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Abstract 

 The research detailed in this dissertation investigates the roles of composition and 
morphology on thermal transport mechanisms in low thermal conductivity functional materials for 
applications towards energy conversion (thermoelectric systems) and gas storage technologies. 
Specifically, I experimentally investigated the thermal transport processes of chalcogenide 
nanocomposite thermoelectric (TE) thin films, and pristine and infiltrated porous crystalline metal-
organic frameworks (MOFs), with time-domain thermoreflectance (TDTR). I find that the roles of 
compositional and structural disorder in the form of defects, grain boundaries, and compositional 
boundaries in PbTe-PbSe nanostructured ALD composites are effective in reducing the phonon 
thermal conductivity, and represent a pathway for further improvement of the figure of merit (ZT) 
for achieving higher efficiency TE devices. While it is well known that disorder in non-porous, 
crystalline  nanomaterials generally acts to reduce thermal transport, the role of compositional 
disorder, in the form of an adsorbate, within porous crystalline material remains an open question; 
and it is unclear whether the introduction of guest molecules into the pores helps or hinders heat 
transfer. To study this, I investigated the effect of adsorbates spanning a range of energy landscapes 
by varying both the phase (gas, liquid, solid) and guest-host bonding environment, on the thermal 
processes of two compositionally different, but morphologically similar MOFs (HKUST-1 and 
ZIF-8). The results show that the pore morphology is critical in defining the thermal transport 
mechanisms in MOFs. When the pores are small and rigid (HKUST-1), adsorbates drastically 
reduce the thermal conductivity through both extrinsic adsorbate/MOF collisions that reduce 
vibrational mode lifetimes, and intrinsic changes to the vibrational structure which change the 
mode character. The degree of each mechanisms effect is dictated by the adsorbate bonding 
environment. Further, larger, mechanically flexible pores (ZIF-8) serve to dampen the thermally 
inhibiting effects of the adsorbates, so that the overall thermal conductivity is neither enhanced 
nor reduced. These results are critically important for designing future MOF functional materials 
towards both gas storage and TE applications, where efficiency is closely tied to how thermal 
properties behave in the presence of adsorbates and effective medium theory is not an adequate 
approximation for predicting the thermal conductivity of the infiltrated system.
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Chapter 1 

1. Introduction 

“Heat, like gravity, penetrates every substance of the universe, its rays occupy all parts of space. 
The object of our work is to set forth the mathematical laws which this element obeys. The 
theory of heat will hereafter form one of the most important branches of general physics.” 

- Jean Baptiste Joseph Fourier 

1.1 Background and Applications 

  Great advancements in material fabrication and characterization techniques have been 

achieved over the last seventy years, starting with the invention of Molecular Beam Epitaxy (MBE) 

at Bell Labs in the 1960's1 and progressing with now familiar techniques such as: Atomic Layer 

Deposition (ALD), optical thermometry, and various spectroscopy and microscopy methods. This 

has resulted in the creation and characterization of well controlled nano-materials that demonstrate 

unique properties, opening the door for new types of functional materials that were not otherwise 

achievable. The precise control with which these nano-functional materials can be fabricated 

allows for the ability to research heat transport properties in increasingly complex and well-defined 

material systems.  

 Nanostructured semiconductors have benefited immensely from advanced fabrication 

techniques and continue to be pursued for thermoelectric applications, owing to their potential for 

increased thermoelectric figure of merit (ZT), through enhancements to the power factor (S2𝜎𝜎) 

with simultaneous reductions to the contribution of the lattice thermal conductivity.2,3 Specifically, 

an efficient thermoelectric material can be achieved when the material exhibits a low thermal 

conductivity and enhanced electrical properties. Since the electronic component of the thermal 

conductivity is closely tied to the electrical conductivity,4 it can be difficult to reduce the former 
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while simultaneously enhancing the latter property. The effects on thermal diffusivity and 

transmission tunability of phonons through the nanostructuring of semiconductors have been 

observed to contribute to a significant reduction in thermal conductivity compared to their bulk 

counterparts.5–8 Phonon thermal size effects have been reported for micron length scales,9 while 

electron thermal size effects have been observed at nanometer length scales.10 Generally, in 

systems where the average mean free path of phonons is longer than the limiting size dimension 

of the sample, the thermal transport fails to follow Fourier’s law and the continuum heat equation 

can instead be described by semi-ballistic phonon transport, where boundary scattering influences 

temperature profiles and the wave nature of phonons can appear if coherence is preserved.11 Thus, 

well controlled nanostructured systems offer an avenue to study the origin of incoherent and 

coherent size effects originating from the particle/wave duality of phonons on thermal 

conductivity.12–14  Therefore, advances to the field warrant investigations into the roles of structural 

and compositional disorder and morphology on the thermal transport mechanisms in 

nanostructured material towards enhanced thermoelectric properties, as detailed in this 

dissertation. 

 The inclusion of porosity in a material is an effective technique to morphologically promote 

thermal insulation. Further, adsorbates can be introduced into the pores to promote emergent 

desirable properties. While classical heat transport occurs by three mechanisms (conduction, 

convection, and radiation), the study of heat transport in thin solid films often focuses on the effects 

of a material's size and structure on thermal conduction alone; since electronic charge carriers and 

lattice vibration contributions dominate heat transport in most solid material systems. However, in 

thin solid porous films, it is important to consider not only the solid heat conduction through the 

framework, but also contributions from the various thermal transport mechanisms that can exist in 
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pores. Despite the fact that heat conduction in porous media has been heavily studied, the full 

thermal transport picture at the microscale, of multi-phase flow through porous media is rather 

incomplete and inconclusive.15  

 Porous solids are particularly interesting from an application point of view due to the ability 

to infiltrate the pores with adsorbate guest molecules to create a device (gas adsorption for storage 

or detection) or tune a material property (enhance electrical conductivity). The dominating heat 

transport mechanisms after infiltration with a guest molecule are unclear and heavily debated for 

two main reasons. First, the physical limitations of standard experimental techniques are not fully 

known when applied to thin porous solid materials. Specifically, it is unclear if the use of optical 

thermometry techniques centered on femtosecond (fs) pulsed lasers, where measurements occur 

on the order of picoseconds (ps) to nanoseconds (ns), have the temporal resolution to be sensitive 

to the heat transport in both the solid portion of the porous media and the pores.16 Second, the 

thermal picture in various porous materials is not consistent. For example, highly disordered 

aerogels and crystalline clathrates and skutterudites are solid porous materials that exhibit 

contradictory thermal trends in the presence of adsorbates. It has been shown that the thermal 

conductivity of aerogels increases with air pressure, indicating that increasing concentrations of 

guest molecules inside the pores cause an increase in the thermal conductivity of the system, where 

adsorbates may act as a thermal bridge, enhancing the number of channels for conduction to 

occur.17,18 In clathrates and skutterudites however, infiltration with a guest molecule causes a 

reduction in the thermal conductivity of the system, where the guest material introduces disorder 

in the form of a rattling mode that increases phonon scattering, or changes the vibrational structure 

of the material through phonon hybridization.19,20 Further understanding is needed to illuminate 
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the dominating mechanisms for the guest-host interaction in porous materials capable of variable 

guest molecule accommodation.  

1.2 Statement of Objectives and Scope of Dissertation 

 My previous works on ALD grown metal oxides21 and solution processed modified 

polymers22–24 resulted in the realization of how to devise a unique set of highly controlled materials 

to study the impacts of composition and morphology on thermal processes, and a robust 

experimental procedure for measuring the thermal and mechanical properties of solution processed 

thin films.  These studies investigated and highlighted the gaps in understanding the role of 

structure on the vibrational thermal properties of nano-scale functional materials with well 

controlled compositional and morphological structures. A particular revelation was a realization 

that our understanding of the fundamental thermal processes in infiltrated porous media is rather 

incomplete. To fill in these gaps further, I have designed my dissertation research to systematically 

study the effects of structure for the purpose of modulating thermal properties.   

• Research Question 1: How do compositional structure and morphology (e.g., grain 

boundaries and point defects) impact the thermal conductivity and phonon scattering 

processes in ALD grown thermoelectric materials? 

o Hypothesis: Compositional structures, grain boundaries and defects that have sizes 

that are roughly equivalent to the length scales of the mean free path of carriers in 

the intrinsic thermoelectric material will be effective in reducing the overall thermal 

conductivity of a two-phase nanocomposite.  

• Research Question 2: What is the effect of infiltrated guest molecules on the thermal and 

mechanical properties of porous crystalline material? 
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o Hypothesis: In the presence of infiltrated molecules, metal organic frameworks 

(MOFs) with small pores will experience the most reduced thermal conductivity 

due to phonon scattering introduced by guest molecule–crystal interactions. In 

contrast, MOFs with larger pores will not experience as drastic of a reduction due 

to the decreased probability of guest–crystal collisions.  

• Research Question 3: What is the effect of pore structure on the thermal and mechanical 

properties of crystalline porous material? 

o Hypothesis: The pore size and shape will play an important role in the thermal 

conductivity of MOFs. I expect the thermal conductivity to decrease with 

increasing pore size, due to effective medium predictions.  

1.3 Success Criteria 

 The main objective of this work is to investigate the roles of composition and 

morphology in the form of disorder and porosity on the thermal transport mechanisms in low 

thermal conductivity crystalline material. To accomplish this, the materials selected for this study 

include chalcogenide nanocomposites and large unit cell, highly porous metal organic frameworks 

(MOFs). Specifically, PbTe-PbSe nanocomposites are intentionally fabricated with high degrees 

of both structural and compositional disorder in the form of point defects, grain boundaries and 

compositional phase boundaries. Additionally, two compositionally different but morphologically 

similar, large unit cell MOF crystals (HKUST-1 and ZIF-8) are investigated to understand the 

effect of compositional disorder, in the form of infiltrated guest adsorbates, on the thermal 

conductivity of porous crystals.  
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 Since this dissertation is centered on experimental research, a portion of this 

dissertation outlines the theory and fundamental frameworks for interpreting thermal transport 

from a macro to a microscale perspective, and provides details about experimental analysis 

procedures for obtaining high fidelity measurements of the thermo-mechanical properties of novel 

material. The remainder of this dissertation is organized as follows: 

• Chapter 2 – Theory of Thermal Transport: The theory of thermal transport is discussed 

starting from macroscopic concepts that introduce more contemporary theories pertaining 

to microscale heat transport. Within the microscale context, I will point out differences in 

various thermal transport frameworks in describing ordered (perfectly crystalline) and 

disordered (amorphous) material, which will be applied to describe the thermal transport 

in the chalcogenide and MOF material systems. I also provide a review and analysis of 

previous and related work pertaining to the thermal processes of ordered and disordered 

porous material to showcase the need for a deeper investigation into these material systems 

due to lacking experimental data and conflicting theoretical conclusions on the role of 

adsorbates on the thermal processes. 

• Chapter 3 – Experimental Techniques: In this chapter I will provide an overview of the 

core concepts of time domain thermoreflectance (TDTR) which is the non-contact optical 

pump-probe technique used to measure the thermal properties of the thin film and thick 

samples investigated in this work. In addition, I will discuss the assumptions and relevance 

of the application of TDTR to porous medium and also provide an overview of the 

sensitivity and uncertainty analysis for understanding the fidelity of each reported 

measurement. I will also detail adapting TDTR to perform pump-probe Brillouin scattering 

measurements of transparent film for measuring group velocity and mechanical properties.  
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• Chapter 4 – Composition and Morphology Effects on Thermal Conductivity of 

Nanostructured Chalcogenide Material: This chapter will detail the thermal conductivity 

and phonon scattering process in a series of lead telluride-lead selenide (PbTe-PbSe) 

nanostructured thin films grown by atomic layer deposition (ALD). Temperature 

dependent thermal conductivity measurements show that the phonon scattering in these 

ALD-grown PbTe–PbSe nanostructured materials, along with ALD-grown PbTe and PbSe 

thin films, are driven by extrinsic defect scattering processes as opposed to phonon–phonon 

scattering processes intrinsic to the PbTe or PbSe phonon spectra. The implication of this 

work is that polycrystalline, nanostructured ALD composites of thermoelectric PbTe–PbSe 

films are effective in reducing the phonon thermal conductivity, and represent a pathway 

for further improvement of the figure of merit (ZT), enhancing their thermoelectric 

application potential. 

• Chapter 5 – Composition and Morphology Effects on Thermal and Mechanical Properties 

of Porous Crystalline Solids with Guest Molecules: The thermal properties of porous media 

in the presence of adsorbates is an open question, where theoretical predictions offer 

conflicting conclusions that serve to make the knowledge about the subject quite 

inconclusive. This chapter investigates the roles of adsorbate phase and bonding 

morphology on the thermal properties of polycrystalline HKUST-1 and ZIF-8 metal 

organic frameworks (MOFs), which are crystalline porous material. HKUST-1 and ZIF-8 

are compositionally different yet morphologically similar MOFs that interact with 

adsorbates in different ways due to the presence (or lack) of open metal sites, and 

differences in their mechanical properties and pore geometry. I explore the effect of 

adsorbates on the thermal properties of these two MOFs to show that adsorbates act as a 
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form of compositional disorder which decreases thermal transport via enhanced vibrational 

scattering and promoting a change in the vibrational mode character. The degree to which 

these effects hinder thermal transport is dictated by the pore morphology of the MOF.  

• Chapter 6 – Summary, Future Projects, and Impact: In this chapter I summarize the main 

conclusions of this dissertation as they pertain to the statement of objectives outlined 

previously. Lastly, I provide a substantial foundation for future proposed projects related 

to this work that could be significantly impactful to understanding the thermal transport 

processes in porous materials.  
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Chapter 2 

2. Theory and Concepts 

“In the elementary equations of the world, the arrow of time only appears where there is heat. 
The link between time and heat is therefore fundamental: every time a difference is manifested 

between the past and the future, heat is involved.” 
 
- Carlo Rovelli 

2.1 Theory of Thermal Transport 

 Macroscopic Theory of Heat Transfer 

 The history of the physical understanding of energy began as early as 384 BC, when 

Aristotle coined the word ‘energeia’, which is Greek for “being at work”. Energy, as a concept 

morphed from terms like “living force”, “tensional force” and “fall force”, as great minds like 

Julius Robert von Mayer, James Prescott Joule, and Hermann Ludwig Ferdinand von Helmholtz 

discovered that energy cannot be created or destroyed, but transferred from one form to another.25 

However, it wasn’t until 1905, when Albert Einstein established the relationship between energy 

and mass though his theory of relativity, that energy was generalized into a quantitative property. 

Heat, on the other hand, was a much more nuanced concept, that took more time to develop. In 

1824, Sadi Carnot developed an intellectual curiosity for the workings of steam engines that were 

emerging as a new major technology to make ‘things’ turn using fire. He described the working 

substance of the steam engines, heat, as a fluid that produces energy by “falling” from hot things 

to cold things. Though fundamentally flawed, because heat is not a fluid (it’s a gradient of the 

microscopic agitation of atoms in the conduction process), he captured the essence that heat can 

only flow from hot to cold. This idea was further refined by a Prussian Professor, Rudolf Clausius, 
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into a complex and genius concept at the time, where he described the differences between 

potential, kinetic, and heat energy with a simple analogy: a ball can fall off a table and bounce 

back up, converting potential to kinetic energy and back to potential, but heat cannot! Clausius 

termed the irreversible progress of heat flow entropy (Δ𝑆𝑆 ≥ 0), and in doing so established the only 

fundamental law of physics that differentiates the past from the future, showing that every time a 

difference occurs between past and future, heat is involved.26 It is from here that we jump off and 

continue to explore and expand on the fundamental heat transport processes in materials, new and 

old.  

 To begin, heat transfer relies on a temperature difference. An object that has internal 

energy, resulting from a distribution of microscopic particles in a system, can exchange that energy 

with another body through thermal contact. Here, large quantities of atoms in motion transfer 

energy in the form of heat. Therefore, heat is the net transfer of internal energy from one region to 

another, and is measured in Watts (W=J/s). If the net exchange of internal energy is zero, then the 

system has achieved thermal equilibrium.  In classical thermodynamics, temperature is 

theoretically defined from this concept of thermal equilibrium. Two systems in thermal contact 

and in thermal equilibrium will have the same temperature. Further, from a statistical 

thermodynamics interpretation, temperature is proportional to the average kinetic energy in the 

system. Ultimately, temperature is nothing but a variable in an equation that describes a 

distribution of particles.  

 Heat transfer describes the movement of energy across boundaries of a system subject 

to a temperature gradient. At the macro-scale, heat is defined in a continuum where heat transfer 

occurs through three basic modes: convection (fluid motion), conduction (molecular interactions) 

and radiation (electromagnetic waves). At the macroscale, convection is a sum of diffusive and 
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advective transfer within fluids. Convection between a solid surface and a fluid interface is 

governed by Newtons law of cooling 

�⃗�𝑞 = ℎ(𝑇𝑇∞ − 𝑇𝑇𝑠𝑠),  (2.1) 

where the rate of heat transfer, �⃗�𝑞 (Wm-2), is equal to the heat transfer coefficient (convection 

coefficient, which we will see later is an aerial conductance perpendicular to a surface, or a thermal 

boundary conductance), h (Wm-2K-1), and the difference in the temperatures between the solid 

surface, 𝑇𝑇∞ and the surrounding fluid, 𝑇𝑇𝑠𝑠. This can take the form of natural convection, where the 

bulk flow in a fluid is due to temperature induced differences in buoyancy, or forced convection, 

where forces other than buoyancy (such as fluid velocity from a fan) move the fluid. I note that 

the heat transfer coefficient (h), is an equivalent to the Kapitza conductance between two 

solids,27,28 and is not an intrinsic material property, but is dependent on external factors such as the 

flow field, fluid properties, and geometry of the solid in contact with the fluid. Convection involves 

the transfer of heat between a surface and a fluid through the macroscopic mixing motion of the 

fluid.  

 Conduction describes the transfer of internal energy within and through matter, by the 

collision of particles in the form of carriers (electrons), vibrating atoms (phonons in crystals or 

more generally vibrons in disordered solids), and molecules. Fourier’s law provides a fundamental 

relationship between the heat flux (�⃗�𝑞, Wm-2) through a material to the temperature gradient and 

area through which the heat flows (∇��⃗ 𝑇𝑇) by 

�⃗�𝑞 = −𝜅𝜅∇𝑇𝑇, (2.2) 

where 𝜅𝜅 (Wm-1K-1) is the thermal conductivity, which is a temperature dependent material 

property. At the macro level, 𝜅𝜅 is an intrinsic property and is independent of size; however as 
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materials approach the microscale, the dimension of the material can drastically reduce the thermal 

conductivity, which will be discussed in the following section.12,29,30 Further, transient heat flow 

within a material is governed by how much energy a material can hold per unit volume (volumetric 

heat capacity, 𝐶𝐶𝑣𝑣), and how quickly the heat can move through the material (thermal conductivity, 

𝜅𝜅). Therefore, the second governing equation is the transient heat diffusion equation written as  

𝐶𝐶𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ∇ ∙ (𝜅𝜅∇𝑇𝑇) + 𝑄𝑄,  (2.3) 

where Q is a term that describes the volumetric energy generation. The transient heat diffusion 

equation simplifies to Fourier’s law in the case when heat transfer has no time dependence (i.e., 

steady-state), and the heat capacity does not play a role in heat conduction.  

 In brief, thermal radiation is the transfer of heat between spatially separated bodies 

through electromagnetic (EM) waves. Thermal radiation is typically characterized as incoherent 

(far-field radiation), where the wave nature of the EM waves is ignored. The rate equation for 

thermal radiation is described by the Stefan-Boltzmann law 

�⃗�𝑞 = 𝜀𝜀𝜎𝜎(𝑇𝑇∞4 − 𝑇𝑇𝑠𝑠4), (2.4) 

where the rate of heat transfer (�⃗�𝑞) requires information about the surface radiative properties 

(i.e., emissivity (𝜀𝜀)), Stefan-Boltzmann constant (𝜎𝜎) and the temperature of the sample surface 

(Ts) and the surrounding temperature (𝑇𝑇∞).  

 This sums up a brief overview of the theory of thermal transport from a macroscale 

level. This dissertation is particularly interested in understanding the role of heat transport in solid 

nanostructured and nanoporous materials. Heat transfer at the micro scale can vary significantly 

from bulk processes, where new regimes defined by the limiting length scales of the system can 

impact heat transport characteristics. Due to these limiting length scales, the wavelengths and mean 
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free paths of the heat carriers (e.g., phonons) becomes comparable to or longer than the 

characteristic device dimension. Here, the wave properties, such as interference, diffraction, 

tunneling, and scattering can become quite important, in addition to increased incoherent scattering 

that redistributes the energies and momenta of the heat carriers, as we will investigate in the 

following section. 

 Microscopic Heat Transport (Vibrational Mode Thermal 
Conductivity) 

 At the micro and nano-scale, classical laws may no longer be valid when the 

wavelengths and mean free paths of the thermal carriers becomes comparable to the physical size 

of the material. In this situation both the particle (incoherent) and wave (coherent) properties of 

the energy carriers can affect heat transport; in the presence of coherence, the phase information 

can play a significant role. The wave properties of the energy carriers (i.e., free electrons, photons, 

and phonons) can result in coherent effects such as interference, diffraction, and tunneling. For 

example, coherence phenomena in electrons, photons, and phonons are related to their respective 

correlation functions, which describe how the microscopic variables at different positions are 

related.31 The spatial coherence of electrons and photons involve spatial correlations of the 

electromagnetic field,32–34 and the spatial coherence of phonons arises from the spatial correlation 

of the atomic displacement fluctuations at equilibrium.31 Spatial coherence of phonons has been 

shown to play an important role in the heat transport processes in nanomaterials and nanostructures 

such as superlattices, nanowires, and nanomeshes.12,13,31,35 The impact of a material’s size on its 

thermal properties is then understood by examining some characteristic length and time scales, 

where rules of thumb can be established. Important length (𝑙𝑙) and time scales include the mean 



14 
free path (𝜆𝜆), thermal wavelength (𝜆𝜆𝑡𝑡), the phase coherence length (𝑙𝑙𝑐𝑐), and the carrier relaxation 

time (𝜏𝜏). Kinetic theory relates the thermal conductivity to other material properties as 

𝜅𝜅 = 1
3
𝐶𝐶𝜐𝜐𝜆𝜆 , (2.5) 

where 𝐶𝐶, is the material’s specific heat capacity, 𝜐𝜐 is the phonon group velocity, and 𝜆𝜆 is the mean 

free path of phonons. The mean free path (MFP) is the average distance that energy carriers travel 

before collisions, while the average time that a population of carriers scatter and relax into a new 

thermal distribution is known as the relaxation time. The MFP is spectrally varying based on the 

wavelength/energy of the carrier. The average thermal wavelength is representative of the average 

spread of energy of thermal carriers and is approximated using Planck’s relation   

𝜆𝜆𝑡𝑡 = ℎ𝜈𝜈
𝐸𝐸� , (2.6) 

where the energy (E) of one quantum state is taken to be 𝑘𝑘𝑏𝑏𝑇𝑇 2� , where 𝑘𝑘𝑏𝑏 is Boltzmann constant, h 

is Planck’s constant, and 𝜈𝜈 is the speed of carriers.  Lastly, the phase coherence length is a measure 

of the phase destroying scattering event occurring after incoherent scattering. It has been shown 

that if the coherence length or wavelength of the material is on the order of the characteristic length 

of the device, then the wave effects of heat transport matter.14,30,31,36–39 

 Diffusive dominated transport occurs by conduction in bulk materials. Here, the net 

movement of atoms and molecules is determined by a temperature gradient. Energy carriers can 

be treated as particle like in this regime and can accurately be described by the average of their 

microscopic motion. In order for a material to be described as ‘bulk’, the characteristic length 

(length, width, height, superlattice period thickness, etc.) of the material must be much greater than 

the characteristic length of energy carriers (thermal wavelength, phase coherence length, mean 

free path, etc.). As the characteristic length of the structure decreases to equal to or less than the 
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characteristic length of the energy carriers, size effects become apparent until a coherent transport 

regime can dominate. Generally speaking, the mean free path determines the regime where ballistic 

heat transport occurs, since it is greater than the coherence length, which is greater than the thermal 

wavelength. Ballistic transport can be incoherent or coherent and is present without a temperature 

gradient over a short distance. In this limiting case, the energy carriers do not scatter and a 

temperature cannot be defined;11 further, the heat flux across the film can be analyzed as a radiative 

transfer problem similar to that of black body radiation (Eqn. 2.4), also known as the Casimir 

limit.40  Figure 2.1 illustrates how the coherent and incoherent nature of energy carriers determines 

the thermal transport within a material based on comparing the limiting length scales of the 

intrinsic energy carriers to the structural length scales, like thickness. 

