designing for this requires knowledge of thermal
conductivity, which is not yet understood in (CnH2n+1NH3)2MCls. It is expected that these
perovskites will exhibit ultralow thermal conductivities similar to those reported in our study of
BA2MA.1Pbnlzn+1 RP phases. However, transport phenomena that dictate thermal conductivity,
and the effects of chain-melting on thermal transport, are still unknown. In this study we seek to
elucidate the underlying physics of cross-layer heat transfer in this class of perovskite by
addressing what role, if any, chain-melting, interface chemistry, and bilayer composition/length
play in dictating thermal conductivity.

We measured the thermal conductivities of (ChH2n+1NH3)2MnCl4 for n = 10 and 12 (which
we abbreviate as “C10” and “C12” respectively) as well as that of (NHz(CH2)4CeHs)MnCl4 (which
we abbreviate as “Cs-phenyl), using FDTR. The first two sample types are characterized by
alternating layers of manganese chloride perovskite octahedra and n-alyklammonium chains that
are terminated at the perovskite by NHs™ molecules. They are distinguished from one another by
the length of their carbon backbone: C12 contains two more carbons along the chain than C1o does.
Ca-phenyl is similar to C1o and Ca2 in that it is also ionically bound to the perovskite via a NH3*
cation but differs in that the end at the organic-organic interface is a phenyl molecule. The phenyls
are thermodynamically ordered such that in-layer carbon rings are orthogonally oriented to one
another.

Samples were precipitated from solution by our collaborators at Harvard University.
Examples of optical microscope and AFM images of single crystals and the corresponding

chemical structure are shown in Fig. 4.14. As is the case with the RP phases in the previous section,
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we expect that crystals grow such that the cross-layer crystal direction is uniformly oriented normal
to the wafer. Crystals exhibit a high degree of topographical consistency and smoothness, which
was measured via AFM, as shown in Fig. 4.15. Cyo and Ci2 crystals have major lateral dimensions
of ~50 um, while Cs-phenyl samples are significantly smaller at ~10 um. For this reason, we
elected to use a higher magnification lens (50x vs. 20x) during FDTR measurements of Cs-phenyl

samples to reduce the spot size needed for data collection.
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Figure 4.14. Microscope images (top, middle left) of single crystals of Cio and Ci2, and an AFM
topographical map of Cs-phenyl (bottom, left) are shown, as well as visualizations of the chemical

structure of the bilayer for the corresponding crystal.
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Figure 4.15. AFM data collected from a Cio crystal. The colormap represents changes in height
recorded by the probe tip. The color uniformity of the crystal region suggests a low RMS roughness

of 4.96 nm.

Differential scanning calorimetry (DSC) was used to identify the temperature at which the
chain-melting phase transition occurs in Cio, C12, and Cs-phenyl perovskites, as well as to measure
heat capacity as a function of temperature. Heating and cooling cycles are shown in Fig. 4.16,
where exothermic processes constitute positive heat flow. The phase transition in Cio resides
closest to ambient temperature among the three sample types with an onset at ~37 °C. The
extension of the carbon backbone of the alkylammonium chain increases the temperature of

transition to ~56 °C in Cy2. This result indicates that the chains are thermodynamically stabilized
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by their increased length, and that greater activation energy is needed to initialize disorder. The
phase transition of the Cs-phenyl perovskite is similarly high at ~67 °C. Slight hysteresis is
observable between heating and cooling cycles for all three sample types that represents minor
energy loss when cycled!®?, Additionally, a minor peak is present at 60 °C in C12 and 82 °C in Cs-
phenyl. These peaks represent the onset of additional disorder in the carbon-carbon bonds even
after the chain melting occurs. This is understood in C1> to be a result of additional gauche-to-trans
conformational changes'®®, while it is believed that phenyl rotation or twisting may occur in Cs-
phenyl, as has been previously reported in related structures'4, Heat capacity is extracted from the
heat flow data, resulting in room temperature values of 1.73, 1.73, and 1.53 kJm 3K~ for Cio,

C12, and Cs-phenyl respectively.
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Figure 4.16. Heat flow measured during DSC measurement of Cio, C12, and Cs-phenyl single
crystals. Exothermic heat flow is positive, so heating and cooling profiles are represented by the
bottom and top trends, respectively. Vertical dashed lines represent exothermic peaks of each
transition. The reduced area associated with the peak of Cas-phenyl indicates its reduced heat

capacity relative to C1o and Cyo.
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Figure 4.17. Baseline volumetric heat capacity information gathered through DSC measurements.
Large peaks in the data represent the chain-melting transition. Consistent with the heat flow

diagrams, C1o has the lowest transition temperature, followed by Ci2, and finally Cs-phenyl.