 
Figure 2.1: Heat transfer regimes defined by limiting length scales. 
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  Along with length scales, it is important to consider the diffusive and specular 

scattering of interfaces to further determine what type of heat transport regime properly describes 

the system. Diffusive scattering from a rough interface typically destroys the phase information, 

so the wave aspect can be ignored, however specular scattering preserves the phase so that coherent 

transport can be considered.41  In summary, heat transport regimes and the crossover from macro 

to micro/nano are determined by limiting length scales. Experimental evidence points out that 

determining the dominating length scales can be difficult, and characterizing the heat transport 

regime can be a non-trivial task. 

2.1.2.1 Phonons 

 Perhaps the most important length scales when describing heat transport through non-

metallic solids are dictated from the phonons. Heat conduction through crystalline non-metals 

occurs through the coupled vibrations of atoms, with finite masses, in a periodic array. This motion 

is not random, but a superposition of vibrations of atoms around their equilibrium sites due to the 

interaction with their neighboring counterparts, defined by an interatomic potential. An elastic 

wave, of allowed frequency/energy and amplitude, generated by these cooperative oscillations of 

atoms around their equilibrium position is defined as a phonon. Phonons display both particle and 

wave behaviors. Classically, phonons are the normal modes (longitudinal/transverse 

acoustic/optical) of the cooperative oscillation, existing as a superposition of different vibrational 

frequencies. Generally, for ‘N’ atoms per unit cell in a three-dimensional crystal, there will be 

three acoustic branches (one longitudinal, two transverse), and 3N-3 optical branches (N-1 

longitudinal and 2N-2 transverse). The quantum mechanical view of a phonon requires the energy 

of the lattice vibration to be discrete, and a multiple of ℏ𝜔𝜔, where ℏ is Planck’s constant (1.054 x 
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10-34 Js) and 𝜔𝜔 is the angular frequency. Lastly, the phonon wave vector (k) points in the direction 

of the wave propagation, and is defined in reciprocal space.  

 
Figure 2.2: The phonon dispersion relations for a diatomic chain showing the positive k values, 
where the first Brillouin zone has mirror symmetry through the origin (left) and phonon density of 
states (DOS) (right) are modeled as a diatomic ball on spring. Κ is the spring constant between the 
masses, k is a wavevector, 𝑎𝑎 is the atomic spacing (lattice spacing (L) is 2a), and mo is the mass 
of the ball/atom. Two cases are modeled: case 1 where M1=M2=mo (red) and case 2 where M1=mo, 
M2=2mo (black).   These calculations were obtained using Κ = 1 𝑁𝑁𝑚𝑚−1, 𝑎𝑎 = 0.5 𝑛𝑛𝑚𝑚, mo=4.7e-26 
Kg. The grey zone demonstrates the phonon band gap that arises in case 2, due to the mismatch of 
atom masses. 
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 The phonon dispersion curve relates the phonon frequency to the wave vector, where 

the dispersion relation is not a continuous curve, but rather a series of closely spaced points 

representing possible modes of vibrations. Phonon dispersion relations can be obtained directly by 

finding the solution of Newton’s equations of motion in a periodic lattice. An example of a phonon 

dispersion plotted in the reduced zone scheme from 0 < k < 2𝜋𝜋 𝐿𝐿�  (in this case, the lattice spacing 

(L) is related to the atomic spacing (a) by L=2a) is shown in Figure 2.2 for two cases of a diatomic 

linear lattice modeled as a ball and spring. The interaction of the neighboring atoms is modeled 

using an assumption that the force affecting the atom is linearly proportional to the displacement 

of the atom from its equilibrium position (Hooke’s Law). The displacement of the atom from its 

equilibrium position is then obtained by solving the classical equations of motion (EOM) that 

captures the kinetic and potential energy of the system; in the case of a diatomic system, two 

masses require two EOM’s where the solution is wavelike (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴[(𝑖𝑖(2𝑛𝑛𝑘𝑘𝑎𝑎 ± 𝜔𝜔𝑡𝑡)]), where A is 

the amplitude. When the masses are equal (𝑚𝑚1 = 𝑚𝑚2 = 𝑚𝑚), this leads to a dispersion relation that 

relates the wave vector and phonon frequency of the form: 

𝜔𝜔 = 2�Κ
𝑚𝑚

 sin 𝑘𝑘𝑘𝑘
2

 ,                                                          (2.7) 

where Κ, is the spring constant. In the case where the masses are not equal (𝑚𝑚1 ≠ 𝑚𝑚2), 

𝜔𝜔2 = Κ
𝑚𝑚1𝑚𝑚2

(𝑚𝑚1 + 𝑚𝑚2 ± �𝑚𝑚1
2 + 𝑚𝑚2

2 + 2𝑚𝑚1𝑚𝑚2 cos(𝑘𝑘𝑎𝑎) ).                         (2.8) 

The group velocity of the phonon modes is defined by the slope of the dispersion curve. Note the 

differences in the dispersions between case 1 (M1=M2=mo) and case 2 (M1=mo, M2=2mo). A 

phonon band gap (forbidden zone) appears in case 2 that spans the entire first Brillouin zone (FBZ), 

where frequencies cannot propagate. This band gap is due to Bragg scattering, and depends on the 
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difference in the masses of the atoms.38 When the two masses are equal (as in case 1), the bands 

join and become degenerate throughout the FBZ.  

 The density of states (DOS) defines the energy degeneracy within the system and is 

also plotted in Figure 2.2. Since each crystallographic direction has its own dispersion relation, 

there exists many possible combinations of wave vectors that could have the same energy. The 

phonon DOS has units of (states/energy/atom) and is an expression of the number or energy states 

per unit energy per unit space. The equation for phonon DOS of a particular phonon polarization 

in a three dimensional isotropic solid is  

Dj(ω) = ω2

2π2vp,j
2 vg,j

 ,                                                         (2.9) 

where j is the phonon branch, vp is the phase velocity, and vg is the group velocity. 42  

2.1.2.2 Anharmonicity and Scattering Processes 

 Let us return to a discussion of thermal conductivity. Thermal conductivity is an 

intrinsic material property that quantifies the ability of a substance to transfer heat. The “gray” 

approximation to kinetic theory is a simplified view of thermal conductivity that can often be 

applied to systems at sufficiently low temperatures. Here, again, the thermal conductivity is a 

function of the material’s specific heat (C), the Debye velocity (𝑣𝑣𝐷𝐷), and the phonon lifetime (𝜏𝜏)43 

𝜅𝜅 = 1
3
𝐶𝐶𝜈𝜈𝐷𝐷2𝜏𝜏.  (2.10) 

The Debye velocity approximates all the phonons in the system as dispersionless until a cut off 

frequency. This cut off frequency is determined by the Debye frequency, which is the crystal’s 

highest normal mode of vibration (i.e., the highest temperature that can be achieved due to a single 
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Figure 2.3: (top) Schematic of a micro-structured chalcogenide, and the corresponding phonon 
scattering processes that can lead to material engineered reduced thermal conductivities. (bottom) 
Qualitative illustration of the accumulated contributions to reducing the lattice thermal conductivity with 
respect to MFP, adapted from Xiao and Zhao.1 

 normal mode vibration). The “gray” approximation assumes that all phonons have the same 

energy and velocity, and can be described by a single scattering time. The “gray” approximation 

fails at high temperatures because the neglection of the phonon dispersion results in a significant 

underestimation of phonon lifetimes and scattering rates.45 Therefore the effects of anharmonicity 
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and phonon scattering processes are important to understanding how heat transport occurs at higher 

temperatures. 

 The works by Klemens, Callaway, and Ziman provide a more rigorous description of 

thermal conductivity, capturing the dispersive nature of phonons by considering the contribution 

from each individual phonon as46–49 

𝜅𝜅 = 1
3
∑ ∫ ℏ𝜔𝜔𝜔𝜔𝑗𝑗(𝜔𝜔) 𝜕𝜕𝜕𝜕(𝜔𝜔,𝜕𝜕)

𝜕𝜕𝜕𝜕
𝜐𝜐𝑗𝑗2(𝜔𝜔)𝜏𝜏𝑗𝑗(𝜔𝜔)𝑑𝑑𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗

0𝑗𝑗 ,                             (2.11) 

where the sum is taken over all branches of the dispersion relation, 𝜔𝜔𝑚𝑚𝑘𝑘𝑚𝑚 ,𝑗𝑗 is the maximum angular 

frequency of branch j,  𝑓𝑓(𝜔𝜔,𝑇𝑇) is the Bose-Einstein distribution, and 𝜏𝜏𝑗𝑗 is defined as the phonon 

relaxation time. The relaxation time is composed of all intrinsic and extrinsic individual scattering 

process including phonon-phonon, boundary, and mass-impurity (point defects) scattering and is 

described by Matthiessen’s rule 

𝜏𝜏𝑗𝑗−1 = ∑ 𝜏𝜏𝑖𝑖,𝑗𝑗−1𝑖𝑖 , (2.12) 

where the summation is over all possible scattering processes (i) for each phonon branch (j). To 

bound the scope of this dissertation, I provide a detailed description of phonon-phonon interactions 

in the following sections, but only briefly discuss the other scattering mechanisms, since they have 

been shown to be ambiguous in the presence of disorder.50  

 As phonons propagate through a lattice, they may interact in such a way to cause a 

collision. This collision is dictated by the interatomic potential, which defines the strength of the 

chemical bonding and constrains the motion of neighboring atoms. A harmonic interatomic 

potential follows Hooke’s law, and maps out a parabolic potential well, leading to an ideal spring 

with force linearly proportional to displacement from the minimum potential position. Phonons in 

such an ideal potential do not collide with each other producing an infinite thermal conductivity.  
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Figure 2.4: An anharmonic generic interatomic potential (red line) compared to a harmonic 
oscillator model (dotted black line). The equilibrium position is denoted as xo. 

Finite thermal conductivities arise from the presence of resistance in the material, which occurs 

from phonon collisions, or scattering events. There are three types of scattering processes that 

affect thermal transport and are used in modeling the thermal conductivity in Chapters 4 and 5: 

phonon-phonon interactions in an anharmonic potential, phonon-impurity, and phonon-boundary 

scattering. These scattering processes are illustrated in Figure 2.3, depicting a chalcogenide 

material with compositional boundaries, grain boundaries, and defects that have been intentionally 

fabricated to maximize phonon scattering to minimize thermal conductivity. In addition, the figure 

also shows a conceptual illustration of the relative contributions of different forms of disorder 

(grain boundaries, nano-precipitates, internal interfaces and point defects) on the suppression of 

the lattice thermal conductivity and their relative length scales. 

 In order for a resistive phonon-phonon collision to occur, the interatomic potential 

must be anharmonic (non-parabolic). An example of a generic anharmonic potential compared to 

a harmonic model is shown in Figure 2.4. In this potential, atoms prefer an equilibrium position  
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Figure 2.5: Schematic of anharmonic phonon-phonon scattering in wave vector space defined with 
the first BZ chosen as the primitive cell in reciprocal space (dashed lines). Here, two phonons with 
wave vector k1 and k2, and frequencies 𝜔𝜔1 and 𝜔𝜔2 collide to form one phonon with wavevector k3 
and frequency 𝜔𝜔3. 

(xo) that occurs at a minimum energy, occurring in the well of the potential. Depending on which 

direction the atom moves during an oscillation, it will experience repulsive or attractive forces. 

Anharmonicity represents deviations from a linear force interaction (derivative of the interatomic 

potential) between neighboring atoms. Anharmonic phonon scattering results in a loss of its phase 

information, promoting incoherent heat transport. In a crystalline system defined by an anharmonic 

interatomic potential, the thermal conductivity is maximized at a temperature when anharmonic 

scattering becomes dominant over other scattering processes in the crystal, known as the 

“Umklapp peak”. 

 As a note to the reader, I intentionally refrain from differentiating between Umklapp 

(U) and normal (N) scattering. This is due to the nuanced concept that a N and U process is 

arbitrary based on the choice of the primitive cell of the reciprocal lattice, that was demystified by 

Maznev and Wright.51  More precisely, Figure 2.5 shows an example of anharmonic scattering, 

where two phonons, with wave vectors k1 and k2 and frequencies 𝜔𝜔1 and 𝜔𝜔2 collide to produce a 

new phonon with wavevector k3 and frequency 𝜔𝜔3. The resultant phonon falls outside of the 

boundary of the defined primitive cell in reciprocal space. Therefore, in order to conserve the 

𝒌𝒌𝟏𝟏 
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quasi-momentum of the crystal( ℏk, ℏ is the reduced Planck constant) a vector, G, is required to 

map the resultant phonon back into the defined primitive cell. This requirement results in a reversal 

of the phonon propagation direction, and therefore contributes to thermal resistance. Note that 

‘quasi-momentum’ of the crystal is used instead of the term ‘momentum,’ because phonon 

momentum does not have any mass transfer so it does not exhibit classical momentum. Lastly, in 

addition to two phonons colliding to form one new phonon, one phonon can also split into two.   

 Phonons can also collide with impurities within the crystal and boundaries. Impurities 

introduce random mass fluctuations within the crystal and take the form of point defects and atomic 

isotopes. Phonon scattering due to impurities follows Rayleigh’s law, where the scattering time 

(𝜏𝜏) varies inversely as the fourth power of the phonon frequency so that short wavelength phonons 

are scattered more strongly than long wavelength phonons.48,52 Finally, when the length of physical 

structures within the material becomes comparable to the phonon MFP, the phonons can scatter at 

the boundary.43 These boundaries come in the form of composition boundaries (i.e., periodic 

layering of material like a superlattice), grain boundaries, and the boundary of the nano-material. 

 Figure 2.6 illustrates the different temperature dependent trends in thermal 

conductivity that appear for bulk and thin crystalline and amorphous material. The bulk silicon 

shows a typical temperature dependance that is commonly observed at T >100 K for crystalline, 

non-metallic solids. This trend also appears in bulk crystalline chalcogenides, and some large 

porous, unit cell crystals like skutterudites (unfilled) and single crystal C60. Here, phonon-phonon 

scattering dominates above the Umklapp peak (the temperature where the maximum thermal 

conductivity occurs) and leads to a decreasing thermal conductivity with increasing temperature 

(𝜅𝜅(𝑇𝑇) ∝ 𝑇𝑇−1). To the left of the Umklapp peak, impurity/defect scattering and surface boundary 

scattering dominate. Different phonon physics arises in low dimensional materials. The 100 nm 
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Figure 2.6: Temperature dependent thermal conductivity of bulk single crystal silicon (black solid 
line),53 amorphous silica (black dashed line),54 100 nm and 20 nm silicon (black open circles),55 
SiGe alloys (diamonds),56,57 Si/Ge superlattice (green circles), 23 bulk single crystal PbTe 
(squares)58 and PbSe (triangles),59 thin PbTe-PbSe nanocomposite (pink circles),60 porous 
crystalline skutterudite (CoSb3) (blue stars),61 porous crystalline clathrate hydrate encapsulating 
tetrahydrofuran (THF) (left pointing triangles),62 and a large single crystal C60 (purple hexagons).63 

 and 20 nm crystalline silicon exhibit a decrease in magnitude and do not follow the temperature 

dependent thermal trend of the bulk Si crystal. The large reduction in magnitude is due to thermal 

size effects arising from high surface to volume ratios, where long wavelength phonons present in 

Si are scattered by the limiting dimension of the film (>100 nm or >20 nm).64 Further, the thin 

films are dominated by boundary scattering up to higher temperatures, which is reflected by the 

shift in the maximum thermal conductivity to higher temperatures as film thickness decreases.55  

Furthermore, compositional and structural disorder can also dominate the phonon scattering 
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mechanisms. In these systems, disorder limits the phonon mean free path and group velocity 

resulting in an increasing temperature dependent trend in thermal conductivity, which follows the 

temperature dependent heat capacity according to kinetic theory (𝜅𝜅 = 1
3� 𝐶𝐶𝑣𝑣𝑣𝑣𝜆𝜆). This trend is 

characteristic of amorphous materials (e.g., a-SiO2) and also crystalline materials with engineered 

disorder such as superlattices (Si/Ge), alloys (Si(1-x)Gex), nanocomposites (PbTe-PbSe), and even 

some classes of porous crystals such as clathrates and skutterudites. Engineered disorder can come 

in the form of compositional boundaries, grain boundaries, and point defects (mass-impurity 

scattering through dopants or alloying). Additionally, disorder can also appear in large unit cell 

material (i.e., porous crystals), that contain periodicity over large length-scales (several nm or 

greater), that approach and/or exceed the typical length scales of phonon mean free paths (typically 

< 10 nm). In these large unit cell crystalline systems, it is unclear if phonon-based heat transfer is 

relevant, or if the long-distance translational symmetry of the atoms produces an amorphous 

material.  In total, the temperature dependent thermal conductivity trend sheds light onto the 

dominating heat carrying mechanisms in material systems.  

2.1.2.3 Phonon Hybridization and Rattling  

 Phonon dispersions dictate the allowable quantum mechanical energy states of 

thermal carriers within a crystal by relating phonon frequency to the phonon wavevector. As 

discussed previously, phonons can interact with one another in the form of collisions, which cause 

resistance in the material and establish a finite thermal conductivity. In addition to collisions, 

phonons can also interact with one another to create hybridization, that can greatly impact phonon 

scattering rates and also be concomitant with changes in the mode character.50,65,66 In addition to 

hybridization, the role of rattling localized vibrational modes  introduced by the addition of non-

periodic side groups or guest atoms in pores can also drastically affect heat transport processes.  
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Figure 2.7: Example of optical-acoustic phonon hybridization for an arbitrary crystal showing 
only the lowest-lying optical mode (LLO) from the guest molecule and the longitudinal acoustic 
mode. The area circled highlights the avoided crossing where the LLO and LA phonons are 
indistinguishable (purple squares). (a) Shows the emergence of a large gap at the avoided 
crossing representative of high coupling between the LO and LA phonons. (b) Shows a much 
smaller gap indicative of weak coupling. 

 Hybridization occurs when multiple phonon states with compatible symmetry and 

similar frequencies/energies couple, resulting in an energy eigenstate that is a linear combination 

of the individual states. An example of this is optical-acoustic phonon hybridization shown in 

Figure 2.7 for an arbitrary crystal.66 When the criteria defined above for phonon hybridization are 

met, the lowest-lying optical (LLO) and LA branches exhibit an avoided crossing (anti-crossing) 

resulting in coupling between branches. In quantum mechanical terms, an avoided crossing is a 

phenomenon in a degenerate system, where two eigenvalues representing the quantum observable 

cannot become exactly equal (cross), and end up producing lowered energy eigenstates.67  In a 

system with coupling, a gap appears at the avoided crossing that is proportional to the coupling 

strength. In the absence of coupling, crossing occurs and no lowered energy eigenstates are 

(a) (b) 
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produced. Within the avoided crossing region in a phonon dispersion, hybridization between the 

optical and acoustic phonons causes the modes to be indistinguishable and also lowers their energy 

that results in enhanced phonon-phonon scattering channels. Hybridized modes within the avoided 

crossing have been shown to significantly contribute to increased scattering rates that drastically 

reduce thermal conductivity.66,68  

 Rattling modes can appear in materials containing side groups, or guest atoms, such 

as long chains of molecules attached to polymer backbones and guest molecules adsorbed into a 

porous crystal.69,70 In general terms, a side group introduces atoms or molecules in semi-stable 

positions that produce no predictable long range order. These side groups may introduce both 

incoherent and coherent effects. Wiggling guest atoms introduce localized incoherent rattling 

motion (Einstein motion) that can act as additional scattering centers for acoustic phonons within 

the native material.71 Additionally, resonant, or “rattling” phonon modes may appear near/from an 

avoided crossing interaction of low energy optical phonons, introduced from the side group, with 

energetically compatible acoustic phonons within the main material.72 This interaction is unique 

because typically optical phonons have too high an energy to scatter with acoustic phonons. 

Another result of hybridization is the appearance of flat (low group velocity) modes in the 

dispersion created by avoided crossing interactions between vibrations of the guest atoms and 

acoustic phonons from the host matrix.70 These flat modes can act as additional anharmonic 

scattering channels to limit thermal conductivity.69,70,72  Further, it has also been shown that rattling 

modes contribute to band flattening, which reduces the group velocity of acoustic phonons at the 

avoided-crossing, rather than shortening phonon lifetime by scattering.73 The dominating effects 

of rattling modes due to guest atoms is still very much an open question.   
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2.1.2.4 Locons, Diffusons, and Propagons 

 Thermal transport in highly disordered material, like amorphous solids, is not as 

clearly understood as in crystals, and relies on a modified taxonomy to describe the thermal 

transport processes. Disordered systems are described by a lack of long-range order due to a break 

in atomic periodicity. In disordered amorphous material, normal modes still exist, however 

wavevectors are no longer well defined; therefore a phonon group velocity and mean free path 

become difficult to define for high frequency vibrations.74  Experimental measurements for 

amorphous material show reduced thermal conductivities compared to their crystalline 

counterparts, in addition to temperature dependent thermal conductivity trends that increase 

steadily with temperature, without passing through a maximum.75,76 A theory originally devised 

by Einstein77 reframes thermal transport in highly disordered systems by treating atoms as damped, 

localized independent oscillators, where energy hops from one atom to the next through a random 

walk, with all atoms vibrating at the same angular frequency 𝜔𝜔𝐸𝐸 (Einstein frequency), with 

uncorrelated phases that transfer energy with one half the period of vibration.77,78  Slack79 and 

Cahill and Pohl78extended and formalized Einstein’s concepts into a hybrid model aimed at 

describing the minimum thermal conductivity in amorphous solids by pointing out that in reality, 

atoms vibrate together forming a spectrum of frequencies (rather than at a single Einstein 

frequency), with a relaxation time defined from half a period of oscillation. The theory resulted in 

the following expression 

𝜅𝜅𝑚𝑚𝑖𝑖𝑚𝑚 = (𝜋𝜋
6

)
1
3 𝑘𝑘𝐵𝐵𝜂𝜂2/3 ∑ 𝜐𝜐𝑠𝑠,𝑖𝑖(

𝜕𝜕
Θ𝑖𝑖

)2𝑖𝑖 ∫ 𝑚𝑚3𝑒𝑒𝑚𝑚

(𝑒𝑒𝑚𝑚−1)2
𝑑𝑑𝐴𝐴

Θ𝑖𝑖
𝜕𝜕�

0 ,                             (2.13) 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, η is the number density of atoms, 𝜐𝜐𝑠𝑠 is the speed of sound, 

the summation is performed over the polarization of acoustic waves and Θ is the Debye 
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temperature defined as Θ𝑖𝑖 = 𝜈𝜈𝑠𝑠,𝑖𝑖(ℏ 𝑘𝑘𝐵𝐵� )(6𝜋𝜋2𝜂𝜂)1/3, where ℏ is the reduced Planck’s constant. This 

dispersionless description of thermal conductivity has proven successful in describing the thermal 

conductivity in many disordered material,54,80 however has proven to be limited by its reliance on 

classical diffusion of phonons in a solids.81  

 The problem with quantifying thermal transport in disordered material through the 

lens of phonons is that any form of disorder breaks the periodicity of the crystal, therefore making 

it difficult, and even inaccurate, to define phonon wave vectors and corresponding group 

velocities.50 This translates to inconsistencies in the phonon gas model (PGM), which is built on 

the assumption that the energy of the vibrational modes can be represented as particles that travel 

and scatter. Alternate theories have been developed that reframe the phonon definition by 

considering vibrational mode diffusivities.82,83  In this picture, the vibrational modes are broken 

into  pseudo-particles that describe diffusion, and are differentiated based on their spatial extent 

(extended or localized) and whether they propagate or not.74,82 Similar to phonons, propagons are 

extended propagating vibrational modes that contain well-defined wave vectors and long 

wavelengths. Diffusons are non-propagating (cannot define a wavevector) delocalized modes. 

Lastly, locons generally exhibit high frequencies and are localized, non-propagating modes.  The 

full vibrational spectrum contains boundaries which distinguish propagons from diffusons (Ioffe-

Regel crossover) and diffusons from locons (mobility edge).74 From here, various thermal models 

for describing thermal transport are distinguished by how they treat each class of mode 

contribution to the overall thermal conductivity. Since propagons exhibit a plane wave propagating 

character, they can be treated via PGM. Numerical studies from Allen et al. on amorphous silicon 

showed that diffusons overwhelmingly dominate the population of vibrational modes, and that 

propagons and locons made up only 4% and 3% of the total modes respectively.82 Generally, it is 
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true that a high concentration of diffusons dominates the thermal transport of disordered material. 

In this limit, the diffuson contribution to thermal conductivity predicted by Allen-Feldman (AF) 

theory75,84 is a useful tool to model disordered system, as it sums the individual contribution of 

each mode’s volumetric heat capacity and diffusivity. However experimental and theoretical 

studies have shown that contributions from propagons and locons may also produce non-negligible 

effects on the thermal conductivity.75,85,86 Further, Lv and Henry have developed the Green-Kubo 

modal analysis (GKMA) approach which describes thermal transport via correlation (i.e. different 

modes are correlated that have different characters), rather than scattering, which allows for an 

assessment of the mode level contributions to the thermal conductivity.50,83 This approach is 

fundamentally different from PGM because it considers the role of disorder on thermal transport 

to result in a change in the vibrational mode character (i.e. loss of propagating/plane wave 

character) rather than impurity scattering. In total, while significant progress has been made in 

understanding the thermal transport in disordered material, there is still ambiguity in the current 

established frameworks for studying disordered material. 

 The classification of a material as crystalline or amorphous implies which thermal 

transport framework should be applied to characterize the thermal carriers of the respective system. 

However, material scientists and chemists alike have provided engineers interested in microscale 

heat transport with a complex variety of materials that do not fit neatly into one category. Material 

that exhibits crystallinity in combination with a high degree of disorder continue to blur the line, 

and require a flexible framework that can account for the interplay between crystalline and disorder 

mechanisms of thermal transport.   
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2.2 Mechanical Properties and Thermal Processes (Leibfried and 

Schlomann) 

 
Figure 2.8: Schematic illustration of a lattice where (a) longitudinal phonon modes produce chain 
lengthening from anharmonicity resulting in positive thermal expansion (PTE) and (b) transverse 
optical phonon modes oscillating so that their amplitude shortens the chain length leading to 
negative thermal expansion (NTE) and (c) morphological NTE where the ‘bonds/struts’ between 
‘atoms/nodes’ lengthen at higher temperature, but separation between the nodes decreases 
corresponding to an overall volume reduction. 

 The mechanical and thermal properties of materials are closely related, since both are 

physical manifestations of the movement of atoms and molecules whose neighborly interactions 

are defined by a chemical potential. Therefore, measurements of mechanical properties, such as 

the thermal expansion coefficient and elastic modulus, can help to inform mechanisms dictating 

thermal processes. This section will illustrate how the mechanical properties of materials affect 

thermal processes.  

 Materials often increase in volume with temperature, known as positive thermal 

expansion (PTE). This occurs by an increase in energy into the system that causes an increase in 

the equilibrium spacing of the atomic bonds. Ultimately, thermal expansion stems from 

(c) 

(b) 

(a) 
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anharmonicity, where the equilibrium position defined by the potential, can no longer reside at the 

minimum of the potential well, and must increase (move to the right), as more energy enters the 

system (Figure 2.4). This causes atoms to spend more time at distances greater than the original 

equilibrium position, where repulsion at short distances is greater than attraction forces at far 

distances. From this atomistic picture, we can see that a matrix of bonded atoms will undergo an 

increase in volume to compensate for the bond lengthening that is required by the anharmonicity 

of the system. Materials can also experience negative thermal expansion (NTE), when competing 

effects to the natural thermal expansion are present. These competing effects come in the form of 

phonons and morphological effects.87  Figure 2.8 (a) (b) show a longitudinal and transverse phonon 

mode in a semi-infinite atomic chain. Longitudinal waves move in the direction of the atoms, and 

therefore their propagation lengthens the chain as temperature increases; adhering to the classic 

definition of PTE and bond anharmonicity. Transverse waves on the other hand move orthogonal 

to the direction of the atoms and act to shorten the chain length, where the amplitude of the 

transverse wave acts to pull the lattice together leading to large chain shortening. In particular, 

materials that contain high energy transverse optical modes experience large NTE. Additionally, 

NTE can also be achieved through a morphological mechanism. For example, Figure 2.8 (c) shows 

how a material structure could be designed in such a way where contraction upon heating occurs 

through the reduction of the volume of internal voids, which outweighs the increase in the total 

volume of the material. 87 

 A measure of material stiffness through stress/strain curves provides information 

about how bonds respond to physical deformation. Figure 2.9 (a) shows a typical stress/strain 

curve. The linear region represents elastic bond stretching, where there is no permanent 

deformation to the bonds in response to a load. The slope of this elastic region is equal to the 
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Figure 2.9: (a) Typical stress-strain diagram for a material showing elastic and plastic deformation 
and how this manifests from the bonds within the material. (b) Plot of the elastic modulus/thermal 
conductivity vs. elastic modulus of a variety of crystalline material taken from Braun et al.88 (red 
symbols), in addition to materials investigated in this dissertation (blue symbols).   

 elastic modulus, which is a measure of a material’s stiffness. Beyond the linear regime (past the 

proportional limit) a material experiences plastic deformation where permanent dislocations occur, 

eventually reaching total failure, where the material fractures and the bonds break. Figure 2.9 (b) 

shows how the elastic modulus is generally related to the thermal conductivity. In fact, it was 

actually Debye89 who first pointed out that thermal resistivity in dielectric solids occurred from 

scattering of vibrational modes by changes in the elastic constants. Notably, a soft deformable 

material with a low modulus usually correlates to a thermal insulator and a stiff material (high 

modulus) generally correlates to high thermal conduction.90 This relationship is best described by 

the Leibfried-Schlomann (L-S) equation, which captures the magnitude of the T-1 dependence for 

thermal conductivity for crystalline material.91 Leibfried and Schlomann proposed that the lattice 

thermal conductivity of a crystal at temperatures above the Umklapp peak can be approximated by 

the following relation when the dominant carriers of heat are acoustic modes and the dominant 

scattering mechanism is three-phonon interactions between acoustic modes 

(a) (b) 
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 𝜅𝜅𝐿𝐿−𝑆𝑆 = 𝐴𝐴1

𝑉𝑉1/3𝜔𝜔𝐷𝐷
3

𝛾𝛾2𝜕𝜕
, (2.14) 

where 𝐴𝐴1 is a constant, 𝑉𝑉 is the volume of the unit cell, 𝜔𝜔𝐷𝐷  is the Debye frequency (maximum 

frequency of vibration), T is temperature, and γ is the Gruneisen parameter. Since the Debye 

frequency is proportional to the group velocity 𝜐𝜐 = �𝐵𝐵𝑉𝑉1/3/𝑀𝑀� where B is the bulk modulus and 

𝑀𝑀� is the mean atomic mass, thermal conductivity then scales with the bulk modulus as92–94 

𝜅𝜅 ∝ 𝐵𝐵3/2.  (2.15) 

2.3 Review of Measurements of Thermal Transport in Porous 
Materials 

 A porous solid subjected to a thermal gradient transfers heat via two main 

mechanisms, conduction through the solid scaffolding, and through the fluid in the pores (Figure 

2.10 (a)). In this work, we ignore the contribution of radiation across the pores because it becomes 

negligible for low emissivity material with small pores around room temperature, like the materials 

which are studied here.95 However I note at high temperatures, radiative heat transport would 

become dominant as it increases as 𝑇𝑇4. Additionally, I adopt a microscale definition of convection, 

which includes its contribution to the heat transfer picture in the form of a Kapitza resistance. In 

general, vibrational conduction occurs in the dielectric solid phase by phonons, and conduction by 

the fluid in the pores occurs through Brownian motion of the fluid particles, where the temperature 

of the pore is influenced by the solid conductivity, and the thermal boundary resistance occurring 

at the pore/void (solid/fluid) interface. This section provides a brief overview on heat transfer 

processes of porous material and summarizes the current literature for disordered and ordered 

porous material.  



36 

 
Figure 2.10: (top) Orientation of fluid in a two-phase flow and its effect of 𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 , where 𝜙𝜙 is 
the void fraction. (bottom) Schematic of thermal transport in an ordered porous material, where 
the contributions to the thermal conductivity (conduction by the solid and the fluid) are shown in 
both the cross-plane and in-plane directions (not drawn to scale). This image was constructed with 
the help of Prof. Chris Wilmer (University Pittsburgh).  

 Literature on the topic of the effect of pores on the thermal conductivity of porous 

material is extensive. Early theoretical observation on such systems were provided by Maxwell, 

where he showed the thermal conductivity of a porous system was related to the thermal 

conductivity of its fully dense counterpart via, 

𝜅𝜅(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)

𝜅𝜅(𝐷𝐷𝑒𝑒𝐷𝐷𝑃𝑃𝑒𝑒)
≈ 1 − 3

2
𝜙𝜙,                                                 (2.16) 

where 𝜅𝜅 is the phonon thermal conductivity of the solid phase and 𝜙𝜙 is the porosity.96 Others have 

shown that the overall thermal conductivity of these porous systems cannot exceed the volume 

𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 
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average of its individual components.15 Therefore, the apparent thermal conductivity (𝜅𝜅𝑘𝑘𝑎𝑎𝑎𝑎) of a 

porous material can be described as the contributions from a two phase flow (solid and liquid/gas), 

as the sum of two parallel resistors 

𝜅𝜅𝑘𝑘𝑎𝑎𝑎𝑎 = (1 −𝜙𝜙)𝜅𝜅𝑠𝑠𝑠𝑠𝑓𝑓𝑖𝑖𝑓𝑓 + 𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 ,                                      (2.17) 

where 𝜅𝜅𝑠𝑠𝑠𝑠𝑓𝑓𝑖𝑖𝑓𝑓  is the intrinsic thermal conductivity of the solid matrix material, and  𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 =

𝜙𝜙𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓  where 𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓  is the thermal conductivity of the fluid filling the pores, and 𝜙𝜙 is the void 

fraction occupied by the fluid. Equation 2.17 is only valid if the fluid is oriented so that it runs 

parallel to the direction of heat flow, otherwise 𝜙𝜙𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓 = 0 (see Figure 2.10 (b)). While useful, 

this simplified approach for approximating the apparent thermal conductivity of a porous material 

neglects the complex interactions that can occur between the solid and fluid constituents, where 

pore geometry can greatly influence the total apparent conductivity.15 In particular, pores act to 

contribute interfacial thermal resistance that plays an increasingly important role as the 

characteristic dimension of the material decreases, where an increase in resistance at interfaces 

will reduce the conduction in the solid and in the fluid.97–99 

 A natural extension to understanding the thermal transport processes in porous 

materials is investigating how these processes are affected by the introduction of a guest molecule 

into the pore, in the form of an adsorbed fluid (liquid or gas) or solid molecule. Matters are 

complicated further during the introduction of ‘guest’ molecules within the pores, where 

interactions between the solid matrix and adsorbate become more involved, and a more complex 

thermal transport regime is established. Percolation theory would predict the guest to increase the 

total apparent thermal conductivity of the system due to the increase in the number of heat channels 

introduced by the guest molecule.100 Alternatively, kinetic theory (𝜅𝜅 = 1
3
𝐶𝐶𝜐𝜐2𝜏𝜏) might predict the 



38 
guest molecule(s) could partially fill the pore and act as a defect, which would increase phonon 

scattering, reducing phonon lifetimes (𝜏𝜏) therefore reducing the total apparent thermal 

conductivity. The thermal properties of composite multiphase materials have been approximated 

by a variety of models that account, on varying levels, for both the conductivity of the solid, the 

disperse material (guest species in the pore), and the interaction between them, and include factors 

such as pore geometry and anisotropy effects. These include the Maxwell model (Eqn. 2.16)96, 

variants of effective medium theory (EMT) 101–103 and differential effective medium theory 

(DEM).104 Generally, EMT pertains to defining properties macroscopically by averaging the 

constituents that comprise the composite while DEM takes the point of view that a composite 

material can be understood by making infinitesimal changes to an already existing composite. 

Though useful, a single theory has not yet emerged which captures the thermal trends of infiltrated 

porous systems, because the impact of guest molecules on the thermal properties of porous media 

is quite inconclusive.  The remainder of this section will present the thermal results of two types 

of porous solid material reported in the literature, porous disordered solids (i.e. SiO2-based 

nanostructured films, aerogels, foams, mineral wool, and sintered plastics and oxides) and porous 

ordered solids (clathrates, skutterudites, zeolite, metal organic frameworks (MOFs), covalent 

organic frameworks (COFs), and periodic and randomly oriented porous silicon materials) 

compared to popular EMT and DEM approximations for two phase nanocomposites. The 

distinction between disordered and ordered porous media in this dissertation, is defined by the 

crystalline or amorphous properties of the solid matrix material. 

 Cellulose foams, aerogels and sintered oxides are examples of disordered porous 

materials. The pores in these materials supplement the intrinsic disorder of the solid matrix 

material in the form of varying degrees of pore size and distribution heterogeneity. For example, 
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sintered alumina and zirconia have been shown to exhibit meso and macropores that differ in both 

size and shape, where the macropores are 100 x larger than the mesopores.105 Cellulose foams, on 

the other hand, contain a more ordered pore distribution, where the pores orient as long tubes 

throughout the material and the pore density decreases by 30% from bottom to top of the foam 

nanocomposite.106 In total, porous disordered materials include a vast array of structured and 

randomly oriented pores whose solid media is amorphous. 

 Figure 2.11 (a) shows the thermal conductivity of a variety of disordered porous 

material as a function of porosity. In general, the apparent thermal conductivity decreases with 

increased porosity for disordered porous material. The thermal conductivity decreases with 

increasing pore size following a typical effective medium theory, where the apparent thermal 

conductivity of the material is an average of the higher thermal conductivity material from the 

solid phase, and the lower thermal conductivity from the fluid phase based on their respective 

volume fraction. Thus, a higher porous volume fraction will lead to a lower apparent thermal 

conductivity if the fluid (air) has a lower thermal conductivity than the solid. In line with these 

trends, the morphology of disordered porous materials is one of interconnected macroscale pores 

that prove ineffective for mitigating the solid conduction, which results in thermal conductivities 

that are higher than air.107 Figure 2.11 (a) showcases a boron-nitride aerogel in vacuum that boasts 

a thermal conductivity below air, resulting from the ultralow density and engineered structural 

disorder; in air, the thermal conductivity jumps to 0.02 Wm-1K-1.107  In total, at the macroscopic 

level, an effective medium approach may capture the thermal trends of porous material. However, 

at the nanoscale, effective medium theory often fails. For example,  fabricating nano-pores that are 

smaller than the MFP of the gas molecules has been theoretically proposed99 and experimentally 

validated108 to obtain ultra-low thermal conductivities, by taking advantage of the Knudsen effect 
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where gas molecules located inside the pore scatter strongly at the pore wall, and not with other 

gas molecules, drastically reducing 𝜅𝜅𝜕𝜕𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒  and therefore 𝜅𝜅𝑘𝑘𝑎𝑎𝑎𝑎. The heat transport picture is not 

fully understood in porous material at the nanoscale, and is the topic of on-going research. 

 Ordered porous material include large unit cell crystals like: clathrates, skutterudites, 

zeolites, metal organic frameworks (MOFs), and covalent organic frameworks (COFs), in addition 

to intrinsically crystalline solid material with either periodic or randomly oriented fabricated 

porosity (i.e., porous silicon). Let us begin with intrinsically crystalline material containing 

fabricated micropores obtained through etching and lithography, which are a class of ordered 

porous material heavily reported on in the literature. Nanoscale porous materials of this nature can 

exhibit strong phonon size effects due to their increased surface areas, and disorder introduced by 

the pores.109,110 The impact of pore placement (random or uniformly oriented) on thermal 

conductivity has been shown to have a drastic effect on thermal conductivity.111,112 Theoretical 

investigation into pore placement indicates that when pores are fabricated in a spatially uniform 

orientation, the thermal transport is prescribed by the porosity and specularity (pore surface 

roughness) at pore interfaces, however when pores are non-uniformly placed, they can locally 

increase resistance to phonon transport in the form of phonon bottlenecks, where small sets of 

pores create high local resistance to phonon transport within the material.111 Wolf et al. showed 

that the average thermal conductivity of randomly oriented pores was up to 15% lower than that 

of their aligned counterparts.112 Indeed, experimental results for crystalline silicon thin films 

fabricated with random and oriented pores plotted in Figure 2.11 indicate an enhanced reduction 

in thermal conductivity, which is thought to be due to strong size effects, increased boundary 

scattering and coherent phononic effects.109,113 



41 

Figure 2.11: The thermal conductivity reported in the literature for disordered (a) and ordered (b) 
porous material. (a) Disordered porous material include thin16 and thick18,114 Si aerogels, a boron-
nitride aerogel,107,115 convectively deposited (CD) silica particles,116 evaporation-induced self-
assembled silica particles (EISA), 116 mineral wool, polystyrene, and polyurethane,99 and 
PMMA108 and cellulose106 foams. Note that the opaque symbols represent the apparent thermal 
conductivity and the open symbols represent values for the thermal conductivity of the solid 
component only. The effective medium approximation by Hashin and Shtrikmann for a two phase 
system, 117 and Landauer’s effective medium percolation theory118 calculated for sintered zirconia 
are also plotted for reference. (b) The ordered porous material include MOFs shown as squares 
(MOF-5,119,120 pristine and infiltrated ZIF-8,121 and infiltrated HKUST-1122), COFs as stars (COF-
300123), skutterudites as triangles (RFe4Sb12

124), clathrates as diamonds (Sr8Ga16Ge30,125 
Ba8Ga16Ge30,65 and Ga16Ge30

65) and zeolites as right leaning triangles (ZSM-5123). Both pristine 
and infiltrated material are plotted. Infiltrated material are labeled as ‘guest@host’. Porous 
crystalline Si cross plane thermal conductivity for 4 µm (blue circles)109 and 20 nm (blue 
triangle)113 thick films with oriented pores, and the in-plane thermal conductivity for porous silicon 
with randomly distributed pores (blue circles with dot)126 are also shown for reference. 

(a) (b) 
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 The ordered porous large unit cell crystals take advantage of coordination chemistry 

to form networks with well-defined permanent porosity. In the case of large unit cell crystals, a 

coordination network is defined by the preferred orientation and bonding of an ion to ligands (i.e. 

six ammonia ligands can bond to a single Co3+ cation in an octahedral geometry).127 Alternatively, 

others such as zeolites and COFs are formed from kinetically controlled pathways, where different 

phases are obtained through prescribed heating times, temperatures, or class of organic molecules 

used for synthesis.128 Ultimately the product is a uniform network of linked cavities and pores. 

Large unit cell crystals like MOFs and COFs contain intrinsic disorder, where the large number of 

atoms in the unit cell result in an increased phase space for scattering events if low lying 

longitudinal modes can interact with acoustic modes, thereby reducing phonon lifetimes.66,129 As 

shown in Figure 2.11 (b), the heat transfer picture in these porous materials is not easily captured 

as a function of porosity. Rather, heat transfer in ordered porous material is a result of a complex 

interaction between propagating lattice-modes and localized molecular-modes, contributing to the 

total thermal conductivity.130 The influence and interplay of these competing modes means that 

both crystalline anharmonic trends and glasslike phonon thermal conductivities emerge among 

these materials.15,119  For example, there are a few reports of crystalline temperature dependent 

heat transport trends (T-1) for porous crystalline material such as MOF-5119 and perovskite-type 

MOF crystals131 and the unfilled CoSb3 skutterudite,132 whose thermal trends are captured by the 

kinetic theory of gases (Eqn. 2.5) where the mean free path of the lattice modes (phonons) 

decreases as 1/T as the number of phonons increase at high temperatures. In contrast, reports of 

glasslike thermal conductivities (increase with temperature up to a plateau) are far more prevalent 

for this class of material, and have been reported for zeolites,133–135filled clathrates,136–138 and filled 

skutterudites.132 Non crystalline behavior is commonly seen in these materials where enhanced 
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vibrational mode scattering from the guests and small mean free paths dominate the thermal 

transport. Variations in the temperature dependent thermal trends of porous ordered material is a 

result of the interplay between propagating and localized modes intrinsic to the solid material, and 

the interaction of dispersive materials within the pores.   