The phase transitions of all three sample types are close to room temperature, so special

consideration was made to limit laser power during thermal conductivity measurements to ensure
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that measurements were made for both ordered and disordered states. We model both steady state
(DC) and transient (AC) heating according to Eqg. 1.4.8, where temperature rise is calculated
iteratively to account for changes in heat capacity, density, and thickness (due to thermal
expansion, particularly across the phase transition), according to the flow chart in Fig. 4.18.

Solution convergence is set to a temperature difference of 0.1 K between iterations.

Initial Sample T
properties

Calculate AC &

DCTRise Break when

solution
converges

Properties at
new T

Figure 4.18. Flow chart illustrating the laser heating algorithm used to calculate sample
temperature rise due to laser heating. Temperature increase is calculated for the minimum and
maximum modulation frequency of the pump laser since AC heating is maximized at lower

frequencies.

We placed samples in an Oxford Instruments MicrostatHe cryostat in order to perform
measurements below and above room temperature. Samples were brought to higher temperatures

using the resistance heater built into the cryostat. Care was taken to limit heating to below 1
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°C/min. For cooling, the cryostat was evacuated to below 10 bar using a Pfeiffer HiCube 80 Eco
Pump to minimize the risk of condensation formation or convective heat transfer. Liquid nitrogen
was poured into the cryostat systematically to either reduce or maintain the temperature of the
sample.

Preliminary thermal conductivity (x) data for Cio, Ci12, and Cs-phenyl gathered through
FDTR is presented in Fig. 4.19. Only C10 was measured below room temperature since its phase
transition temperature is closest to room temperature and could therefore be approached by laser
heating alone. As expected, thermal conductivities are ultralow, and consistent with those reported
for other two-dimensional perovskites*>3313 The data suggests that the thermal conductivities of
these perovskites are a weak function of temperature. Moreover, evidence of the chain-melting
phase transition is remarkably absent in k. This result indicates that cross-layer thermal transport
is minimally affected by the disorder of the organic sections brought on by chain-melting, and that
the ultralow thermal conductivity that we observe may be due to thermal bottlenecking elsewhere.

It is unlikely superlattice-like coherent phonons play a significant role in the thermal
transport that we observe here. Were that the case, x would decrease significantly across the phase
transition, as chain-melting would likely destroy any periodicity that existed in the ordered phase
that permitted coherent phonons to propagate. Instead, considering the length of the alternating
organic (21.4, 25.3, and 18.9 A in Cio, C12, and C4-phenyl respectively) and inorganic sections (5
A in all perovskites), it is more realistic that short-range interatomic vibrations carry most of the
heat within either layer, and that long-range modes are hindered by interfacial scattering or
imperfect periodicity. Phenomena such as octahedral tilting (which occurs within the full range of
temperature in Fig. 4.19) and chain-melting (which occurs at and beyond the phase transitions

indicated in Fig. 4.16) may introduce randomness in the periodicity of the layers that could inhibit
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coherent modes. Moreover, organic section thickness is larger than those of the RP perovskites of
the previous section, (19 — 25 A vs. 7 — 14 A), which results in reduced interface densities. Finally,
inorganic sections are composed of MnCla rather than Pbls (as in n = 1 RP perovskites'®) and they
therefore may interact differently with the adjoining organic molecules, further complicating the

cross-layer contributions of coherent phonon modes.
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Figure 4.19. Thermal conductivity, x, of Cio, C12, and Cs-phenyl perovskites as a function of
temperature. The shaded regions correspond to the expected chain-melting phase transition
temperature of the respective sample type. Horizontal error bars represent the bottommost and
uppermost temperatures experienced by the sample during measurement, since AC heating is

dependent on the pump modulation frequency.