 It is common for guest atoms/molecules to inhabit the pores to form host-guest 

complexes with diverse energy landscapes. Specific engineering of porous material with guest 

molecules has allowed for precise modifications in the electrical, mechanical and thermal 

properties of materials. In particular, this strategy has been deployed to develop phonon glass-

electron crystals for thermoelectric applications. For example, MOFs have been infiltrated with 

redox-active organic charge transfer guest molecules to realize tunable electrical conductivity.139 

Skutterudites and clathrates exhibit guest/host interactions where the radius of the pore is much 

larger than the radius of the guest so that the guest is trapped in a highly anharmonic potential and 

vibrates with large amplitudes.140 From a thermal perspective, it is unclear what role the guest has 

on transport processes. On one end, filling the pores introduces more heat carrying channels that 

could increase thermal conductivity. On the other, the guest may introduce rattling and 

hybridization that scatters phonons, or slows them down. In the case of the skutterudites and 

clathrates, it has been shown that the large vibration of the guest atom acts as a rattling mode that 

strongly scatters acoustic phonons, which carry the majority of the heat.65,130 The role of these 

rattlers on phonon lifetimes and group velocities is not fully understood. For example, in clathrates, 

the effects of the rattling modes on phonon lifetimes are suggested to be non-resonant (scattering 

occurs over a wide frequency range),65 while in skutterudites rattling may appear as a resonant 

process (scattering occurs over a limited energy region),129 or not at all, where the guest fully 

occupies the atomic cages resulting in a coherent optical phonon branch that increases heat 
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carrying channels.70  Further, others have argued that the dominant role of the rattler mode in 

clathrates is to flatten phonon bands, thereby reducing the group velocity, rather than producing 

new phonon scattering channels.73 Even more, ab initio calculations have shown that the guest 

molecule in skutterudites produces phonon hybridization that flattens phonon modes leading to 

increased three-phonon scattering channels, but the anharmonic interaction between the guest and 

host (rattling) does not play a role in reducing the thermal conductivity.66 Figure 2.11 (b) plots the 

apparent thermal conductivity of both pristine unfilled and infiltrated ordered porous material as a 

function of porosity, where there is not an obvious trend observed. 

 This chapter summarizes the theories and concepts of macroscopic and microscopic 

transport and goes into detail about how these processes occur in porous material. A review of the 

literature on the thermal transport of porous material sheds light on the dominating mechanisms in 

disordered and ordered porous material and also highlights many of the open questions about how 

limiting length scales regarding pore size and guest-host interactions effect thermal transport. This 

sets the stage for the motivation behind the work in this dissertation, which investigates the roles 

of composition and morphology on both nanostructured solid chalcogenides and highly porous 

metal organic frameworks. 
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Chapter 3 

3. Experimental Techniques 

“The true method of knowledge is experiment.” 

-William Blake 

3.1 Time Domain Thermoreflectance (TDTR) 

 Background 

 Time-domain thermoreflectance (TDTR) is a transient non-contact, optical 

thermometry technique, which is uniquely poised and commonly used to measure the thermal 

properties of thin films. The first demonstration of transient thermoreflectance (TTR) to measure 

thermal transport in thin films was realized over 30 years ago by Paddock & Easley141 and 

enhanced over the last three decades by improvements in measurement accuracy by Cahill54,142 

and advancements by Capinski and Maris in both thermometry and picosecond ultrasonics.29,30 

The high spatial and temporal resolution offered by TDTR, which is limited by the pulse width 

(often < 100 fs directly out of the laser) and laser spot size, make it highly useful for measuring 

ultrafast nonequilibrium dynamics  (electron-phonon coupling, phonon-phonon thermalization)143–

145 as well as heat transport processes such as the thermal conductivity21,146 and thermal boundary 

conductance147,148 of thin engineered materials. 

 Figure 3.1 shows a schematic of a two-color TDTR set up at the University of 

Virginia’s ExSiTE Lab. TDTR utilizes a pump-probe experimental configuration to both generate 

surface heating and measure the resulting temperature profile of the sample by monitoring the 

change in optical reflectivity with temperature, or thermoreflectance (𝑑𝑑𝑑𝑑 𝑑𝑑𝑇𝑇� ). This specific pulsed 



46 
TDTR system is centered around a femtosecond oscillator that emits sub-picosecond pulses at a 

repetition rate of 80 MHz, with a wavelength centered at ~800 nm (bandwidth of 10.5 nm). The 

output is split into a pump and probe path that are coaxially focused on the surface of the sample 

by an objective lens (typical pump and probe radii that are used in our two-color system are 1/e2 

pump radius ≈ 20 𝜇𝜇𝑚𝑚, probe radius ≈ 9 𝜇𝜇𝑚𝑚). The pump path is electro-optically modulated with 

a square wave, generally between 1-10 MHz. The use of pump modulation is important, because 

it provides a reference frequency to allow for lock-in detection which increases the signal to noise 

ratio (SNR).149 The modulated pump beam heats a metal transducer layer (typically aluminum or 

gold) which must be in contact with the sample. Typically, the metal transducer is deposited 

directly on top of the sample. The effectiveness of this approach requires that the surface roughness 

of the sample is optically smooth (ideally surface roughness < 15 nm).150 Because solution 

processed materials tend to be optically diffusive to visible light, the sample fabrication procedure 

can be adjusted by depositing the thin film metal transducer on top of a glass substrate (which is 

transparent to the pump and probe wavelengths). Then, the solution processed films can be 

deposited on the metal side of the metal/glass substrate. In this sample configuration, bi-directional 

heat conduction must be accounted for in the analysis.149 More detail is provided on this topic is 

Section 3.1.2.2. Requirements for the transducer are a large thermoreflectance coefficient (𝛽𝛽 =

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

) at the probe wavelength, good adhesion to the sample or substrate, and a high thermal 

conductivity to minimize the measurement sensitivity to the metal layer.151 Additionally, the 

diffusivity (𝛼𝛼 = 𝜅𝜅
𝐶𝐶𝑣𝑣� ) controls the time it takes energy to diffuse (𝑡𝑡𝜕𝜕ℎ𝑒𝑒𝑒𝑒𝑚𝑚𝑘𝑘𝑓𝑓𝑖𝑖𝑒𝑒𝑒𝑒) through a metal 

film of thickness (d) according to  

𝑡𝑡𝜕𝜕ℎ𝑒𝑒𝑒𝑒𝑚𝑚𝑘𝑘𝑓𝑓𝑖𝑖𝑒𝑒𝑒𝑒 = 𝑓𝑓2

𝛼𝛼
= (100𝑒𝑒−9)2

1𝑒𝑒−5
~100𝐴𝐴𝑝𝑝.                                      (3.1) 



47 
Therefore, a high transducer thermal conductivity ensures that the majority of the temperature 

gradients in a TDTR experiment are not in the transducer. The thermalization time dictates when 

it is appropriate to fit the thermal model to the data. Consequently, the TDTR measurements of 

thermal conductivity and thermal boundary conductance begin at 500 ps for the sample systems 

studied here to ensure the majority of the thermal gradients sensed during a TDTR experiment not 

driven by those in the metal transducer.   

 The interaction of the pump with the transducer creates both DC (steady-state) heating 

event, and a small modulated heating event at the sample surface. While the heating events are 

heavily dependent on the sample material properties, typically the power absorbed by the sample 

is on the order of a few milliwatts, which corresponds to DC heating that is on the order of a few 

Kelvin, and  a much smaller (~10-100 mK) modulated temperature rise (∆𝑇𝑇) .152 The reflectivity 

(∆𝑑𝑑) of the metal transducer changes linearly with the change in the surface temperature (∆𝑇𝑇) due 

to the modulated heating event such that 

∆𝑑𝑑 = 𝛽𝛽∆𝑇𝑇, (3.2) 

and is monitored temporally by the probe beam. The thermoreflectance coefficient (𝛽𝛽) is a material 

property of the transducer that depends on the illumination wavelength and surface properties. Al 

is a good choice as an optical transducers for TDTR because it has a high thermoreflectance 

coefficient at the probe wavelength (𝛽𝛽 = 1.8𝐴𝐴10−4𝐾𝐾−1). 153,154 The probe is delayed in time by a 

translational mechanical delay stage from -15 ps ≤ t ≤ 5.5 ns (where here t is the relative time delay 

of the probe to the pump), and its reflected intensity from the sample is measured by a 

photodetector or balanced photo-diode. Additionally, the change in reflectivity of the probe pulses  
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Figure 3.1: Two color time-domain thermoreflectance (TDTR) schematic. 
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due to pump heating is very small (on the order of 10-4 – 10-6),155 therefore a lock-in amplifier is 

synchronized to the modulation frequency of the pump beam to enhance and demodulate the signal 

to provide amplitude (of the voltage) and phase data in the form of an in-phase (𝑉𝑉𝑖𝑖𝑚𝑚) and out-of-

phase (𝑉𝑉𝑠𝑠𝑓𝑓𝜕𝜕)  signal. In total, the lock-in output corresponds to a change in reflectance resulting 

from the temperature event produced by the pump. This representation of a thermal decay is 

directly related to the sample thermal properties, which are then obtained by fitting an appropriate 

thermal model, as will be discussed in detail in the next section.153,156,157 Two variations of the 

TDTR systems exist at the UVA ExSiTE lab, the two-color and the two-tint arrangements.149,158,159 

Each arrangement optimizes the SNR by mitigating diffuse scattering from the pump pulse from 

making its way back into the detector.  For the two-color system, shown in Figure 3.1, the 800 nm 

pump light is frequency doubled using a BiBO (bismuth Triborate, BiB3O6) crystal after it passes 

through the EOM. This converts the back end of the pump to 400 nm light which is easily filtered 

from the 800 nm probe light and kept from leaking into the detector. On the other hand, the two-

tint TDTR system employs long pass sharp edge and narrow bandpass filters to spectrally isolate 

the pump and probe beams. The pump is then reflected to the sample from a polarizing beam 

splitter and filtered from the probe line back into the detector to avoid leakage into the detector. 

Figure 3.2 shows representative data for the magnitude (�𝑉𝑉𝑖𝑖𝑚𝑚2 + 𝑉𝑉𝑠𝑠𝑓𝑓𝜕𝜕2 ) for two typical calibration 

samples, a high thermal conductivity material (Al2O3), and a low thermal conductivity material 

(SiO2). The data are collected at a negative delay time in order to fully resolve the temperature rise 

time due to the interaction of the optical energy of a single pulse with the metal transducer. Note 

that the data in the figure have been shifted by +15 ps to allow for the use of a log scale on the x-

axis; therefore, the data plotted from 1-15 ps are considered the ‘pre t=0’ signal, which is the signal 

that is generated before the arrival of the pump pulse. The noise floor, or the average amplitude of  
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Figure 3.2: Representative TDTR data for two typical calibration samples, a high thermal 
conductivity material (Al2O3) and a low thermal conductivity material (SiO2). The data are plotted 
as the magnitude of the TDTR signal vs. the probe delay time. Note that the plot has been shifted 
by +15 ps to allow for the use of a log scale.   

the signal oscillations for a given time delay is about ± 0.1 µV. In order to maintain a high SNR 

throughout the scan, a ‘pre t=0’ signal magnitude of 10-15 µv is preferred, which can be obtained 

by adjusting the pump power. This ensures that the lowest SNR throughout the scan will be 100-

150, since the TDTR signal is lowest in this pre t=0 regime. 

 Illustrated in Figure 3.2, once the pump pulse arrives at the sample, the TDTR signal 

becomes composed of three temporal regimes which are indicative of how energy is transferred 

within the medium: non-equilibrium dynamics, picosecond acoustics, and diffusion. 

Nonequilibrium dynamics occurs at early times (in the first few ps), where the optical energy from 

the pump pulse is absorbed by electrons in the metal transducer to form the large rise in signal 
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magnitude. These hot electrons thermalize and quickly transfer their energy to phonons and 

electrons within the lattice. Here, processes such as electron-electron and electron-phonon 

coupling can be studied.160–163 As it is aptly named, the picosecond acoustic region persists to 10’s 

of picoseconds and is useful for measuring the transducer thickness. When the impulse from the 

pump reaches the metal film, the surface is rapidly heated leading to prompt thermal expansion. 

This rapid expansion produces a high frequency acoustic mechanical strain wave that traverses at 

the sound speed of the material, and partially reflects off of any interfaces that it encounters. The 

stronger the acoustic mismatch between the materials at the interface, the stronger the reflection. 

The reflected portion of the wave is then sent back in the direction of the sample surface, where it 

is optically detected by the probe. Together, propagation time and the amplitude of the acoustic 

echo measured by the probe provide information about the transducer thickness and the quality of 

the bonds at the transducer/sample interface. 164–166 Examples of these acoustic echoes are shown 

in Figure 3.2 for both Al2O3 and SiO2, where the picosecond acoustic signal is much larger for the 

sapphire, due to the higher acoustic mismatch between the Al/Al2O3 interface. Finally, at longer 

times, diffusive processes can be examined where the energy from the pump pulse has had 

sufficient time to thermalize and transfer to the film. The data collected in this regime are fit to the 

solution of the heat diffusion equation for a multilayered structure to derive the relevant thermal 

parameters. 

 The interaction of the pump with the sample results in two surface temperature events, 

a modulated AC heating event (on the order of ~10-100 mK),152,167 which is what the probe 

temporally monitors, and a demodulated DC steady state temperature rise (which can range to a 

few degrees to tens of degrees Kelvin).152 The steady state temperature rise is a function of the 

average power absorbed by the transducer during the laser heating event, and the corresponding 
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Figure 3.3: Room temperature steady state temperature rise predicted by the multi-layer heat 
diffusion model from Braun et al.152 for a sample with bi-directional heat flow (bulk SiO2 / 80 nm 
Au / 400 nm HKUST-1 (𝜅𝜅~1Wm-1K-1)), where 𝜅𝜅𝑠𝑠𝑖𝑖𝑚𝑚𝑘𝑘 = 𝜅𝜅𝑆𝑆𝑖𝑖𝑆𝑆2 = 1.4 𝑊𝑊𝑚𝑚−1𝐾𝐾−1, the pump power 
is varied from 1-100 mW, 𝛼𝛼𝐴𝐴𝑓𝑓,800𝑚𝑚𝑚𝑚 = 0.02 and 𝑟𝑟𝑠𝑠=22 µm. The inset shows the sample geometry.  

 thermal properties of the heat sink in contact with the transducer. Both of these events occur at 

the surface of the sample simultaneously, and can be mathematically decoupled.  

 A common analytical model used to estimate the upper bound steady state 

temperature rise was defined by Cahill153 and extended by Schmidt168 as 

𝑇𝑇𝑠𝑠𝜕𝜕𝑒𝑒𝑘𝑘𝑓𝑓𝑎𝑎 𝑠𝑠𝜕𝜕𝑘𝑘𝜕𝜕𝑒𝑒 = 𝑃𝑃𝑝𝑝𝑃𝑃𝑚𝑚𝑝𝑝𝛼𝛼𝑡𝑡

κ�2𝜋𝜋𝑒𝑒𝑃𝑃2+2𝜋𝜋𝑒𝑒12
 ,                                               (3.3) 

where 𝑃𝑃𝑎𝑎𝑓𝑓𝑚𝑚𝑎𝑎 is the incident power of the pump, 𝛼𝛼𝜕𝜕 is the absorptivity of the transducer layer at the 

pump wavelength (~0.02 for Au and ~0.10 for Al at 800 nm),169 𝑟𝑟𝑠𝑠 and 𝑟𝑟1 are the respective 1
𝑒𝑒2

 

radii of the probe and pump spot sizes, and 𝜅𝜅 is the thermal conductivity of the sample. This 
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expression is derived for an isotropic bulk material and also does not account for bi-directional 

heating. Braun et al.152 provide a rigorous calculation for the steady state temperature rise which 

is more applicable to the inhomogeneous, nano-sized material studied via TDTR in this 

dissertation. This model accounts for a pulsed Gaussian surface heating source impinging on a 

multilayer sample using the appropriate initial and boundary conditions applied to the solution to 

the radially symmetric heat diffusion equation.152  This model shows that gold and aluminum 

transducers reduce the steady state temperature rise by orders of magnitude in comparison to a 

transducer-less measurement, by providing rapid radial heat dissipation, and that a bi-directional 

sample scheme (i.e. SiO2/transducer/film) can also significantly reduce the steady state 

temperature rise.152 Figure 3.3 shows the predicted steady state temperature results from the heat 

diffusion model applied to a low thermal conductivity, thin MOF sample configured in a bi-

directional heating geometry. The multi-layer diffusion model predicts a steady state temperature 

rise of less than 1K for pump powers less than 100 mW (relevant to the pump power ranges used 

in TDTR). The results show that the steady state temperature rise remains small in this 

circumstance, so that it is appropriate to increase the pump power to increase the SNR without 

having to account for DC temperature rise effects in the thermal model to analyze the raw TDTR 

data.  

  TDTR uses an optical probe that applies a modulated train of heat pulses at one 

boundary of the sample and then measures the temporal temperature decay with an optical probe. 

A TDTR measurement is sensitive to the diffusivity (or effusivity)170 of a sample and measures 

the change in reflectance over time after a pump pulse, which is linearly proportional to the surface 

temperature. The thermal properties of the material are solved for by applying the cylindrical heat 

diffusion to a multilayer structure in the frequency domain, and then the lock-in response is used 
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to reconstruct the solution in the time domain. The heat equation is valid here because the thermal 

penetration depth of the modulated laser pulse is typically much greater than the effective MFP of 

phonons of the interrogated material, so transport is diffusive. Secondly, the heat transport can also 

be assumed to be one dimensional, due to the large aspect ratio of the sampling system, where the 

spot size is much larger than the thermal penetration depth so that the measurement is not sensitive 

to radial transport.29,171 In order to fit these requirements, the thermal penetration depth of a TDTR 

measurement is controlled by requiring a large modulation frequency (1-10 MHz) onto the pump 

beam.  The penetration depth at these modulation frequencies is on the order of a few tens of 

nanometers to a few micrometers, and is in a regime where the thermal wave is small compared to 

the total film thickness, but long enough to directly measure the heat diffusion at nanometer length 

scales. A simplified analytical expression for the thermal penetration depth (𝑙𝑙𝑧𝑧) is estimated by172 

𝑙𝑙𝑒𝑒 = �2𝜅𝜅
𝐶𝐶𝑣𝑣𝜕𝜕

, (3.4) 

where 𝑓𝑓 is the modulation frequency of the pump beam. Consistent with the discussion of DC 

heating above, this simplified analytical expression is known to break down (often over predicting 

𝑙𝑙𝑒𝑒) for modulated heating events and applied to multi-layered samples.167 To this end, Braun and 

Hopkins 167 describe a more rigorous form that models the spatial and temperature distributions 

during a modulated heating event from the heat diffusion equation.  In total, an accurate 

understanding of the thermal penetration depth is critical for TDTR measurements because it 

defines the measurement volume and determines the sensitivity of the measurement to radial and 

cross plane transport.  

 In addition to controlling the thermal penetration depth, the modulated heating event 

induced by the pump pulses in a TDTR measurement creates a temperature rise at the sample 
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surface. The temperature response of the material is phase lagged with response to that of the 

heating event, and this phase lagged oscillatory temperature response is extracted by the lock-in 

amplifier by mixing the signal output from the detector with a reference wave having a defined 

phase (the pump) and reported as a complex function of 𝑋𝑋 + 𝑖𝑖𝑖𝑖 where X is the in-phase (𝑉𝑉𝑖𝑖𝑚𝑚) and 

Y is the out-of-phase (𝑉𝑉𝑠𝑠𝑓𝑓𝜕𝜕) component. Either the amplitude or the phase data can be analyzed 

from the lock-in response. Figure 3.4 shows representative TDTR data, and the simulated response 

(fits) for a 50 nm thick amorphous TiO2 thin film from DeCoster et al.21 The ratio of the real (in-

phase) and imaginary (out-of-phase) components of the lock-in response are used here because it 

eliminates the need to know the precise thermoreflectance coefficient of the metal film and the 

gain of the electronic components, and it produces higher SNR and removes the need for 

normalization.116,153 This ratio is compared to a simulated lock-in response (𝑆𝑆𝑝𝑝𝑖𝑖𝑚𝑚) derived by 

applying the transfer function defined in frequency space calculated by solving the heat equation 

for a multilayered system.149 The simulated lock-in response, plotted as a solid red line in Figure 

3.4 is solved with an initial guess for the properties for each material in layer (n) which includes: 

the heat capacity (𝐶𝐶𝑣𝑣,1,𝐶𝐶𝑣𝑣,2, … ,𝐶𝐶𝑣𝑣,𝑚𝑚), thermal conductivity (𝜅𝜅1, 𝜅𝜅2, … , 𝜅𝜅𝑚𝑚), thickness 

(𝑑𝑑1, 𝑑𝑑2, … ,𝑑𝑑𝑚𝑚), and thermal boundary conductance (ℎ1,2, … , ℎ𝑚𝑚−1,𝑚𝑚). Typically, this iteration 

allows for one to two free parameters to perform the fitting. As an example, Figure 3.5 shows a 

schematic of two common sample geometries with insulated and conductive boundaries and the 

corresponding parameters defined in each layer. The simulated response is then compared to the 

experimental response, and a least square minimization routine is used to iterate different guesses 

for the free variable (thermal property of interest), until a minimum is found in the quantity 

Ε = ∫[𝑆𝑆𝑒𝑒𝑚𝑚𝑎𝑎(𝑡𝑡)− 𝑆𝑆𝑠𝑠𝑖𝑖𝑚𝑚(𝑡𝑡)]2𝑑𝑑𝑡𝑡.                                              (3.5) 
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I refer the interested reader to the following references, where the specifics of this procedure have 

been comprehensively described.116,144,149,153,156,168,170 

 
Figure 3.4: Representative TDTR data (blue symbols) and simulated response of the fitted three 
temperature heat model (red line) for amorphous TiO2 films reprinted with permission from 
DeCoster et al. 2018.21 Shown here is a measurement performed on a 50 nm thick film of TiO2 
grown on silicon, fit to the ratio (-Vin/Vout) of the lock-in detection system. The error bars on the 
data are representative of scan-to-scan variability. The inset contains the corresponding sensitivity 
analysis at a modulation frequency of 10 MHz, described in more detail in the next section. These 
sensitivities demonstrate the measurement is primarily sensitive to the thermal conductivity of the 
film, κ, and not the thermal boundary conductance, hk, at the metal/film or film/substrate interface. 

 Porous Media 

 This section describes the feasibility for TDTR to perform measurements on porous 

material. It provides both a discussion on the physical measurement, and also a description for how 

to optimize the measurement for samples that are not intrinsically accessible to standard TDTR 

measurements due to high surface roughness. 
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Figure 3.5: Sample schematic of a layered structure with (top) insulated boundary conditions 
where the optical energy is directly deposited on the transducer, and (bottom) a sample with a 
conductive boundary condition where the optical energy is deposited in the metal transducer layer 
and bi-directional heat flow occurs into the transparent substrate and the sample. The input 
parameters to the thermal model associated with their respective layer are also shown.   