101



It is possible that heat flow is hindered by bonding chemistry at the inorganic-organic
interface or lack thereof at the organic-organic interface. Cs-phenyl samples exhibit generally
reduced x relative to C10 and C12 samples. Since all three samples are terminated by NHs* cations,
we hypothesize that the organic-organic interface, which is characterized by orthogonally oriented
phenyls, serves as a more significant center for phonon scattering than the than the alkylammonium
chains. This theory is potentially contrasted, however, by preliminary nanoindentation data which
reveals that C4-phenyl perovskites exhibit higher Young’s modulus than both C10 and C12. Young’s
modulus is directly correlated to the low frequency limit of phonon group velocity (sound speed),
and therefore is often used in conjunction with the phonon gas model in Eqg. 1.1.11 to predict
thermal conductivity. One might therefore expect higher thermal conductivities in materials with
higher Young’s moduli. While these results require further refinement, they may suggest that
sound speed is decoupled from thermal conductivity, and that high frequency interatomic
vibrations (which are poorly represented by sound speed) carry significant amounts of heat in the
cross-layer direction. Alternatively, it is possible that phonon mean free path or lifetime may more
immediately influence thermal conductivity than group velocity.

We developed a binning algorithm and applied it to the C1> data to assess whether they
could be grouped within temperature ranges as statistically distinct groups. This algorithm defines
six bins of variable size and location and quantifies the mean-squared error (MSE) within each bin
to determine the combination of bin sizes and border locations that minimize the total error. The
result is shown in Fig. 4.20a and indicates that all data belongs to the same group, meaning that no
temperature dependent trend is observed. The algorithm is repeated by quantifying mean-squared
displacement (MSD) rather than error in order to require the formation of six bins. However, the

bin averages of x are nearly identical, corroborating the result of the first calculation.
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Figure 4.20. Cy» data is binned by determining the bin size and location combination that
minimizes the a) MSE and b) MSD of thermal conductivity of all bins when summed together.
The result in both cases does not suggest a temperature dependent k. The shaded gray region
represents the temperature range of the chain-melting phase transition. Error bars represent 2o of

each bin’s thermal conductivity and temperature range.
4.3.1 Future Work

We intend to continue this study to further our understanding of thermal transport in this
important class of two-dimensional perovskite. Our collaborators have developed a new bilayer
similar to C4-phenyl but with a fluorine in the fourth position of the phenyl ring. This bilayer, 4-
fluorobenzylamine (which we abbreviate “FBA”) will presumably exhibit organic-organic
interfacial properties that are unique (since bilayers will not be bound together by van der Waals
forces as is the case in Cio, C12, and Cs-phenyl) and will help us to distinguish the effect, if any,
this interface has on thermal transport in these two-dimensional materials. In the future we also

propose to measure thermal conductivity of Dion-Jacobson MnCl4 perovskites which have organic
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layers defined by a singular long diamene chain. We aim to understand how removing the organic-
organic interface completely may impact cross-layer thermal conductivity. Finally, we resolve to
investigate how varying the B site, which is currently occupied by Mn, affects thermal
conductivity. This molecule is highly tunable, and can be replaced with Cu, Hg, and Fe'®"1>°, We
hope to isolate the heat transfer implications of the organic-inorganic interface through these

measurements to hopefully modify thermal transport properties.

Figure 4.21. Crystallographic visualizations of MnCls-based two-dimensional perovskites with a)
a single diamene chain in the bilayer (Dion-Jacobson structure) and b) 4-fluorobenzylamine in the

bilayer.

Our collaborators have previously attempted nanoindentation to measure the Young’s
moduli of the perovskites but have had difficulty obtaining promising results due to experimental
complications. Young’s modulus is typically derived from the unloading curve of the
nanoindentation since it is not associated with sample compression and deformity. Such an

approach is made difficult here because samples commonly fracture or experience lateral shearing,
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which prevents accurate measurement of the unloading process. Consequently, loading curves
have been used to determine Young’s modulus. We believe that AFM measurement may be more
reliable, and our collaborators are therefore preparing samples for mechanical measurements via
this technique instead.