 TDTR measurements require that the sample surface be reflective and smooth (less 

than 15 nm RMS roughness), so that a transducer layer can be deposited directly on top of the 

sample (Figure 3.5 (a)). Many porous and solution processed nanocomposites do not fulfill such 

requirements and necessitate an improvised sample geometry to successfully obtain TDTR 

measurements. In order to overcome the high surface roughness of the porous, solution processed 

samples studied here, I use the technique pioneered by Ge et al.97 and Schmidt et al.,168 which is 

illustrated in Figure 3.5 (b). In this geometry, rough porous media were directly in contact with 

the metal side of an SiO2 glass substrate coated with a thin metal film (Al or Au). In contrast to 

traditional TDTR, the probe pulse is reflected by the metal transducer after passing through the 

glass substrate layer and experiences bidirectional heat transfer into both the SiO2 substrate and 

the sample. The analysis of the TDTR data is then fit to a thermal model derived from the solution 
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to the heat equation in which a modulated source is deposited in between two other conductive 

materials. Schmidt et al.168 and Hopkins et al.116 discuss in detail how to apply the algorithms 

developed by Carslaw and Jaeger173  and Feldman174 to describe the heat transfer in a composite 

slab with bidirectional heat flow. Important conclusions from these works include that radial 

heating is negligible (and therefore heat transport can be approximated as one dimensional) at large 

pump modulation frequencies (f=1-20 MHz) for most material, which in an important 

approximation that simplifies analysis. Further, low thermal diffusivity (𝜅𝜅 𝐶𝐶𝑣𝑣�  =10-4-10-6 m2 s-2) 

material can be approximated by one-dimensional transport at even lower pump modulation 

frequencies (~0.1 MHz).116 This is an important concept since varying the pump modulation 

frequency can cause the TDTR signal to increase in sensitivity to different aspects of thermal 

transport within a material.149,175,176  An additional conclusion is that the bidirectional thermal 

model is very sensitive to the thermal conductivity of the cover glass and the thermal boundary 

conductance between the metal film/cover glass (𝜅𝜅1 and ℎ1/2 in Figure 3.5 (b)). Therefore, it is 

important to measure these values experimentally before sample deposition to reduce the number 

of free parameters in the thermal model. In total, this approach allows for the interrogation of 

samples that otherwise would not be good candidates for TDTR.  

 For the purposes of the thin film material studied via TDTR in this dissertation, I 

focus on the microscale picture of thermal transport, where heat transfer by conduction dominates. 

This assumption can be justified by comparing the time scales between conduction, convection, 

and radiation, to the experimental time scales accessible in TDTR.  The approximate time interval 

(𝜏𝜏) for the heat transport processes reported here are defined from energy balances and fluxes and 

applying a limiting characteristic length (𝑙𝑙𝑐𝑐ℎ) such as the thermal diffusion length, diameter of the 

pore, thickness of the material, etc. From here the time intervals can be represented as   
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𝜏𝜏𝐶𝐶𝑠𝑠𝑚𝑚𝑓𝑓𝑓𝑓𝑐𝑐𝜕𝜕𝑖𝑖𝑠𝑠𝑚𝑚 =  𝑓𝑓𝑐𝑐ℎ
2 𝐶𝐶𝑣𝑣
𝜅𝜅

= (100𝑒𝑒−9𝑚𝑚)2 𝑚𝑚 1𝑒𝑒6 𝐽𝐽𝑚𝑚
3
𝐾𝐾�  

1 𝑊𝑊𝑚𝑚𝑚𝑚
 ~ 10 𝑛𝑛𝑝𝑝                                (3.6) 

𝜏𝜏𝐶𝐶𝑠𝑠𝑚𝑚𝑣𝑣𝑒𝑒𝑐𝑐𝜕𝜕𝑖𝑖𝑠𝑠𝑚𝑚 = 𝑓𝑓𝑐𝑐ℎ𝐶𝐶𝑣𝑣
ℎ

= 100𝑒𝑒−9𝑚𝑚 𝑚𝑚1𝑒𝑒6 𝐽𝐽𝑚𝑚
3
𝐾𝐾�  

100 𝑊𝑊𝑚𝑚2
𝐾𝐾�

~1 𝑚𝑚𝑝𝑝                                        (3.7) 

𝜏𝜏𝜕𝜕𝑘𝑘𝑓𝑓𝑖𝑖𝑘𝑘𝜕𝜕𝑖𝑖𝑠𝑠𝑚𝑚 =  𝑓𝑓𝑐𝑐ℎ𝐶𝐶𝑣𝑣
4𝜀𝜀𝜀𝜀𝜕𝜕3

=  (100𝑒𝑒−9𝑚𝑚)1𝑒𝑒4𝐽𝐽𝑚𝑚
3
𝐾𝐾 �

4𝑚𝑚0.1𝑚𝑚5.67𝑒𝑒−8𝑊𝑊 𝑚𝑚2𝐾𝐾4� 𝑚𝑚300𝐾𝐾
~2 𝑚𝑚𝑝𝑝,                            (3.8) 

where it becomes evident that free convection and radiation processes are relatively slow in 

comparison to conduction. Next, consider the three time scales relevant to TDTR: first is the time 

scale between successive pulses which is dictated by the repetition rate of the oscillator (𝜏𝜏𝑒𝑒𝑒𝑒𝑎𝑎−𝑒𝑒𝑘𝑘𝜕𝜕𝑒𝑒), 

second is the pump-probe delay time (𝜏𝜏𝑎𝑎𝑓𝑓𝑚𝑚𝑎𝑎−𝑎𝑎𝑒𝑒𝑠𝑠𝑝𝑝𝑒𝑒) which is the time interval where the thermal 

decay from the pump pulse is monitored, and third is the out-of-phase time interval (𝜏𝜏𝑠𝑠𝑓𝑓𝜕𝜕) that is 

determined by the pump modulation frequency (𝑓𝑓 = 1 − 10𝑀𝑀𝑀𝑀𝑧𝑧). The following time intervals 

can be defined for the TDTR experiment used at the University of Virginia’s ExSiTE Lab, 

𝜏𝜏𝑒𝑒𝑒𝑒𝑎𝑎−𝑒𝑒𝑘𝑘𝜕𝜕𝑒𝑒 = 12.5 𝑛𝑛𝑝𝑝                                                     (3.9) 

𝜏𝜏𝑎𝑎𝑓𝑓𝑚𝑚𝑎𝑎−𝑎𝑎𝑒𝑒𝑠𝑠𝑝𝑝𝑒𝑒= 10 ps – 5 ns                                         (3.10) 

𝜏𝜏𝑠𝑠𝑓𝑓𝜕𝜕 = 1
𝜕𝜕

= 300 ns  – 3 µs.                                         (3.11) 

The extremely fast time intervals achieved by the transient technique indicates that contributions 

from the slow convective and radiative processes will likely not contribute to the thermal effusivity 

or thermal diffusivity measurements because TDTR monitors the heat transfer properties of a 

sample before the effects of non-conductive heat transport can contribute. In fact, Hopkins et al.16 

showed that the thermal decay in a porous film measured via TDTR is related to the reduced 

thermal conductivity, and the bulk heat capacity, of the solid matrix material; and therefore the 

thermal conductivity obtained from a TDTR measurements on porous media represents only the 

solid portion or the media, not the total effective medium (solid and air components).  
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 Further justification of the claims above are required. TDTR is an experimental 

technique that temporally monitors the change in a sample’s thermoreflectance (i.e., the surface 

reflectance changes linearly in proportion to temperature when the temperature perturbation is 

small) with respect to a heating event. In the bidirectional sample geometry, the laser pulse passes 

through the glass substrates and is partially absorbed in the first few nm’s of the metal film before 

it is transduced to thermal energy that propagates through the backside of the metal film and into 

the adjacent sample layers (i.e., MOF). For large pump modulations frequencies (8-10 MHz) the 

TDTR data represent the thermal effusivity (�𝜅𝜅𝐶𝐶𝑣𝑣) of the porous material.175 Therefore, when the 

thermal mass on  the free surface of the metal side of the substrate is low (like a gas), the 

measurement loses sensitivity to the thermal boundary conductance between the metal/sample, and 

the overall TDTR signal  is reduced.116 The presence of any thermal mass (like a porous solid 

film), increases the TDTR signal. In fact, it has been shown that TDTR has the sensitivity to be 

able to measure thermal conductivities of samples with thermal effusivity as low as 147 J s-1/2 m-2 

K-1.16     

 The discussion provided in this section has provided theoretical evidence that TDTR 

measurements are not sensitive to heat transferred through the solid pore/air interface for two 

reasons: the temporal scale of the TDTR measurement (5 ns) is generally much faster than the 

thermal decay time that corresponds to typical solid/air interfaces (milliseconds to seconds), and 

the TDTR measurement loses sensitivity to thermal properties of interest when the thermal mass 

is very low. To show this empirically, Figure 3.6 plots TDTR collected on a thin pristine, activated, 

HKUST-1 MOF film collected where the sample was staged in an ambient environment and under  
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Figure 3.6: TDTR data collected on a 400 nm HKUST-1 sample within three hours of activation 
in an ambient environment and under vacuum (1.4e-6 mbar). 

vacuum at a pressure of 1.64 e-6 mbar (which is sufficient to remove the contribution from air18). 

The data overlap quite consistently, empirically showing that air in the pores has a negligible 

contribution, since no change occurs in the measured thermal conductivity (thermal effusivity). 

This result provides sound evidence that the heat transfer coefficient between the solid and air is 

insignificant and that the heat transferred to the porous material from the metal transducer occurs 

only though the solid matrix.  Therefore, the thermal effusivity of a porous material measured by 

TDTR represents the bulk heat capacity of the solid, and the solid matrix of the film (not the 

effective solid/air medium).16  
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 Sensitivity and Uncertainty 

 TDTR data analysis is reliant on the fitting of the thermal model to the raw data output from 

the lock-in amplifier detection system. A high fidelity TDTR measurement of a certain material 

parameter is then reliant on how strongly the thermal model depends on the parameter of interest.  

Specifically, an accurate TDTR measurement occurs in a regime with high sensitivity to the 

parameter of interest (i.e., thermal conductivity, thermal boundary conductance) and low 

sensitivity to other parameters in the system that may be measured independently (i.e., pump/probe 

spot size, transducer thickness, sample thickness) or taken from the literature (e.g., heat capacity). 

The sensitivity of a TDTR measurement to a parameter of interest (x), described by Costescu et 

al.177 is quantified by 

𝑆𝑆𝑚𝑚 =
𝜕𝜕(−𝑉𝑉𝑖𝑖𝐷𝐷 𝑉𝑉𝑃𝑃𝑃𝑃𝑡𝑡� )

𝜕𝜕ln (𝑚𝑚)
. (3.12) 

 A sensitivity analysis was performed on every material system studied in this work in order 

to tune the TDTR experimental configuration (i.e., spot size modulation frequency) in order to 

maximize the sensitivity to thermal parameter of interest. In order to elucidate the concept further, 

I present a distinctive example, relevant to the materials studied in Chapter 5, of a three-layer stack 

with bidirectional heat flow (Figure 3.5 (b)). In this system, the heat conduction model requires 

knowledge of the heat capacity, thermal conductivity, and thickness of all of the materials making 

up the sample stack, as well as the thermal boundary conductance between each layer. An accurate 

and precise fit of the model to the data requires one (at most two) free fitting parameters, therefore 

all other variables must be measured externally or obtained through the literature. The thermal 

conductivity of the transducer is measured by four-point probe and literature values are typically 

assumed for the heat capacities of the metal transducer and the substrate (typically SiO2).178 In the 

case of bi-directional heat transport, the thermal conductivity of the glass substrate and thermal 
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boundary conductance across the glass/metal interface is measured using TDTR before the 

solution processed film is deposited. It is extremely important to characterize the metal/glass 

substrates before the samples are deposited onto them, because the TDTR measurement will be 

highly sensitive to a large resistance that may occur between the glass/metal interface.  The 

thickness of the metal layer is measured by picosecond acoustics179 (when appropriate) and 

profilometry, and the thickness of the films are typically confirmed through SEM. Once the known 

and unknown parameters are identified, a sensitivity analysis can be performed. Figure 3.7 shows 

the sensitivity analysis of the TDTR signal to the thermal conductivity and the heat capacity of a 

200 nm HKUST-1 metal organic framework sample deposited on both Au/SiO2 and Al/SiO2 

substrates at a pump modulation frequency of 8.8 MHz. The figure shows that by careful tuning 

of experimental parameters (modulation frequency, spot size, and what parts of the TDTR signal 

I fit the data to (Vin vs. -Vin/Vout)), I can take advantage of the TDTR experimental configuration 

to measure both the thermal conductivity and heat capacity of this particular sample, at a single 

modulation frequency. Figure 3.7 (a) plots the sensitivity of the heat capacity and thermal 

conductivity of the material system fit to the in-phase (Vin) TDTR signal, and Figure 3.7 (c) plots 

the sensitivity fit to the ratio (-Vin/Vout). In these plots, high sensitivity to a parameter is identified 

by both the magnitude and the temporal profile. Multiple parameters can be measured with high 

sensitivity, if they both have relatively high (non-zero) magnitudes and differing temporal profiles. 
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Figure 3.7:  Sensitivity plots for the thermal conductivity and heat capacity of a 200 nm pristine 
metal organic framework deposited on both Al/SiO2 and Au/SiO2 substrates, to the (a) Vin (in-
phase) component of the TDTR signal, and to the (c) ratio (−Vin/Vout) of the TDTR signal at 8.8 
MHz modulation frequency. The contour plots show the residual (the model fit compared to the 
obtained thermal decay curve described by Eqn. 3.13) for a single TDTR scan fit to (b) the Vin and 
(d) the ratio.  The plots show that the Vin signal is insensitive to heat capacity.  The thick black 
contour line represents an error of 3% which indicates a ‘good’ fit of the thermal heat transport 
model to the TDTR data. 

 The sensitivity analysis can be developed further by calculating the normalized residuals180 

(Z) resulting from the model’s fit relative to the obtained thermal decay curve (r) for a single TDTR 

scan, from the relevant material system given perturbations in alternative parameters (such as the 

thermal conductivity (κ) and volumetric heat capacity (Cv)), via 

𝑍𝑍 = (
∑ [𝑒𝑒�𝑚𝑚𝑃𝑃; 𝜅𝜅𝑒𝑒𝑚𝑚𝑚𝑚𝑐𝑐𝑡𝑡,𝐶𝐶𝑣𝑣,𝑒𝑒𝑚𝑚𝑚𝑚𝑐𝑐𝑡𝑡�−𝑒𝑒�𝑚𝑚𝑃𝑃; 𝜅𝜅𝑝𝑝𝑒𝑒𝑃𝑃𝑡𝑡𝑃𝑃𝑃𝑃𝑝𝑝𝑒𝑒𝑝𝑝; 𝐶𝐶𝑣𝑣,𝑝𝑝𝑒𝑒𝑃𝑃𝑡𝑡𝑃𝑃𝑃𝑃𝑝𝑝𝑒𝑒𝑝𝑝�]𝑚𝑚𝑃𝑃

2

∑ 𝑒𝑒(𝑚𝑚𝑃𝑃;𝜅𝜅𝑒𝑒𝑚𝑚𝑚𝑚𝑐𝑐𝑡𝑡)𝑚𝑚𝑃𝑃
2 )1/2.                  (3.13) 

(a) (b) 

(c) (d) 
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Figure 3.7 (b) and (d) show the normalized residuals resulting from perturbing the thermal 

conductivity and volumetric heat capacity to the in-phase and ratio respectively. The contour plots 

indicate the range of values that would receive a ‘good’ fit given the value used for the heat 

capacity or thermal conductivity. The thick black contour line represents a 3% residual error,43 

where all values inside that contour line represent the acceptable range of thermal conductivities 

based on a single heat capacity value resulting from a good fit of the thermal model to the data. 

For this particular example, Figure 37 (b) shows that the in-phase component of the signal is 

insensitive to the heat capacity of the MOF, while Figure 37 (d) shows that the ratio (-Vin/Vout) has 

sensitivity to both the thermal conductivity and the heat capacity. Therefore, by performing an 

iteration procedure where the in-phase signal is fit first for the thermal conductivity (since the input 

value for the heat capacity will not affect the result for the thermal conductivity) and then using 

the output from that fit as the input to the thermal model that is fit to the ratio for heat capacity, 

allows for the simultaneous measurement of the thermal conductivity and heat capacity at a single 

modulation frequency. The ability to measure both the thermal conductivity and heat capacity of 

a material is extremely important because it validates the accuracy of the thermal model for 

characterizing the thermal properties of a new material. 

 A high sensitivity to the measured material parameter ensures accurate and precise 

measurements of thermal properties of interest. The uncertainty of the TDTR measurement then 

stems from careful consideration of sources of error within the measurement procedure, and within 

the sample characterization. To mitigate the propagation of error due to the measurement 

procedure, we perform daily calibrations on standardized samples of amorphous SiO2, Al2O3, Si 

and quartz to ensure proper beam alignment across the optical table and stage. Additionally, I use 

large pump and probe spot sizes (~10 µm for the probe, and ~20 µm for the pump) and large 
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modulation frequencies (1-10 MHz), so that slight error in the spot size measurement does not 

significantly propagate into the reported thermal conductivity measurement. It has been shown 

previously that spots sizes of this magnitude are large enough that a 20% error in the spot size 

measurement results in no more than 1% error in the reported thermal conductivity 

measurements.181 

 The main source of error in the reported TDTR measurements in this dissertation stem 

from uncertainty in material parameters of the sample itself. Specifically, the uncertainty of the 

transducer thickness is the most significant, where a 5% error in the transducer thickness 

propagates to a ~10% error in the thermal conductivity. To bound this uncertainty, the thickness 

of each transducer layer is quantified by either picosecond acoustics182 or profilometry , which 

produce accurate thicknesses to within ± 3 nm for an 80 nm thick transducer layer. The error bars 

reported for each TDTR measurement reported in this work are therefore representative of the ± 3 

nm of uncertainty in the transducer layer thickness. Additional contributions to the measurement 

uncertainty stem from scan-to-scan variability from multiple TDTR scans taken at different 

locations on a single sample, and also repeat measurements at the same spatial location. The 

uncertainties reported in this dissertation represent the root sum of squares of three to seven TDTR 

scans that were both repeated at as single spot and rastered over sample surface. It is important to 

note that the samples studied in Chapters 4 and 5 both have a tendency to degrade in ambient 

conditions, due to oxidation and hydration respectively, and therefore exhibited different levels of 

quality depending on their variable storage conditions.   
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3.2 Pump-Probe Brillouin Scattering  

 Background and Data Analysis 

 
Figure 3.8:  (top) The sample geometry needed for pump-probe Brillouin scattering 
measurements. (bottom) Example data of pump-probe Brillouin scattering data and fit (Eqn. 31).  

 Brillouin scattering is a mature, antiquated technique that has been commonly used to study 

the velocity and attenuating response of acoustic waves in both solids and liquids.183–186 The 

picosecond temporal resolution of TDTR creates a unique opportunity to perform pump-probe 

Brillouin scattering measurements on thin transparent films to measure the elastic constants, which 

can be related to the thermal conductivity of materials as previously discussed (Chapter 2.2).187 
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This method has been used to study phonons in the Brillouin frequency range, where the specific 

phonon frequency (𝑣𝑣) that is monitored is given by Thomsen et al.188 as 

𝑣𝑣 = (2𝑚𝑚𝑣𝑣𝑔𝑔
𝜆𝜆𝑃𝑃

) sin(𝜓𝜓
2

), (3.14) 

where n is the refractive index of the transparent sample material, 𝜓𝜓 is the scattering angle, 𝜆𝜆𝑠𝑠 is 

the wavelength of the probe, and 𝑣𝑣𝑔𝑔 is the sound velocity of the transparent sample material. The 

phonon frequency probed in this work is ~10 GHz.  

 Pump-probe Brillouin scattering measurements are achieved through a slightly 

different sample geometry as compared to a traditional TDTR measurement. Specifically, the 

sample is flipped around so that the pump/probe beams pass through the sample first before 

depositing their energy into the metal transducer layer. This requires that the sample must be at 

least partially transparent to the optical pulse wavelengths. In this geometry the deposition of 

energy by the pump into the transducer creates an ultrafast temperature rise that leads to rapid 

thermal expansion of the Al transducer layer, resulting in a coherent acoustic wave traveling into 

the materials in contact. This coherent acoustic wave causes a subtle change in the refractive index 

associated with the pressure gradient that it creates as it propagates through the media, reflecting 

off of any interfaces it encounters. The probe then detects both the temperature rise created by the 

ultrafast laser heating, and the strain wave produced in the sample in the form of coherent lattice 

motion.189 Specifically, the probe beam monitors the change in reflection due to the constructive 

and destructive interference between the pressure gradient wave front associated with the acoustic 

wave propagation and the thermo-reflection. The constructive and destructive interference leads 

to periodic oscillations in the temporal reflected signal, whose intensity can be described via    
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𝐼𝐼(𝑡𝑡,𝑇𝑇𝑤𝑤) = 𝐴𝐴 ∗ exp(−Γ𝑡𝑡) ∗ cos��2𝜋𝜋
𝜕𝜕𝑤𝑤
� 𝑡𝑡 − 𝛿𝛿� − 𝐵𝐵 ∗ exp (− 𝜕𝜕

𝜏𝜏
 ),                  (3.15) 

where A, B, and 𝛿𝛿 are scaling factors, Γ is the damping term for the acoustic wave front due to the 

energy dissipation, and 𝑇𝑇𝑤𝑤 is the period of the pressure front. The first term of the equation 

describes the damping of the acoustic wave front, the second term captures the period of the 

pressure front, and the third term in the equation (exp (− 𝜕𝜕
𝜏𝜏
 )) is the thermal decay associated with 

traditional thermoreflectance at the surface of the metal transducer. An example of pump-probe 

Brillouin scatting data compared to the fit described by Eqn. 3.15 is shown in Figure 3.8. At normal 

incidence, the inverse of the period (or frequency, f ) can be related to the sound speed of the 

partially transparent material via,   

1
𝜕𝜕𝑤𝑤

= 𝑓𝑓 =  2𝑚𝑚𝑣𝑣𝑔𝑔
𝜆𝜆𝑃𝑃

 , (3.16) 

where 𝑛𝑛 is the index of refraction, 𝜆𝜆𝑠𝑠 is the wavelength of the probe, and 𝑣𝑣𝑔𝑔 is the velocity of the 

coherent wave-front (or group velocity). The bulk modulus (B) is then related to the group velocity 

(𝜈𝜈𝑔𝑔2) and density of the film (𝜌𝜌) by, 

𝐵𝐵 =  𝜈𝜈𝑔𝑔2𝜌𝜌.  (3.17) 

In short, pump-probe Brillouin scattering measurements allow for the indirect measurements of 

mechanical properties of thin films (as long as the material is somewhat transparent to the 

pump/probe wavelength(s)).164 These mechanical properties are directly related to thermal 

conductivity as described previously in Chapter 2.2. 