Our results warrant thermal modeling to interpret the experimental data. The organic
sections are reminiscent of polymers, and so the chain-melting may be well described by thermal

modeling of similar systems such as single polyethylene chains'®

, aligned polymers (either due to
stress or curing)!® or self-assembled monolayers (SAMs)®. At first glance, the length-
invariant'%®1%” put binding strength dependent®® thermal interface conductance of many SAM
structures appears to be similar to the bilayer invariant k we observe. We therefore intend to
investigate different models that may be capable of incapsulating the effects of chain alignment
and interfacial bonding chemistry, one such example being the Cahill-Pohl minimum thermal
conductivity model for disordered crystals’® or the Simkin-Mahan model of minimum thermal
conductivity in superlattices'®®. We may also attempt to model phonon dynamics through reduced-
order harmonic lattice dynamics, similar to those used for layered perovskites in the past!>14®,

However, such an approach may be unlikely to yield additional information considering that no

signatures of coherent or otherwise low-frequency phonon transport exist in the FDTR data.

4.3.2 Statement of Contribution

Alexander D. Christodoulides and Jonathan A. Malen: FDTR measurement of thermal

conductivity and related analysis.
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Rahil Ukani, Ryan McGillicuddy, and Jarad Mason: material synthesis, sample preparation, AFM

characterization, DSC data collection, and nanoindentation.
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5 Summary and Outlook

This document highlights several studies that investigate thermal transport phenomena in
superstructured semiconducting materials. These sorts of materials are of increasing importance
in science and engineering due the unique properties they exhibit that have not been observed in
simpler semiconducting materials or basic metals. We classify the three material classes discussed
herein (superatoms, nanocrystals, and two-dimensional perovskites) as superstructures as they are
all characterized by nanoscale periodicity that exceeds the atomic scale. This periodicity gives rise
to novel transport phenomena and tunable properties that may be functionalized in future
technology.

Superatoms are atomically precise clusters of atoms that are intermediate in size and
behave collectively as one would expect of a large singular atomic unit. Metal-chalcogenide —
fullerene superatomic crystals (SACs), or structures defined by alternating units of metal-
chalcogenide clusters and Ceo 0or C7o cages stabilized and organized by organic capping ligands,
have been investigated for their valuable properties such as redox activity, large magnetic moment,
and luminescence!?.

Importantly, certain SACs, such as CosSes(PEts)s(Ceo)2, experience an ordered-to-
disordered phase transition that enables the fullerene cages to rotate freely and initialize an
amorphous-like thermal transport regime!*. We therefore used frequency-domain
thermoreflectance (FDTR) to investigate whether a similar SAC, CoesTes(PEts)s(Cr0)2, would
exhibit similar thermal transport switching behavior. Unlike the SACs characterized by spherical
fullerene cages, [CoTe][C+o] contains oblong carbon cages (similar in shape to a rugby ball) and

has two temperature-distinct phase transitions. Both monomeric (C7o) and dimeric (Ci40%)
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fullerenes are locked in place in the low-temperature phase (Phase A) but begin to freely rotate
along their long axis in the intermediate temperature phase (Phase B). Thermal conductivity is
crystal-like in the low temperature phase and decreases with increasing temperature but becomes
temperature-independent and amorphous-like in the intermediate temperature due to the increased
scattering of phonons resulting from fullerene rotation. Dimeric fullerenes are separated in the high
temperature phase (Phase C) as a result of homolytic cleavage which delocalizes electrons at the
intersection of the two C7o molecules. This phenomenon creates a low-energy optical bandgap and
greatly increases electrical conductivity and magnetic susceptibility®. This work demonstrates that
ordered-to-disordered transitions are possible in many different SAC systems, and that they can
result in significant thermal, magnetic, and optical property changes. The expansiveness of
property tunability makes SAC materials valuable in highly dynamic applications that require high
performance in a variety of operating conditions.

Electrostatic interactions between superatom clusters can be frustrated through careful
solution processing to inhibit the formation of a crystalline structure. These materials, known as
amorphous superatomic thin films, are highly tunable like the SACs but also exhibit unique
properties well suited for thermoelectric (TE) applications. Our collaborators created films
containing a cobalt-chalcogenide cluster, CosTeg(PPrs)s (abbreviated [Co]), and PCBM
(C72H1402)  which were made amorphous by the weak electrostatic interactions of the n-
propylphosphine capping ligands. We measured thermal conductivity using FDTR and found that
it is not a strong function of the molar ratio of [Co] to [PCBM]. However, electrical conductivity
appears to be maximized at a molar ratio of 1:5 and exhibits a volcano-like trend. Our collaborators
measured Seebeck coefficient and thermoelectric figure of merit (ZT) and found that these films

show lower performance compared to other room-temperature TE materials’. However, their
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tunability, which has not been realized in TE materials like bismuth chalcogenides, opens
pathways for the development of new amorphous cluster-based solids that may exhibit enhanced
multifunctional properties.

Colloidal nanocrystals (NCs) are similar to SACs in that they are inorganic clusters of
particles stabilized into a solid (commonly referred to as a NC solid) by organic ligands that extend
from the cluster surfaces. These materials garner attention for their excellent electronic*>7,
photovoltaic®®#°,  thermoelectric®, and optoelectronic*®#"! properties. Their solution
processability and tunability make them attractive candidates for telecommunication technology
and other next-generation devices.

NC solids have extremely low thermal conductivities, which is simultaneously
advantageous in TE devices and disadvantageous in other applications. Our collaborators therefore
created PbS nanocrystal superlattices (NCSLs) that differ from typical nanocrystal films (NCFs)
by the long-range order of nanocrystals. Our FDTR measurements reveal that thermal
conductivities of the NCSLs are strongly related to core diameter while those of NCFs are not.
Our nanoindentation measurements provide similar data for Young’s moduli, however the
correlated change in sound speed is not sufficient to fully encompass the vast enlargement of
thermal conductivity that we observe in NCSLs as core diameter is increased. An effective medium
approximation (EMA)% shows that the thermal conductivity of NCSLs is strongly bound to that
of the oleic acid matrix, and that the matrix thermal conductivity increases as core-diameter
increases due to increased ligand alignment, order, and interdigitation. The matrix thermal
conductivities of NCFs follow a minimum thermal conductivity model®"2, whereas those of the
NCLS do not, meaning that thermal transport in the NCF matrix is dominated by amorphous,

incoherent phonon modes.
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Perovskite materials have been studied in recent decades for their excellent performance
in photovoltaic devices owing to properties such as solution processability’’, defect tolerance’®-%,
carrier lifetime’798182 gptical bandgap®®, and absorption coefficient®. In particular, lead halide
hybrid organic-inorganic perovskites (HOIPs) have achieved unrivaled power conversion
efficiencies (PCEs) in relatively little time®88, However, these materials are often unstable and
have been demonstrated to degrade due to the presence of oxygen®, moisture!®-10 |ight0®111.112.
and from elevated temperature®®*12, Two-dimensional, layered perovskites have been developed
in an effort to stabilize the perovskite structure with organic interlayer ligands while retaining the
attractive properties that make them so popular.

We investigated thermal transport in a two-dimensional perovskite family, BA2MAn.
1Pbnlan+1, where n represents the number of perovskite octahedra in the cross-layer direction within
each inorganic layer. We found that cross-layer thermal conductivity decreases with increasing
layer thickness. The particle-like picture of phonon transport suggests that the opposite trend
should occur since interfaces should scatter phonons and limit heat transfer. This result therefore
indicates that coherent phonon modes, or those that are created by the secondary periodicity of the
lattice, may be responsible for enhanced thermal conductivity in low n structures. Our reduced-
order harmonic lattice dynamics calculations reveal that average cross-layer phonon group velocity
decreases dramatically at low n, consistent with the trend we observe in cross-layer thermal
conductivity. The similarity between the two corroborates the hypothesis that coherent phonons
carry significant amounts of heat in low n structures. A singular average phonon lifetime is used
to relate thermal conductivity data to the model, and the close fit could indicate that coherent
phonons have similar lifetimes in these two-dimensional perovskites regardless of inorganic layer

thickness. While the decreased thermal conductivities relative to MAPbIs make this class of
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perovskite more susceptible to overheating, the improved stability and other possible property
enhancements may make them useful in photovoltaic, optoelectronic, and thermoelectric devices.