 Uncertainty 

 In general, the uncertainties for pump-probe Brillouin scattering measurements can 

be quite large, due to an intrinsically low SNR that leads to a high variance in the measurement. 
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For the pump-probe measurements taken here, at a modulation frequency of ~10 MHz, the 

fluctuations in signal of the lock-in amplifier response when the pump probe is blocked is on the 

order of ~0.2 µV for the in-phase and out-of-phase signals.  An incident pump beam of a nominal 

power of ~15 mW (power levels must be low to reduce damaging the sample) on the sample 

generates a signal level of ~3 µV for both the in-phase and out-of-phase signals at a +1 ps time 

delay. Note that the true signal is dependent on the sample properties (thickness, opacity, thermal 

conductivity, etc.), and the pump powers that will vary from sample to sample. The majority of 

the signal comes from the thermal background, therefore subtracting this contribution (i.e., the 

third term in Eqn. 3.15) leaves a small signal of ~0.08 µV that contains components of the period 

of the pressure front, which is the parameter under investigation. Therefore, the SNR for the pump-

probe Brillouin scattering is approximately 0.4 (assuming a noise floor of ± 0.1 µV), which is quite 

small compared to the SNR for TDTR that is typically better than 100-150.  

 The low SNR contributes to a high variance in the measurements where the 

uncertainty is then quantified using standardized error analysis methodologies founded on 

statistical parameters that describe the measurement in the context of its associated noise.190 First, 

the sample mean is calculated from multiple measurements (n) as 

𝑇𝑇𝑤𝑤���� =  1
𝑚𝑚
∑ 𝑇𝑇𝑤𝑤,𝑘𝑘
𝑚𝑚
𝑘𝑘=1 , (3.18) 

and the standard deviation of the mean is defined as  

𝜎𝜎𝜕𝜕𝑤𝑤���� = 1
𝑚𝑚−1

∑ (𝑇𝑇𝑤𝑤,𝑘𝑘 − 𝑇𝑇𝑤𝑤����)2𝑚𝑚
𝑘𝑘=1 , (3.19) 

so that experimental results are expressed as 

𝑇𝑇𝑤𝑤���� ± 𝜎𝜎𝜕𝜕𝑤𝑤����. (3.20) 
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Added uncertainty from the index of refraction and the material density, that were obtained through 

the literature, combine linearly in Eqns. 3.18 - 3.19, and serve to increase the total error 

quadratically.190 In total, the low SNR which leads to high scan-to-scan variability, combined with 

uncertainty in the index of refraction and density of the film results in approximately 80% 

uncertainty for the elastic modulus measurements obtained through pump-probe Brillouin 

scattering measurements reported in this work.  

3.3 Summary 

 In this chapter, I provided an overview of the experimental techniques used to 

measure the thermal and mechanical properties of thin films studied in this dissertation. This 

chapter contains an overview of sample geometry considerations and measurement uncertainties 

in our TDTR measurement. Here, we see how a single pump-probe thermometry technique can be 

configured to measure both the thermal and mechanical properties of a sample via TDTR and 

pump-probe Brillouin scattering, respectively.  
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Chapter 4 

4. Composition and Morphology Effects on Thermal Conductivity of 
Nanostructured Chalcogenide Material 

Parts of Chapter 4 were published in Advanced Functional Materials, (2019) 1904073 DOI: 
10.1002/adfm.201904073 

4.1  Motivation 

 The overarching theme of this dissertation is to develop an enhanced understand the role of 

intentional compositional and morphological disorder (including for example: secondary phases, 

defects, nano-precipitates, and adsorbates) on the thermal transport properties of nano materials. 

In this chapter, I examine the effects of engineered disorder in the form of point defects, nano-

precipitates, internal interfaces and grain boundaries in chalcogenides. Nanostructured 

chalcogenides are pursued for their thermoelectric applications through enhancements to the power 

factor (S2σ) with simultaneous reductions to the contribution of the lattice thermal conductivity.2,3 

Lead selenide (PbSe) and lead telluride (PbTe) are promising semiconducting materials for this 

application191 due to their intrinsically high figure of merit (ZT). Therefore, significant efforts have 

focused on improving the thermoelectric properties of bulk and nanostructured PbTe- and PbSe-

based materials.192–196 An improved Seebeck effect has been measured in atomic layer deposition 

(ALD) grown lead-rich n-type PbTe/PbSe nanolaminates in both the cross and in-plane directions, 

which was attributed to changes in the electronic density of states from the nanostructuring and 

off-stoichiometry.197 Additionally, first-principles calculations have shown that nanostructures 

separated by less than ~20 nm could favorably scatter phonons within pure PbSe and PbTe.198 

Taken together, nanostructuring and chemical modification to PbSe- and PbTe-based films with 

defect and interface length scales less than or on the order of a few 10’s of nanometers may 
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therefore present an opportunity for enhanced thermoelectric performance. This hypothesis is 

assessed through a detailed experimental study of the phonon scattering mechanisms and thermal 

transport properties of a series of ALD grown PbTe-PbSe nanostructured thin films. 

 Here, I examine the impact of limiting length scales on phonon heat transport mechanisms 

within thermoelectric PbTe-PbSe nano systems.  I study the thermal transport processes in a series 

of ALD deposited, Pb-rich, PbTe-PbSe nanostructured thin films.  The ALD method of growth 

allows for layering during deposition that results in polycrystalline thin films with laminate and 

alloy features throughout the film thickness.197  The various nanostructures (grain boundaries, 

PbTe-PbSe layering, and compositional defects) result in thermal conductivities of these 

polycrystalline films that follow disorder-like trends in their thermal conductivities, which are 

preferential for thermoelectric applications.  These low phonon thermal conductivities are 

attributed to the various point and planar defects that are inherent to the growth of these ALD-

grown films. 

 It is well known that nanostructuring in thin films and superlattices (SL’s) at a few to 10’s 

of nanometer length scales can significantly reduce thermal conductivity relative to their bulk 

counterparts.5–7,199–205 This is consistent with other phonon dominated systems where size effects 

emerge at the microscale.9,206–211 Electron dominated systems, in contrast, are more often 

unaffected by size until limited at the nanometer scale.10,209,212   Generally, in systems where the 

average mean free path of phonons is longer than the limiting dimension of the sample, the heat 

transport fails to follow Fourier's law and can instead be described by semi-ballistic phonon 

transport (Figure 2.1); in this regime, the wave nature of phonons can appear, possibly preserving 

coherence.11,201,213–215 
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 The interplay of quantum size effects from coherent transport (where a reduced Brillouin 

zone introduces phonon band gaps that reduce the phonon group velocity and the phonon scattering 

phase space) and incoherent size effects (where phonons scatter diffusively at internal interfaces) 

has been extensively studied in many material systems including: Si/Ge, GaAs/AlAs, BiTe/SbTe, 

and SrTiO3/CaTiO3 superlattices.5,29,201,214–216 In these systems, the periodicity of the superlattice 

is thought to affect the thermal conductivity in one of two ways: i) it creates well defined internal 

boundaries that increases phonon boundary scattering (i.e., incoherent) or ii) the phonons see the 

periodicity of the SL as a new material resulting in a modified phonon dispersion (i.e., 

coherent).31,213–215 The thermal conductivity trends in periodicity and film thickness can be 

indicators of coherent-phonon transport impacting thermal transport.  This is because there are 

many characteristic lengths that are involved in describing the wide spectrum of phonon wave 

packets responsible for phonon transport (i.e. the spatial coherence length, the associated 

wavelength of the normal mode, the mean free path of the wave packet in the material and 

characteristic lengths defined by the material (length)).31 For example, if periodic interfaces within 

a material destroy phonon coherence by diffusively scattering phonons (Casimir picture), the 

thermal conductivity is then expected to be independent of the number of periods and coherent 

interference effects can be ignored so that the material can be treated as a composite. However, 

when phonon transport is coherent, the material should be treated as one homogeneous material 

and interference effects then contribute to modification of the phonon dispersion.215  In the case of 

this study, we find that while the thickness dependent trends in the PbTe-PbSe samples’ thermal 

conductivities are similar to those found in alloys and SL’s dominated by long wavelengths, 

possible coherent phonon transport,201,202,215,217 my samples’ thermal conductivity thickness trends 
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are dictated by spatially varying defect densities, where thicker films result in higher quality 

samples. 

 In this work, I report on the cross plane thermal conductivity of PbTe-PbSe nanostructured, 

polycrystalline thin films.  I measure the thermal conductivity over a range of temperatures using 

TDTR; with a combination of atomic force microscopy (AFM), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), x-ray diffraction (XRD), energy dispersive x-

ray (EDS) spectroscopy, and Raman spectroscopy, the results show that the phonon thermal 

transport processes in these ALD-grown films are determined by: i) thickness varying crystalline 

quality, where structural defect densities increase in thinner films due to the ALD growth mode of 

these materials; ii) point defects inherent in the ALD growth process (e.g., oxygen defects); and 

iii) compositional-driven defects, such as point defects and phase boundaries between the PbTe 

and PbSe. The full details of this work have been published in Advanced Functional Materials.146 
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4.2 Experimental Detail and Sample Characterization 

 Collaborators at Old Dominion University (ODU) fabricated a series of ALD PbTe-PbSe 

control and nanocomposite samples, where they controlled for the film thickness, composition, 

stoichiometry, uniformity and conformity of the multilayers. ALD conditions were optimized 

during the fabrication of the nanocomposites to promote the creation of internal interfaces between 

layers (corroborated by HR-TEM). The samples that were fabricated are shown in Table 4.1, where 

the targeted layer thickness (d) represents the total thickness of the smallest repeating unit within 

the film (i.e., layer thickness of 20 nm corresponds to 10 nm of PbTe followed by 10 nm of PbSe). 

 The fabricated films were characterized using a multitude of techniques including: field 

emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), transmission 

electron microscopy (TEM), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy 

(EDS) and Raman spectroscopy to understand the crystallinity, composition, microstructure, and 

morphology of the samples and get better insight into the defects and phases that are produced in 

the ALD growth. The following section provides a snap shot of the findings from the 

characterization techniques while also pointing out conclusions in qualitative trends that are 

corroborated by multiple techniques. A full description can be found in the Supporting Information 

in the published manuscript.60 Taken in total, the characterization indicates that the nanocomposite 

films are highly disordered in both crystallinity and composition, where the disorder scales with 

the total thickness due to the ALD growth mode.  
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Table 4.1: ALD grown PbTe and PbSe control films and PbTe-PbSe nanocomposites, with targeted 
multilayers thickness (d) of PbTe and PbSe set to 4 nm (2 nm PbTe followed by 2 nm PbSe), 12, 
and 20 nm. 

Material 

Targeted 
repeat layer 
thickness 

during 
growth (d) 

[nm] 

Total 
Thickness 

[nm] 

Thickness 
Std. Dev. 

[nm] 

Thermal 
Conductivity   

[Wm-1K-1] 

Control        
PbSe - 127 - 2.32 ± 0.10 
PbSe - 96 - 2.40 ± 0.09 
PbSe - 60 - 2.24 ± 0.17 
PbSe - 25 - 2.53 ± 0.28 
PbTe - 105 12 1.25 ± 0.36 
PbTe - 77 1 1.28 ± 0.06 
PbTe - 33 7 0.79 ± 0.35 
PbTe - 25 6 0.97 ± 0.11 

Nanocomposite        
PbTe-PbSe 20 121 21 1.05 ± 0.37 
PbTe-PbSe 20 135 11 1.03 ± 0.09 
PbTe-PbSe 12 196 6 1.31 ± 0.08 
PbTe-PbSe 12 188 15 1.05 ± 0.10 
PbTe-PbSe 12 73 15 0.74 ± 0.29 
PbTe-PbSe 12 60 15 0.77 ± 0.28 
PbTe-PbSe 12 26 1 0.45 ± 0.06 
PbTe-PbSe 4 243 28 1.32 ± 0.07 
PbTe-PbSe 4 226 26 1.26 ± 0.15 

 

Total Thickness 

d 
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Figure 4.1: (a) X-ray Diffraction (XRD) of the PbTe-PbSe nanocomposite samples for different 
total thicknesses. The additional peaks in the spectra labeled by stars are indicative of secondary 
lead oxide phases. Note the 26 nm sample only has a clear peak for the PbTe phase and not the 
PbSe, and the peaks are non-existent due to the reduction in the measurement volume. (b) HR-
TEM data for (i) 77 nm PbTe with an average grain size of 143 nm ± 31 nm; (ii) 105 nm PbTe 
with an average grain size of 193 nm ± 64nm; (iii) 73nm PbTe-PbSe nanocomposite with an 
average grain size ≤100 nm; and (iv) 196 nm PbTe-PbSe with and average grain size ≥150 nm. (c) 

(a) 

(b)  

(c) 
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(i) HR-TEM and (ii) FFT from the 188 nm PbTe-PbSe film section of the HR-TEM that shows 
inter planar spacings of 0.309 (blue arrows), 0.432 (solid green arrow) and 0.552 (hollow green 
arrow) nm. The 0.309 and 0.432 nm spacing relate to the 002 and 011 planes of PbSe. (iii) HR-
TEM and (iv) FFT from the 55 nm PbTe-PbSe film that shows inter planar spacings of 0.312 nm 
(blue arrows), which is in between the 002 spacing of PbSe and PbTe.  Reciprocal space peaks 
indicated by yellow arrows result from Moiré fringes. No superlattice periodicities were observed 
in either FFT. The blue squares show the area in which the FFT was taken. (d) EDS data for (i)(ii) 
188 nm thick and (iii)(iv) 60 nm thick PbTe-PbSe films, where (i)(iii) show the EDS HAADF 
cross sectional image, (ii)(iv) show the distribution of Al (pink), O (green), Te (red), Se (yellow), 
Pb (blue), and Si (aqua). We include a schematic to the left of each EDS image to further exemplify 
the morphology of the samples, where we see two wavelengths of layering at the top of the 188 
nm sample, while the 60 nm sample exhibits a granular structure. 

 Figure 4.1 shows the XRD, TEM (and corresponding FFT image analysis), and EDS 

data for a thin and thick PbTe-PbSe nanocomposite.  In Figure 4.1 (a), the XRD data are plotted 

as a function of total thickness and show evidence of peak broadening as the total thickness is 

reduced, corresponding to a reduction in film quality. Since peak broadening in XRD can be due 

to three mechanisms – broadening that is intrinsic to the XRD instrument, contributions from 

inhomogeneous strain, and the size of the ordered crystalline domains – I carry out a Williamson-

Hall analysis to more fully understand the peak broadening as a function of compositional repeat 

layer (d) and total thickness.  The results plotted in Figure 4.2 qualitatively show that the domain 

sizes for the PbTe layers increase with d, while the approximate domain size for the PbSe layers 

remain relatively constant, reaching saturation early. Interestingly, we also see this same trend as 

function of total thickness. In the nanocomposites with the smallest compositional repeat thickness 

(4 nm), the PbTe domain size is reduced by nearly 80 % compared to the largest period thickness.   

In addition to broadening, the XRD data indicate the presence of polycrystalline PbTe and PbSe 

in the PbTe-PbSe nanocomposites, where the growth direction is predominantly along the <200> 

crystallographic direction (Figure 4.1 (a)) as indicated by the predominance of this peak, where the 

large linewidths are indicative of poly- rather than single crystallinity. 
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Figure 4.2: The results for the Williamson-Hall analysis applied to the XRD for the nanocomposite 
samples. (a) Shows the resulting normalized domain sizes for the samples as a function of 
compositional repeat layer thickness (d). The results from the PbTe (solid square) and PbSe (solid 
circle) are shown in the shaded region for reference. (b) Shows the normalized domain sizes as a 
function of total thickness, where again the parent material is shown as solid symbols.  

 Additionally, it is important to elaborate on the role of the lead oxide, the features 

which are indicated by asterisks, that are present in the XRD in Figure 4.1 (a). Additional 

characterization by EDS (Figure 4.1 (d) and Figure 4.3) show the presence of PbOx  both at the 

front and backside surfaces and within the films. The EDS data in Figure 4.3 shows that the Pb is 

distributed homogeneously throughout the film (except for the Se rich grain in the thin sample), 

but the Se and Te are not in a periodic pattern. The PbOx stoichiometries that are internal to the 

material will play a large role, acting as point defects to scatter phonons and reduce the thermal 

conductivity of the films. The resolution of the EDS makes it hard to confirm if a periodic 

nanocomposite structure truly is present, therefore we rely on the FFT of the TEM to investigate 

any periodicity. Figure 4.1 (b) shows high resolution TEM of a thick and thin PbTe control film 

and nanocomposite, where the oriented grains are clearly visible. Indexing of the inter planar 

spacings of the FFT of the HR-TEM in Figure 4.1 (c) shows the resulting interplanar spacing and  

(a) (b) 
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Figure 4.3: EDS data for (top panels) 188 nm thick and (bottom panels) 60 nm thick PbTe-PbSe 
films, where (i)(vi) show the EDS HAADF cross sectional image, (ii)(vii) show the distribution of 
Pb species, (iii)(viii) show the distribution of Se species, (iv)(ix) show the Te species and (v)(x) 
show the oxygen species which act as point defects in the films. 

indicates that no nanocomposite periodicities with length scales on the order of the target layering 

length scales during growth (Table 4.1) are observed. Therefore, the ALD growth does not result 

in superlattice periodicities in either sample. Together, the TEM and EDS illuminate the 

morphology of the Pb, Te, Se and O within the films and show evidence of nanocomposite grains 

of PbTe and PbSe within both films, with some rough periodic layering occurring in the thicker 

sample. 

 HR-TEM micrographs shown in Figure 4.4, depicting the cross sections of the ALD 

synthesized nanocomposites, corroborate the polycrystallinity shown by the XRD. Additionally, 

the apparent columnar morphology in the thin films is indicative of Volmer-Weber growth, where 

the grains from individual islands have conglomerated to form a cohesive film. Volmer-Weber 

growth induces roughness into the nanocomposite interfaces, as measured by EDS, and HR-TEM 

(Figure 4.3-Figure 4.4). Typically, the surface roughness of a polycrystalline film is not constant, 

but instead is a function of the film thickness and increases with grain growth as the film grows.  

(ii) (iv) (i) (iii) 

(vii) (ix) (vi) (viii) 

(v) 

(x) 
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Figure 4.4: TEM data for (Top) 188 nm nanocomposite. The square boxes in (a) are indicative of the 
zoomed in areas that are shown in (b) and (c). TEM data for (bottom) 60 nm nanocomposite where the 
square boxes in (d) are indicative of the zoomed in areas shown in (e) and (f). 

AFM measurements of the PbTe-PbSe nanocomposite structure grown at 150oC on a planar Si 

substrate with a total thickness of 121 nm found an 11.4 nm RMS surface roughness, which is 

significant for ALD, and is expected to scale with thickness during Volmer-Weber growth. Beyond 

inducing roughness, Volmer-Weber growth also creates numerous grains and grain boundaries 

with preferred columnar orientations that run perpendicular to the internal interfaces, as shown in 

detail by the TEM cross-sectional image in Figure 4.4. 

 Raman spectra for thick and thin parent materials and accompanying nanocomposites 

of varying thicknesses are displayed in Figure 4.5. Spectra are scaled to allow for comparison.  In 

some cases, the background signal originating from the 2nd order acoustic overtones of Si has been 

(a) (b) (c) 

(c) 

(b) 

(d) (e) (f) 

(e) (f) 
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removed via subtraction.218  Mode positions are consistent with expectation for the films.219 The 

linewidths of the peaks vary significantly depending on total film thickness for both the PbTe 

control films and the nanocomposites whereas no substantial change occurs to the PbSe controls.  

These variations in linewidth with thickness further corroborate the reduction in film quality with 

reduced thickness that occurs as a consequence of the Volmer-Weber growth. Raman spectroscopy 

further highlights the reduction in film order with thickness. 

 
Figure 4.5: Raman spectra of a thin and thick film for: (a) PbTe, (b) PbSe and (c) nanocomposites. 
Linewidth increases in the thinner PbTe and nanocomposite films owing to increased disorder. 

(a) (b) 

(c) 
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4.3 Thermal Conductivity and Phonon Scattering Processes of ALD 

Grown PbTe-PbSe Thermoelectric Thin Films 

 Results 

  

 
Figure 4.6: Thermal conductivity results for the PbTe (blue squares) and PbSe (red triangles) 
control and PbTe-PbSe nanocomposite (opaque circles) materials vs total sample thickness.  The 
dotted line represents calculations using Eqn. 4.1 (a series resistor model).  

 The thermal conductivities of the PbTe-PbSe nanostructured thin films, as well as the 

control ALD-grown thin films of PbTe and PbSe were measured with TDTR as a function of total 

thickness and compositional repeat layer thickness (d).  The samples and thicknesses are listed in 

Table 4.1, along with the measured thermal conductivities.  The thermal conductivities as a 

function of total film thickness are plotted in Figure 4.6, and as a function of d in Figure 4.7 for 

the various PbTe-PbSe thin films. Note that the error bars reported with each experimental 

measurement consist of the propagation of ± 3 nm of uncertainty in the thickness of the transducer 
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layer, as well as scan-to-scan variability from an average of five TDTR scans that were spatially 

rastered across the sample surface. Differences in the magnitude of the reported uncertainty from 

sample to sample is related to differences in the sample quality achieved during fabrication, where 

inspection of the characterization data indicate that individual samples display different levels of 

compositional and morphological heterogeneity (Section 4.2). As previously mentioned, there is 

no evidence of consistent superlattice-like layering in the ALD-grown samples, however, 

compositional segregation and heterogeneity on the order of 10’s of nanometers is observed, along 

with grain boundaries on this length scale. Figure 4.6 shows that the thermal conductivities of these 

PbTe-PbSe films increase with total film thickness, which is discussed in more detail below.  

Additionally, Figure 4.7 shows no apparent trend in target PbTe/PbSe layer thicknesses (d), which 

is most likely due to the diffusive spatial gradation of the chemical composition between the two 

nanolaminate compounds.  Note, period independence in the thermal conductivity of PbTe/PbSe 

superlattices has been observed previously in MBE-grown (PbTe)1-x/(PbSe)x nanodot superlattices 

(NDSLs) over a wide range of periods from 5 – 50 nm.220 This periodic independence was partially 

ascribed to the fact that the nanodot layers in these aforementioned NDSLs did not form well 

defined layers.  This is consistent with our current ALD-grown samples, and the lack of observable 

superlattice-like layering in our films.  

 In general, the thermal conductivities of the nanostructured films are lower than those 

of the control thin films.  The control PbSe films do not exhibit size effects, while the PbTe controls 

seem to experience size effects over the thickness range studied (a 40% increase in thermal 

conductivity when the film increases from 25 to 120 nm). This reduction is not a traditional size 

effect (increased boundary scattering), but due to the thickness-varying structural defects that 

occur during ALD growth of the PbTe layer.  My thermal conductivity results suggest that this 
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Figure 4.7: Thermal conductivity results for the PbTe-PbSe nanocomposite material as a function of the 
intended compositional repeat layer thickness (d) targeted during the ALD growth. The characterization via 
TEM and EDS does not show any evidence of layering or superlattice-like structures on these length scales 
in the resulting nanocomposites. The annotations show the total thickness of the sample. 

same thickness-varying film quality is not occurring in the PbSe layers.  Additionally, the thermal 

conductivities of the thick PbTe-PbSe nanostructured films (≥ 121 nm) are relatively constant with 

total thickness, but still show a reduction in thermal conductivity compared to the control films. 

Increased phonon scattering due to varying compositional point defects (i.e., Te and Se) and 

compositional phase boundaries between the PbTe and PbSe (or other planar defects originating 

from the compositional variation, like dislocations) is likely contributing to the relatively reduced 

thermal conductivity of the nanostructured films in this thickness regime (c.f., TEM and EDS 

analysis in Figure 4.1), where film quality has been maximized. However, in the thin film regime, 

the Volmer-Weber growth occurring during the ALD fabrication, plays a major role in further 

reducing the thermal conductivity of the nanostructured films as the sample thickness is reduced 
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and concomitantly the sample quality is degraded.  Thus, the reduction in thermal conductivity of 

the nanostructured thin films compared to the parent materials is due to compositional effects 

(point and planar defects driven by the spatially varying chemical composition).  The film 

thickness dependent thermal conductivity of the nanostructured film and PbTe control film is 

driven by an increase in microstructural quality with increased film thickness. 

 First principles calculations have shown that a large portion of heat conducted in PbTe 

and PbSe is carried by phonons with a distribution of mean free paths that are ≤10 nm.198,221 If 

these phonons scatter diffusively at the compositional phase boundaries in the nanostructured films 

(as suggested by the lack of trend in thermal conductivity vs. target layer thickness during growth, 

shown in Figure 4.7), then the dominant heat transport picture can be described by a coherence 

length and mean free path that are smaller than the period thickness.222 Assuming relatively 

negligible thermal boundary resistances at the compositional interfaces, the thermal conductivity 

of the nanostructured films would be a weighted average of the thermal resistivities of the two 

parent materials represented as a series resistor analog according to29 

1
𝜅𝜅𝐷𝐷𝑚𝑚𝐷𝐷𝑃𝑃𝑃𝑃𝑡𝑡𝑃𝑃𝑃𝑃𝑐𝑐𝑡𝑡𝑃𝑃𝑃𝑃𝑒𝑒

= 1
𝑓𝑓1+𝑓𝑓2

(𝑓𝑓1
𝜅𝜅1

+ 𝑓𝑓2
𝜅𝜅2

),                                          (4.1) 

where, 𝑑𝑑1 and 𝑑𝑑2 are the thicknesses of the parent materials and 𝜅𝜅1 and 𝜅𝜅2 are the thermal 

conductivities of the respective parent materials. I take the intrinsic thermal conductivities of the 

parent material to be the values measured for the thinnest samples (25 nm), and plot the result of 

Eqn. 4.1 in Figure 4.6 as a dotted line. This model sets the upper bound on the thermal conductivity 

of a theoretical PbTe/PbSe superlattice with a period thickness of 50 nm, when boundary and 

defect scattering are not playing a role. The reduction of thermal conductivity below this threshold 

suggests that additional scattering mechanisms are playing a role in reducing the thermal transport  
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Figure 4.8: Thermal conductivity vs. temperature for PbSe (127 nm sample thickness), PbTe (33 
nm sample thickness), and a PbTe-PbSe nanocomposite (121 nm sample thickness) with a 20 nm 
compositional period thickness. Data collected on bulk samples are taken from the literature for 
PbSe223 and PbTe.224 The temperature-dependent thermal conductivity trends in our ALD-grown 
samples indicate that the phonon scattering processes are driven by extrinsic defect scattering 
processes as opposed to phonon-phonon scattering processes intrinsic to the PbTe or PbSe phonon 
spectra.  

below that of the control materials, which are due to the spatially varying compositional 

variations of PbTe and PbSe leading to both chemical heterogeneity of Se and Te and PbTe/PbSe 

phase boundaries, as discussed in detail in Section 4.2. 

 To gain further insight into the phonon scattering mechanisms driving the thermal 

conductivity in these ALD-grown PbTe-PbSe thermoelectric films, I measured the thermal 

conductivity of the highest and lowest thermal conductivity control films (127 nm thick PbSe film 

and 33 nm thick PbTe film – c.f. Figure 4.6 and Table 4.1), and the thermal conductivity of a 121 

nm thick PbTe-PbSe nanostructure film as a function of temperature from 77 – 298 K.  Figure 4.8 

shows the temperature dependent trends of these three ALD grown samples, compared to 
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experimental data for bulk samples of PbSe223 and PbTe224 from literature. The thin film control 

and nanostructured films show an increase in thermal conductivity with an increase in temperature. 

This is in contrast to the temperature dependent thermal conductivity of their bulk counterparts, 

which show a 1/T trend that is typical of increased Umklapp scattering in crystalline solids. From 

our TEM and EDS data previously discussed (Figure 4.1 (c),(d) and Figure 4.3), these thermal 

conductivity trends are reasonable given the high levels of chemical point defects in the samples 

(e.g., Pb-O defects in the control and nanostructured samples) and structural defects from the 

Volmer-Weber growth process.  Thus, the phonon scattering and resulting thermal conductivities 

in these ALD-grown PbTe-PbSe thermoelectric materials are driven by extrinsic defect scattering 

processes as opposed to phonon-phonon scattering processes intrinsic to the PbTe or PbSe phonon 

spectra.  

 From a classical kinetic theory perspective of thermal conductivity, the thermal 

conductivity trend of the PbTe-PbSe nanocomposite thin films is dominated by the temperature 

dependent heat capacity term: 

𝜅𝜅 = 1
3
∑ 𝐶𝐶𝑣𝑣,𝑖𝑖𝜐𝜐𝑖𝑖𝑙𝑙𝑖𝑖.𝑖𝑖  (4.2) 

The summation is performed over all the available vibrational modes (i), 𝐶𝐶𝑣𝑣,𝑖𝑖 is the heat capacity, 

𝜐𝜐𝑖𝑖 is the group velocity, and 𝑙𝑙𝑖𝑖 is the phonon mean free path. This trend in thermal conductivity 

implies that three phonon scattering plays a minor role in the thermal conductivity of these films, 

even in the control materials, since there is no evidence of the temperature dependent thermal 

conductivity trends expected from phonon-phonon scattering, as previously mentioned. Further, 

the temperature dependent thermal conductivity trend of the nanostructure film is reduced 

compared to the PbSe control film with a similar thickness, consistent with a reduction in 𝑙𝑙𝑖𝑖 from 
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the various additional phonon scattering mechanisms in these nanostructures, as previously 

discussed.  

 Discussion  

 Previous works have shown that nanostructuring of PbTe, ranging from artificially 

designing defects, nano-precipitates, and grain boundaries, is effective to reduce the lattice thermal 

conductivity.44 Figure 4.1 summarizes the characterization data to show that the film quality 

improves with increased total thickness. Further, the HR-TEM data shown in Figure 4.4 show the 

morphology of the 188 nm and 60 nm nanocomposites, where the internal compositional layers 

are difficult to see, however the oriented columnar grains of the ALD growth are easily 

distinguishable.  The decrease in grain boundary density with increasing film total thickness plays 

a key role in the observed thermal trends, due to the effects of decreased defect scattering. 

 It proves interesting to compare the mean free path (MFP) spectra calculated by Tian 

et al.198 of PbSe, PbTe, and a PbSeTe alloy to the experimentally measured control materials and 

nanocomposite thin films. Figure 4.9 shows the calculated MFP spectra as lines, and the 

experimentally measured nanocomposite films plotted by their total thickness as symbols. The 

parent materials are also included in this figure for reference and are plotted by their total thickness. 

Based on the calculations from Tian et al.,198 short wavelength phonons ranging from 1-10 nm 

contribute to the majority of the heat carrying phonons in PbSe and PbTe, while phonons with 

MFP's greater than 10 nm do not contribute substantially to the total thermal conductivity. Figure 

4.9 also shows that the calculated MFP spectra of the parent materials and alloy over-predict the 

contribution to the thermal conductivity of our nanocomposites. Interestingly, the MFP spectra 

predict that limiting length scales ranging from 1-10 nm should result in an increasing trend to 

thermal conductivity in this regime. It appears that an increased interface density introduced by 
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the 4 nm periodicity of the nanocomposite compared to the 12 nm and 20 nm periodicity does not 

further decrease the thermal conductivity of the material. 

 
Figure 4.9: The cumulative thermal conductivity with respect to phonon mean free path at 300K. The 
phonon MFP spectra are plotted as lines and were calculated by Tian et al.198 The data that are overlaid on 
the spectra as symbols are individual measurements of thermal conductivity of PbTe-PbSe nanocomposites 
and parent material plotted against their total thickness. 

4.4 Conclusion 

 In conclusion, the ALD growth of the PbTe-PbSe thermoelectric samples in this work 

resulted in non-epitaxial films grown directly on native oxide/Si substrates, where the Volmer-

Weber mode growth promoted the growth of grains with a preferred columnar orientation, 

secondary oxide phases that acted as point defects within the films, and increased microstructural 

quality with increased film thickness.  The phonon thermal transport processes in these ALD-

grown films are determined by: i) thickness varying crystalline quality, where structural defect 
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densities increase in thinner films due to the ALD growth mode of these materials; ii) point defects 

inherent in the ALD growth process (e.g., oxygen defects); and iii) compositional-driven defects, 

such as point defects and phase boundaries between the PbTe and PbSe.  While nanoscale 

superlattice structures are not observed in these PbTe-PbSe systems, the compositional variation 

and resulting point and planar defects give rise to additional phonon scattering events that reduce 

the thermal conductivity below that of the corresponding ALD-grown control PbTe and PbSe 

films. Temperature dependent thermal conductivity measurements further support these findings 

that the phonon scattering and resulting thermal conductivities in these ALD-grown PbTe-PbSe 

thermoelectric materials are driven by extrinsic defect scattering processes as opposed to phonon-

phonon scattering processes intrinsic to the PbTe or PbSe phonon spectra. The implication of this 

work is that polycrystalline, nanostructured ALD composites of thermoelectric PbTe-PbSe films 

are effective in reducing the phonon thermal conductivity, and hereby represent a pathway for 

further improvement of the figure of merit (ZT), enhancing their thermoelectric application 

potential.  
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Chapter 5 

5. Composition and Morphology Effects on Thermal and Mechanical 
Properties of Porous Crystalline Solids with Guest Molecules  

Parts of Chapter 5 were published in Nature Communications, (2020) 4010 DOI: 10.1038/s41467-
020-17822-0 and a mature manuscript has been submitted to PNAS under the title: Hybridization 
from Guest-Host Interactions Reduce the Thermal Conductivity of Metal Organic Frameworks 
(MOFs). 

5.1 Motivation 

 MOFs have a vast variety of applications ranging from gas storage, separation, 

catalysis and recently, thermoelectrics (TE).139,225–227 Their versatility stems from highly selective 

chemical and mechanical modifications that are achieved by choice of MOF building blocks (metal 

node and ligand), their extremely high porosity/surface area and the ability to introduce specific 

guest molecules into the pores of the framework.226–230 In particular, tailoring of additional 

properties such as electrical conductivity and thermopower have been achieved by infiltrating 

MOF pores with specialized guest molecules.139,226,227  While the thermal properties of MOFs have 

been investigated on idealized structures using molecular simulations,231–234 experimental inquiry 

of infiltrated MOFs are deficient, and critically important for realizing efficient gas adsorption and 

thermoelectric material. 119,226,227,235–237  

 MOFs are well suited for gas storage and gas separation applications. Gas adsorption 

is an exothermic process therefore, fuel tanks can undergo a significant temperature rise that would 

greatly affect the efficiency of adsorption rates that can lead to lower sorbent gas storage capacity 

if not properly mitigated. Therefore, a guest-host induced change in the thermal conductivity upon 

sorption will control the achievable concentration of gas storage available to MOF material. 
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Additionally, MOFs may emerge as a viable thermoelectric material due to their intrinsically low 

thermal conductivity and “emergent” electrical properties upon infiltration. Specifically, 

significantly enhanced charge transport has been achieved upon infiltration of electrically 

conductive guest molecules into the pores.227,238 Understanding the role of guest species on the 

thermal transport properties of porous crystals, such as MOFs, is critical for realizing an efficient 

TE material.139   

 In a porous crystal containing adsorbed guest molecules there are, in general, two 

main mechanisms that influence overall heat transfer. First is thermal transport through the solid 

scaffolding. While MOFs can be modestly electrically conductive,239 the primary energy carriers 

are phonons because the electrical conductivity is too low to make any substantial contribution to 

thermal conductivity. Second is thermal transport through the guest-host interaction.240 Thermal 

transport through the guest-host interaction is complex, and not well understood because 

competing effects can impact the thermal conductivity. For example, an effective medium 

approximation suggests that MOF infiltration should increase the total thermal conductivity, since 

an adsorbed molecule increases the number of atoms per unit volume serving to increase both the 

density while enhancing the total number of channels that heat can flow through the material 

system. Alternatively, the addition of any extrinsic species in the form of a guest molecule within 

the pore could lead to impurity scattering or changes in mode character (i.e., loss of plane 

wave/propagating character) which would imply a reduction in thermal conductivity.50,241  Further, 

in this picture, the guest molecules can also be thought of as ‘rattling’ atoms that introduce strong 

localized modes producing increased scattering rates of MOF phonons, decreasing heat 

transfer.242,243 In short, the physical mechanisms driving heat flow processes in porous crystalline 

material undergoing infiltration require additional examination.    
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 MOFs offer limitless compound and network combinations due to the choice of the 

organic linker and metal ion. Currently, the microscopic mechanisms driving thermal transport in 

MOFs are not well understood, and it has been an open question as to whether the introduction of 

adsorbates helps or hinders heat transfer. In Chapter 5, I elucidate the role of the infiltrated guest 

molecules on the thermal conductivity of metal organic frameworks in a range of energy 

landscapes by varying the adsorbate phase (solid, liquid, gas), molecular weight, and 

adsorbate/MOF bonding environment (coordinated vs. uncoordinated). In addition, since MOFs 

consist of well-defined pores that exhibit different geometries (squared, rectangular, triangular, 

and window-connected cages),244 I selected two compositionally different MOFs (HKUST-1 and 

ZIF-8) with differing pore morphologies (rigid square pores vs. flexible window connected cages) 

to study how composition and morphology impact the thermal properties of MOFs in the presence 

of adsorbates. 

5.2 Experimental Details and Sample Characterization 

 Two different types of MOFs were investigated in the work presented here including, 

thin films and thick samples of HKUST-1, and thin films of ZIF-8. A schematic of the building 

blocks (metal nodes and organic linkers) is shown in Figure 5.1. HKUST-1 was infiltration with 

gas (N2), liquid (methanol, ethanol, DI-water), and solid (TCNQ, F4-TCNQ, H4-TCNQ) 

molecules, and ZIF-8 was infiltrated only with the gas and liquid adsorbates, the details of which 

are provided in Table 5.1. Due to experimental constraints, gas infiltration occurred only at 

ambient pressure (~0.1 MPa), therefore the liquid guests served as a substitute for performing 

challenging in situ thermal conductivity measurements at very high pressures, where pores filled 

with liquid adsorbates have similar densities to saturated pores containing gaseous adsorbates.235 

The solid molecules were chosen because they have been shown to promote emergent electrical  
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Figure 5.1: Schematic of the MOF metal nodes and organic linkers and a single unit cell. (Left) 
HKUST-1 face center cubic unit cell is composed of di-copper paddlewheel secondary building 
units that coordinate to eight oxygens corresponding to four 1,3,5 benzenetricarboxylic acid (BTC) 
linkers and exhibits a large, rigid 9 x 9 Å square pore with access to the open metal sites on the Cu 
atoms.(Right) ZIF-8 self assembles into a cubit unit cell with a sodalite topology that is composed 
of Zn2+ metal nodes that are tetrahedrally coordinated to hydrophobic 2-methylimidazole (mIm) 
linkers. ZIF-8 exhibits flexible cage-like pores that are approximately 11.6 Å in diameter. ZIF-8 
does not contain open metal sites.   

properties in HKUST-1, and due to their charge accepting nature, they create differing degrees of 

orbital overlap between the guest and host.227 Altogether, the adsorbate/MOF combinations chosen 

for this investigation cover a variety of strong and weak guest/host interactions ranging from full 

coordination to weak van der Waals interactions that are relevant for designing these MOFs 

towards efficient thermoelectric and gas storage applications. 

Zinc 

Nitrogen Oxygen 

Copper Hydrogen 

Carbon 

HKUST-1 ZIF-8 

Cu II Dimer BTC linker Zn-nitrogen 
tetrahedra 

mIm linker 
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 The differences in composition and morphology of these MOF’s are outlined in Table 

5.1, which show how these particular MOFs provide a unique material system to study the roles 

of pore composition, and pore morphology on the thermal processes in porous crystalline material. 

In general, MOFs are fabricated by coordination chemistry that combines appropriate 

stoichiometries of metal nodes with organic linkers which self-assemble into a porous crystalline, 

three-dimensional scaffolding. HKUST-1 contains a rigid framework composed of Cu (II) paddle-

wheel units coordinated by four oxygen from 1,3,5 benzenetricarboxylic acid (BTC) linkers.245 

HKUST-1 is unique in that instead of using a single metal atom to form the node within the 

scaffolding structure, it relies on a secondary building unit (SBU), where two Cu2+ atoms bond to 

form a copper dimer (with a coordination number of six (octahedral)). Each Cu atom within the 

dimer then forms four coordinating bonds with the BTC linker, so that the first coordination sphere 

of the SBU is unsaturated forming an open metal site (OMS).245 This means that each Cu atom 

contains a pair of free electrons that are free to interact with any adsorbate species in close 

proximity.  The SBU’s and organic linkers arrange themselves into a cubic (Fm-3m) structure that 

exhibits permanent porosity in the absence of guest molecules.245 It contains a system of large 

square shaped pores measuring approximately 9 x 9 Å, that are connected by open channels with 

diameters on the order of 3 - 4 Å.245,246 The pores also exhibit different levels of polarity based on 

their exposure to OMS.245  

 ZIF-8 (zeolitic imidazolate framework-8), is the second MOF material investigated. 

It is a non-OMS MOF (the coordination sphere is fully saturated) that also exhibits permanent 

porosity. ZIF-8 contains a cubic unit cell (I4m3) that is composed of zinc cations tetrahedrally 

coordinated by four hydrophobic 2-methylimidazole (mIm) linkers resulting in a porous structure 

with large cages (diameter ~11.6 Å) interconnected by narrow 6-ring windows (~3.4 Å).247 Unlike 
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the more rigid structure in HKUST-1, ZIF-8 exhibits a flexible framework that can dramatically 

adjust its pore size through a structural transformation of the mIm likers, to accommodate guest 

molecules while maintaining its crystallinity.248,249 ZIF-8 crystalizes into the zeolite sodalite 

topology that contains flexible narrow pore apertures that can swing open by reorientation of the 

mIm linkers and expand when infiltrated with guest molecules.249,250 HKUST-1 and ZIF-8 exhibit 

comparable bulk densities, porosities, and pore volumes and they both assemble into cubic unit 

cells, however their pore compositions and morphologies are quite different. HKUST-1 contains 

small square pores that are mechanically rigid and have access to OMS. ZIF-8 does not contain an 

OMS property and has slightly larger, flexible, hexagonal pores that expand and deform to 

accommodate guest molecules. 

 All samples were fabricated directly on the metal side of either Al/SiO2 or Au/SiO2 

substrates where 65-80 nm of Au, or 80 of Al was electron-beam evaporated onto bulk amorphous 

SiO2 substrates at a base pressure of 1x10-6 Torr. The thermal conductivity of the SiO2 and the 

thermal boundary conductance between the metal/SiO2 interface was measured with TDTR before 

the MOF’s were deposited (Table A 1).  Thin film and thick polycrystalline HKUST-1 MOFs were 

prepared at two separate institutions, Karlsruhe Institute of Technology (KIT) and the University 

of Virginia (UVA), using a layer-by-layer (LBL) liquid phase epitaxy (LPE) technique251 and a 

solution shearing252,253 fabrication process, respectively. Thin film ZIF-8 were fabricated at North 

Carolina State University (NCSU) using chemical vapor deposition (CVD). The fabrication 

techniques used to synthesize all the MOF samples are described in detail in Section 5.2.1.  All 

pristine (un-infiltrated) MOF samples were thermally activated both before infiltration, and before 

TDTR measurements were acquired. The activation procedure followed heating the HKUST-1 

films to 145oC and the ZIF-8 films to 100oC, under vacuum (c.f. Section 5.2.1), which has been 
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shown to be an effective technique to remove both pre-coordinating solvent molecules and 

unwanted guest molecules (such as H2O and CO) that would otherwise prevent the pores from 

interacting with the intended adsorbates, while maintaining the crystallinity and porosity.121,254–258 

I also found that activation of the HKUST-1 samples within approximately 12 hours of acquiring 

TDTR measurements was extremely important, due to the presence of adsorbed water vapor. After 

this time interval, the HKUST-1 would adsorb ambient water vapor into its pores, which would 

significantly affect the TDTR measurement. Figure 5.2 shows a time series of TDTR 

measurements collected on the same thick HKUST-1 sample following activation. The sample was 

exposed to ambient environment conditions while TDTR measurements were taken over the 

course of minutes to days, following sample activation. The results show that the thermal 

conductivity is strongly affected by the introduction of an adsorbate, and acts as a good indicator 

for marking the transition from a pristine activated, to an un-activated state.  Both pristine activated 

ZIF-8 and HKUST-1 samples were infiltrated with liquid (ethanol, methanol, and water) and gas 

(N2) guest molecules. Additionally, the HKUST-1 samples were infiltrated with solid guest 

molecules (TCNQ, F4-TCNQ, and H4-TCNQ), the full details of which are provided in Section 

5.2.1. I measured the thermal conductivities of the various HKUST-1 and ZIF-8 samples in 

activated pristine and loaded forms with TDTR.153,157 
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Table 5.1: Composition and morphology of HKUST-1 and ZIF-8 MOFs measured at room 
temperature for HKUST-1235,245,259,260 and ZIF-8261,262 from previous reports. The adsorbates for 
each MOF are also listed. *The range in pore volume reported in the literature for HKUST-1 is 
attributed to different preparation procedures.259 The pore morphology shows the pore size and 
geometry, and also indicates the presence of an open metal site (OMS).  