A class of MnCls-based two dimensional perovskites, (ChHzn+1NH3)2MCls (where M = Mn,
Cu, Hg, and Fe), have been observed to exhibit a colossal barocaloric effect (BCE)'®%16! which
makes them possible candidates for solid-state cooling devices. These materials undergo a “chain-
melting” process whereby the bilayers become disordered. The enthalpy and change in entropy
associated with this phase transition, along with hydrostatic pressure sensitivity and minimal
hysteresis makes them potentially viable BCE materials. We measure the thermal conductivities
of (ChH2n+1NH3)2MnCls for n = 10 and 12 (which we abbreviate as “C10” and “C12” respectively)
as well as that of (NH3(CH2)4CsHs)MnCls (which we abbreviate as “Cs-phenyl”), using FDTR.
We find no evidence of the chain-melting phase transition in the thermal conductivity data of Cio,
C12, or C4-phenyl, and find that thermal conductivity appears to be a weak function of temperature.
Preliminary nanoindentation data suggests that Cs-phenyl, the material with the lowest measured
thermal conductivity, holds the highest Young’s modulus. The decoupled nature of the mechanical
and thermal measurements may suggest that short-range interatomic vibrations are the dominant
heat carriers in these materials. The results thus far indicate ultralow thermal conductivities, which
may make using these perovskites in BCE cooling devices challenging due to local overheating
and general heat flow concerns.

The studies discussed in the previous chapters may be used in future work to multiple ends.
The thermal conductivity and other data we provide may be of practical benefit to engineering
groups that aim to use these materials to develop novel technology. The superatomic structures,
nanocrystals, and perovskites all present ultralow thermal conductivities that will pose a challenge

in the design of devices that cannot utilize high temperature gradients. However, these works
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demonstrate the high tunability of all three types of superstructures and may therefore provide
insight for future work to exploit this tunability towards higher thermal conductivity or other
material characteristic enhancements.

Significant attention has been paid to the thermal transport phenomena and fundamental
physics that underlie experimental and modeling results. Ordered-to-disordered phase transitions,
and coherent phonon transport have been invoked to understand trends in thermal transport
behavior in SACs and perovskites, while the dynamics of short-range interatomic vibrations have
been explored to understand heat flow in NC solids and amorphous superatomic thin films. Models
such as EMAs and lattice dynamics were employed to elucidate certain transport phenomena
unique to the materials under consideration. However, an overarching material characteristic has
not been established to connect the thermal conductivity behaviors seen in all types of
superstructures. This is an arduous endeavor as superstructured materials are typically described
by parameters specific to the dimensionality of their periodicity. For example, while interface
density or period length is a convenient metric for unit cell size in two-dimensional materials,
average cluster diameter and spacing is more meaningful in systems with three-dimensional
periodicity such as nanocrystal solids and superatomic crystals.

We therefore attempt to correlate more general properties, namely density and heat
capacity, to thermal conductivity of superstructures. The room temperature thermal conductivity
of semiconducting materials can be expressed according to Kinetic theory, as shown in Eq. 1.1.11.
The volumetric heat capacity, Cy, can be rewritten according to the Dulong-Petit limit of the Debye

model established in Eq. 1.1.9:

CV~3NkB 51
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Here, N represents the number density of vibrational units in the unit cell (sometimes molecules
are considered to be a single unit if interatomic vibrations are not expected to contribute
significantly to heat capacity). This can be rewritten in terms of density, p, molar mass, M, and

Avocado’s number, Ny,:

PN,

CV~3 Wkg 52

The kinetic theory approximation of thermal conductivity can finally be rewritten in terms of

atomic density:

k~ % kpvA 5.3

The superstructured materials discussed in previous chapters are described by complex and large
unit cells, so M represents the total molar mass of the unit cell as a sum of its constituent molecules.
Naturally, we expect that there may be some correlation between density and thermal conductivity
(k o< p). However, we find no evidence of a relationship between density and thermal conductivity,
as shown in Fig. 5.1a, or between volumetric heat capacity and thermal conductivity, as shown in
Fig. 5.1b. This may suggest that enhancements to thermal conductivity produced by increased

density are offset by limited mean free path or group velocity of phonons, perhaps a consequence

of increased localized scattering events.
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Figure 5.1. Room temperature thermal conductivities of superstructured semiconductors are

plotted against a) density and b) heat capacity to determine if either property is strongly correlated
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to k. The data does not indicate any clear association to density or heat capacity.

We believe that the information detailed in the previous chapters may be helpful to groups
who aim to investigate transport phenomena in similarly superstructured or otherwise complex

materials. These studies may be considered as part of a greater body of work devoted to
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characterizing multifunctionality, tunability, and novelty of superstructures, and it is our hope that
these findings will advance the field of nanoscale thermal transport, and that they might aid in the

discovery of advanced energy materials that will be used in next-generation technology.
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