  

 MOF SURMOF 
HKUST-1 HKUST-1 ZIF-8 

C
om

po
si

tio
n 

Chemical Composition [Cu3(BTC)2] [Zn(mIm)2] 

Adsorbate 

N2 (g), 
methanol (l), 
ethanol (l), 
water (l), 

TCNQ (s), 
F4-TCNQ (s) 

N2 (g), 
methanol (l), 
ethanol (l), 
water (l), 

TCNQ (s),  
F4-TCNQ (s), 
H4-TCNQ (s) 

N2 (g),  
methanol (l), 
ethanol (l),  
water (l) 

M
or

ph
ol

og
y 

MOF Thickness (nm) 200-400 5500 280 

Unit Cell (space group) Cubic (Fm-3m, ao=26.3 Å, 
V=18,280 Å3) 

Cubic (I43m, 
a0=17.0 Å, 

V=4,905.2 Å3) 
Molecular Mass (g mole-1)/ 

Density (g cm-3) 658.9/0.96 229.6/0.95 

Pore Morphology (Å) 9 x 9 square with OMS 
11.6 (diameter) 

floppy cage, 
non-OMS 

BET Surface Area (m2g-1)/ 
Pore Volume (cm3 g-1) 1805/0.33-0.69 * 1812/0.65 

Porosity (%) 40.7-67.8 58.8 
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 Sample Fabrication 

5.2.1.1 Layer-By-Layer LPE Thin Film SURMOF HKUST-1 

 Polycrystalline HKUST-1 surface-anchored MOF (SURMOF) thin films were self-

assembled onto the metal side of Au/SiO2 glass substrates using layer-by-layer liquid phase 

epitaxy, the details of which have been previously described.235,263  The Au substrates were treated 

with an MHDA-SAM layer to improve adhesion. In brief, the substrates were pretreated by O2 

plasma cleaning. The MOF precursors were then iteratively hand sprayed onto the substrate using 

an LBL, LPE technique. A metallic, copper acetate solution (1.0 mM) was sprayed for 15 s, 

followed by a 25 s spray sequence of the polymeric BTC linker (0.2 mM). Residual reactants were 

washed away with a 5 s rinsing step with pure ethanol after every individual spray sequence. A 

single LBL cycle is defined as both the application of a single round of the metallic and polymeric 

linker constituents. A total of 125, 150, and 200 cycles resulted in 250 nm, 300 nm, and 400 nm 

thick films respectively. Following the completion of all cycle depositions, the MOFs were 

chemically activated by ultrasonication in dicholormethane for two min to remove residual 

solvents from the pores, and characterized by XRD (Figure 5.4). These samples were then 

periodically reactivated by heating at 145 oC for 12 hours under a vacuum of 3.4x10-6 mbar prior 

to loading with guest molecules or acquiring TDTR measurement.  

 The thin films were infiltrated with gas, liquid, and solid adsorbates. An activated 

pristine 400 nm thin film HKUST-1 was infiltrated with 99.996% pure N2 (g) acquired from 

Praxair, under an approximate flow rate of 0.002 m3/s, using a Linkam stage that acted as a 

controlled gas chamber while providing an optical window to perform TDTR measurements. The 

pristine activated thin films of HKUST-1 were loaded into the Linkam stage while N2 gas flowed 
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Figure 5.2: Time series of TDTR acquired measurements on a thick HKUST-1 sample after 
activation by heating at 145 oC for 12 hours under a vacuum of 3.4x10-6 mbar. Measurements were 
taken in ambient conditions.  

 through the chamber for an hour at ambient air pressure (Pgauge = 1 atm). Liquid adsorbates were 

introduced to activated thin films HKUST-1 samples ranging from 200-350 nm. The individual 

SURMOF samples were cut into four sections, three of which were infiltrated with either 

methanol, ethanol, or DI-water. Only the SURMOF assembled on Au was submerged in water so 

as to reduce the effects of oxidation likely to occur with the Al in the Al/silica substrates. The 

thermal conductivities of the pristine and infiltrated HKUST-1 thin films, for a range of film 

thicknesses, were then measured using TDTR (Table A 1). Lastly, loading of pristine HKUST-1 

SURMOF thin films (250-400 nm) with the solid guests (TCNQ and F4-TCNQ) was done 

following the procedure described by Talin et al.139 The activated pristine SURMOFs were placed 

in 2 mM of TCNQ (F4-TCNQ) dissolved in acetonitrile for 72 hours. After soaking, they were 

removed from the loading solution, rinsed with pure acetonitrile (to remove residual loading 
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molecules) and dried by a N2 flux. XRD data were collected for both sets of guest molecules, 

showing the polycrystallinity of the SURMOF is maintained (Figure 5.4). Loading with H4-TCNQ 

was not achieved within the thin HKUST-1 because the H4-TCNQ was very volatile and would 

not stay infiltrated within the pore long enough to acquire measurements. 

5.2.1.2 Solution Shearing of Thick HKUST-1 

 Solution shearing is a high throughput method for fabricating thick HKUST-1 

samples, where the MOF self assembles behind the leading edge of a coating blade that is moved 

across the substrate surface.264 The solution-shearing device used at UVA to fabricate the MOFs 

was assembled as described in the work of Ghorbanpour et al.253 Before the precursor solution was 

sheared, the Trichloro(octyl)silane (OTS)-functionalized coating blade was washed with toluene, 

acetone and isopropyl alcohol and dried with in-house air. The substrate stage was heated to the 

desired temperature. The blade was held in place with a top vacuum stage and an 80 nm Au/SiO2 

substrate was attached to the bottom vacuum stage. The blade angle and the gap between the blade 

and the substrate stage were approximately set to 1° and 100 µm respectively, by controlling the 

micro-manipulating assembly. 5-10 µL of the precursor solution of HKUST-1 was injected into 

the smallest gap between the edge of the blade and the substrate in accordance with the dimensions 

of the substrate and solution concentration. The solution was deposited on the gold side of the 

substrate as the blade moved along the substrate. After the blade passed the substrate, samples 

were taken off from the bottom stage for further analysis by XRD and SEM (see Section 5.5.2, 

Figure 5.4).  The resulting MOFs were approximately 5.5 micrometers thick.  

 The thick HKUST-1 samples were infiltrated with gas, liquid, and solid adsorbates in 

a similar fashion as the thin films. Freshly made activated pristine HKUST-1 were exposed to N2 
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(g) under an approximate flow rate of 0.002 m3/s, using a Linkam stage that acted as a controlled 

gas chamber while providing an optical window to perform TDTR measurements. The pristine 

activated thick HKUST-1 was loaded into the Linkam stage while N2 gas flowed through the 

chamber at atmospheric pressure (Pgauge = 1 atm) for one hour. The liquid adsorbates included 

methanol, ethanol, or DI-water. Individual HKUST-1 samples were fully submerged in respective 

solutions of 99.8% methanol, and 96% ethanol for an hour, and measured with TDTR directly after 

soaking. The soaking time was reduced to 20 min for the HKUST-1 sample infiltrated with DI-

water, to avoid sample degradation. The infiltration with the solid adsorbates followed a slightly 

different procedure. After the HKUST-1 samples were fully grown on the substrates, they were 

moved to the N2-filled glovebox. The HKUST-1 samples were then transferred to the vacuum oven 

and heated at 180 °C for 12 hours. After the heat treatment, the samples were cooled down for an 

hour inside the glovebox. Finally, the cooled HKUST-1 samples were transferred to the saturated 

TCNQ/F4-TCNQ/H4-TCNQ solution (individually) for 72 hours.   

5.2.1.3 Chemical Vapor Deposition (CVD) of Thin Film ZIF-8 

 Thin film ZIF-8 MOFs were fabricated at North Carolina State University (Dr. 

Parson’s Lab) using the chemical vapor deposition (CVD) technique described by Stassen et al.265 

The CVD technique used here relied on the reaction of the vaporized MOF ligand precursors on a 

nearby metal oxide substrate to form uniform thin film ZIF-8 MOFs. 

 Substrates of 80 nm of Au that was evaporated on SiO2 were O2 plasma cleaned 

followed by deposition of a 4.6 nm layer of alumina on the metal side of the Au/SiO2 sample. This 

layer of alumina provided an adhesion layer for an approximately 16.7 nm thick layer of zinc oxide 

deposited via ALD. The metal oxide layer was then exposed to a MOF linker precursor vapor (2-
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methylimidazole) at ~100°C for 24 hours to induce a vapor-solid reaction. This resulted in a 

transformation of the solid metal oxide film into a homogeneous, highly crystalline ZIF-8 

framework as confirmed through XRD (Figure 5.8). It has been shown that the oxide-to-MOF 

conversion efficiency of this technique is complete when the metal oxide precursor film is < 10 

nm, so that no residual zinc oxide remains at the interface between the ZIF-8 film and the 

substrate.265 A 100% conversion of the 16.7 nm ZnO layer would produce a ZIF-8 film with a 

nominal thickness of 283 nm. The SEM images (Figure 5.8) indicate that the ZIF-8 film is 

approximately 280 nm, confirming a high metal oxide-to-MOF conversion rate.  

 All pristine ZIF-8 films were activated before TDTR measurement by heating at 

100oC in vacuum (1.6x10-4 mbar) for two hours. The pristine activated thin film (280 nm) ZIF-8 

was cut into four sections, three of which were infiltrated with either methanol, ethanol, or DI-

water. The pristine activated ZIF-8 film was also exposed to N2 gas within a Linkam stage gas 

chamber, under an approximate flow rate of 0.002 m3/s, for 1 hour at ambient pressure (Pgauge = 1 

atm).  
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 Characterization 

5.2.2.1 HKUST-1 

Figure 5.3: The building blocks of HKUST-1 include a secondary building unit (SBU) acting as 
the ‘node’ within the MOF scaffolding, consisting of a Cu II paddle-wheel dimer that is 
coordinated by four BTC linkers through eight oxygens. The OMS is achieved during fabrication 
through solvent exchange, where water coordinates to the SBU and is then removed through 
activation once the MOF has self-assembled. 

 HKUST-1 is a highly porous MOF that exhibits a face-centered-cubic unit cell (Fm-

3m space group) containing a 3D network of large, rigid, square-shaped pores (9 x 9 Å).245 

HKUST-1 MOFs contain open mental sites (OMS), also known as coordinated unsaturated sites 

(CUS). These OMS stem from the formation of larger secondary-building units (SBUs), where 

dicopper paddle-wheel SBU’s form an octahedral unit and bond to four benzene-1,3,5-

tricarboxylic acid (BTC) ligands that leave the coordination sphere unsaturated (Figure 5.3).245 
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by water 
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From a chemical perspective, the OMS is achieved through solvent exchange, where water 

molecules coordinate to the SBU, and are then removed by thermal activation after the MOF has 

self-assembled.266 This property does not affect the integrity of the framework network (from 

collapse), and preserves the crystallinity and porosity.267 OMS are a desirable feature in MOFs 

intended for gas storage because they provide strong binding sites, which leads to an increased 

interaction with adsorbate molecules in comparison to MOFs lacking OMS.267 Therefore, HKUST-

1 offers an intriguing system to study the role of different adsorbate interactions, on the thermal 

properties.  

 The thin and thick HKUST-1 MOF’s were characterized using: SEM, profilometry, 

and XRD to confirm their composition and to characterize differences in their morphologies 

(Figure 5.4 (a)-(d)). Additionally, nitrogen isotherm measurements were performed on activated 

thin and thick HKUST-1 samples at 77 K, and a DFT model was used to calculate the BET surface 

area and total pore volume for each respective sample, which are reported in Table 5.2. The results 

indicate that the BET surface areas and pore volumes are within the range of previously reported 

HKUST-1 samples.245,246 The lower BET surface area for the thicker sample may imply a smaller 

percentage of open metal sites, due to a higher degree of coordinated water molecules, where 

perhaps the desorption of coordinated water adsorbates during activation does not occur as 

efficiently compared to the thin films.266,267 Further, the difference in BET surface area could also 

be indicative of a difference in defects present in the material due to incomplete coordination of 

the BTC ligands to the SBU’s, where Bently et al. concluded that increased defects leads to 

stronger binding between the OMS and water molecules.266 The SEM and XRD data shown in 

Figure 5.4 (a)(b) and (c)(d) respectively, show that the surface anchored thin films result in low 

surface roughness, highly oriented growth. This is in contrast to the thick MOFs that demonstrate 
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elevated surface roughness and high polycrystallinity. The SEM also illustrates the difference in 

surface roughness, where the LPE method produces very smooth surfaced films (<10 nm RMS), 

and the solution shearing method promotes high surface roughness (~1 µm RMS), as confirmed 

through profilometry. 

Table 5.2: The calculated BET surface area and total pore volume derived from nitrogen isotherm 
measurements for a thin and thick HKUST-1 sample. 

 BET Surface 
Area (m2g-1) 

Total Pore Volume 
(cm3g-1) 

300 nm SURMOF 
HKUST-1 

1805 0.60 

5.5 µm HKUST-1 1450 0.61 

 

 Pristine and infiltrated HKUST-1 samples were characterized to investigate the guest-

host interaction. Due to the limitation in sample stability for the gas and liquid infiltrated HKUST-

1 samples, characterization via spectroscopy and mechanical measurements was not possible in 

this work. Characterization of the HKUST-1 samples infiltrated with solid guests was performed 

with XRD, FTIR, and Raman, to specify the morphology of each sample and confirm the presence 

of different degrees of guest coordination with the framework. Additionally, nanoindentation and 

pump-probe Brillouin scattering was performed on thick and thin film samples respectively to 

measure effects of the adsorbate on the elastic modulus. 

 Although direct evidence for the guest-host interaction for gas and liquid adsorbates 

in this work is lacking, previous investigations provide compelling evidence for the expected 

nature of some specific adsorbate/MOF interactions. In particular, it is expected that the adsorption 

of dinitrogen gas into HKUST-1 at low pressure (≤ 0.1 MPa) follows a diffusion pathway where 

the gas diffuses first through the gas-MOF interface followed by diffusion within the 
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interconnected network of pores and channels; likely exhibiting a nonuniform spatial distribution 

similar to what was reported by Babaei, McGaughey, and Wilmer for methane adsorption in 

HKUST-1.268 Previous work has shown that N2 gas experiences weak unspecific van der Waals 

interactions within the pores, in addition to stronger interactions from the coordinatively 

unsaturated sites (Cu2+) within the MOF, that act as preferential adsorption sites.269  While it is 

known that nitrogen weakly interacts with Cu2+ ions,270 cupric-nitrogen complexes in HKUST-1 

have only been observed at temperatures lower than 200 K.269 Therefore, it is likely that the 

dinitrogen adsorbate at room temperature and low pressures studied here, only experiences weak 

van der Waals interactions with the HKUST-1 framework. nitrogen adsorption isotherms at room 

temperature on HKUST-1 indicate that less than 1 mmol g-1 of N2 is adsorbed at the pressures and 

temperatures studied here.259 

  The interaction of the liquid polar adsorbates (water, methanol, and ethanol) with the 

HKUST-1 is not fully known. Prestipino et al. reported that H2O (g) present in the pores of 

HKUST-1 chemically binds to the Cu(II) sites, resulting in significant modifications to the first 

coordination sphere.254 It is likely that the introduction of the polar liquid guest molecules 

(methanol, ethanol) creates similarly complex guest-host interactions. While it is not possible to 

assess the significance of these different interactions without direct characterization, it can be 

postulated that the liquid guests may behave in a similar manner to gas adsorbates at saturation 

loading under high pressures, where the density between pores filled with liquids vs. saturated gas 

are roughly equivalent.235 According to adsorption isotherms, of the 67.8% porosity that is 

accessible to adsorbates in HKUST-1, water is estimated to fill 82% of the void fraction of pores, while 

the methanol and ethanol are estimated to fill 100% of the void fraction.260  Nevertheless, there may 



110 
exist differences between the gas and liquid adsorbates within HKUST-1 that are not captured by the 

previous description.    

 Finally, the HKUST-1 samples infiltrated with solid guest adsorbates were 

characterized with: SEM, XRD, Raman, and FTIR spectroscopy to understand the effects of the 

adsorbate on the morphology of guest@HKUST-1 system. Additionally, pump-probe Brillouin 

scattering and nanoindentation measurements demonstrate the role of infiltration on the elastic 

modulus of the MOF samples, which further elucidates the fundamental role of guest-host 

interactions on the stiffnesses of the MOFs. Figure 5.4 shows the characterization results for a 

subset of thin and thick HKUST-1 samples that specify the morphology of each sample, and 

confirm the presence of different degrees of solid guest coordination with the framework. The 

XRD in Figure 5.4 (c)-(d) confirms that infiltration with the solid guests does not affect the MOF’s 

crystalline structure (face centered cubic). Additionally, it has been reported that the XRD peak 

occurring at 2𝜃𝜃 ≃ 5.7 is a diagnostic for the guest molecules binding to the open metal sites of the 

framework.238 Indeed, Figure 5.4 (d) shows the emergence of a peak at 2𝜃𝜃 ≃ 5.9 in the solid guest 

infiltrated cases for the thick MOFs, that is absent for the pristine HKUST-1 samples. I note, that 

the thin film TCNQ@HKUST-1 shows a feature at 2𝜃𝜃 ≃ 5.87, however this feature is quite weak 

in the F4-TCNQ@HKUST-1 diffractogram.  

 FTIR spectra for powder forms of TCNQ and F4-TCNQ molecules are compared to 

the infiltrated forms (TCNQ/F4-TCNQ@HKUST-1) and the pristine MOF in Figure 5.4 (e). The 

red shifts of the nitrile peak of 13 cm-1 for F4-TCNQ/F4-TCNQ@HKUST-1 (from 2225 cm-1 to 

2212 cm-1), 24 cm-1 for TCNQ/TCNQ@HKUST-1 (from 2223 cm-1 to 2199 cm-1) and broadening 

of the nitrile stretch indicate the degree that the guest molecules are interacting with the 

coordinating Cu2+ sites of the paddle-wheel units in the framework.238 Further, Raman spectra in 
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Figure 5.4 (f) from the thick samples show that the bonding environment within the pore between 

the TCNQ, F4-TCNQ, and H4-TCNQ is quite different from species to species, where new features 

appear in the F4-TCNQ, and H4-TCNQ infiltrated MOFs that are not present in the TCNQ system. 

Moreover, the feature at ~507 cm-1 that represents the Cu-O stretch is blue shifted (higher energy) 

for the F4-TCNQ, and broadened in the H4-TCNQ spectrum, demonstrating different interactions 

of the guest molecule in the first coordination sphere of the Cu2+ sites. The aromatic alkene (C=C) 

stretch at ~1463 cm-1 is red shifted for the infiltrated guests, which is also strong evidence of guest 

coordination with the MOF.238 It is worth noting that others have also reported coordination 

occurring between the TCNQ and TCNQ derivatives with the OMS of HKUST-1.227,238,271 In 

summary, infiltration of the solid guest molecules may result in different polymorphs, as it has 

been shown that subtle geometrical changes for the nitrile arrangements around the Cu centers can 

occur.272 Despite this, the congruency of features between the thin and thick samples indicate that 

the morphology is relatively consistent between samples. 

 Mechanical measurements of the elastic constants of pristine (in activated and un-

activated forms) and TCNQ infiltrated HKUST-1 using nanoindentation and pump-probe Brillouin 

scattering are reported in Figure 5.4 (g) and compared to the harmonic lattice dynamics (LD) 

calculations (discussed in detail later, in Section 5.3) and previous nanoindentation results from 1 

μm surface-anchored HKUST-1 film prepared using LPE from Bundschuh et al.273 The 

experimental and LD results presented here indicate that no discernable change in the elastic 

modulus is observed between the pristine HKUST-1 and infiltrated TCNQ@HKUST-1, within 

uncertainty. This is a rather surprising result since both an increase in the density of the system 

due to the addition of guest molecules, and an increase in guest/host bonding would typically lead  
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Figure 5.4: Characterization of HKUST-1 samples. (a) Planar SEM images for the 400 nm pristine 
polycrystalline HKUST-1 SURMOF thin films fabricated by LBL-LPE from KIT and (b) 5.5 𝜇𝜇m 
thick polycrystalline HKUST-1 samples fabricated using solution shearing at UVA. (c) XRD data 
for F4-TCNQ@HKUST-1 (green), TCNQ@HKUST-1 (red) and HKUST-1 (black) 400 nm thin 
films and (d) and XRD for the H4-TCNQ@HKUST-1 (blue), F4-TCNQ@HKUST-1 (green), 

(b) 

(a) (c) 

(d) 

(e) 

(f) 

(g) 
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TCNQ@HKUST-1 (red) and HKUST-1 (black) 5.5 𝜇𝜇m thick MOF samples. There is little 
evidence of excess TCNQ, F4-TCNQ and H4-TCNQ that did not diffuse into the pores. (e) FTIR 
spectra for 5.5 𝜇𝜇m thick pristine (black), TCNQ@HKUST-1 (red) and F4-TCNQ@HKUST-1 
(green) MOFs compared to TCNQ (purple) and F4-TCNQ (aqua) molecules in powder form. The 
respective nitrile stretch is labeled in the spectra, the magnitude of the red shift occurring from the 
guest species in powder form to infiltrated form shows the degree that the TCNQ/F4-TCNQ 
interacts with the coordination sites of the framework. (f) Raman spectra for the 5.5 𝜇𝜇m thick 
pristine (black), TCNQ@HKUST-1 (red), F4-TCNQ@HKUST-1 (green) and H4-
TCNQ@HKUST-1 (blue) MOFs. The C=C stretching frequency is labeled. The shift of the C=C 
stretching frequency upon infiltration and the additional peaks occurring between 1101 – 1343 cm1 
indicate the TCNQ and F4/H4-TCNQ derivatives coordinate to the Cu2+ ions in the framework. (g) 
Young’s modulus for 400 nm and 5.5  μm pristine and TCNQ@HKUST-1 samples measured by 
pump probe Brillouin scattering and nanoindentation respectively. The results are compared to the 
lattice dynamics derived Young’s modulus using a Poisson ratio of 0.49, and also to 
nanoindentation results for a 1µm HKUST-1 film from Bundschuh et al.273 The inset shows the 
full range of indenter displacement on the 5.5µm pristine and TCNQ@HKUST-1 samples, 
however only data in the shaded region was used for analysis. 

to an increased degree of resistance toward deformation (increased elastic constants). Instead, no 

measurable change is observed, suggesting that the unit cell deformation upon 

infiltration/adsorption may compete with density and bonding effects. Therefore, these 

measurements show that mechanical softening is negligible upon infiltration of HKUST-1, and 

therefore a loading dependent structural change can be ruled out from affecting the thermal 

conductivity. 

 In addition to the characterization detailed above, raw TDTR data and the 

corresponding fits are shown in Figure 5.5. A modified sample geometry was employed in this 

study, as discussed in Section 3.1.2, where the laser pulse propagates through the SiO2 substrate 

first, so that the thermal model plotted in Figure 5.5 accounts for bi-directional heat flow 

considering a multilayer analysis.116  The heat conduction model requires knowledge of each 

layer’s heat capacity, thermal conductivity, thickness, and the thermal boundary conductance 

(TBC) between each layer. Literature values were assumed for the heat capacity of the gold and 

silica,171 the heat capacity for the pristine and the TCNQ@HKUST-1 were measured following  
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Figure 5.5: Representative data for a TDTR scan on (a) a 400 nm thick HKUST-1 SURMOF 
deposited on an Au/SiO2 substrate and also infiltrated with a solid guest molecule (TCNQ) and 
(b) a 350 nm HKUST-1 SURMOF deposited on a Al/ SiO2 and infiltrated with a liquid guest 
molecule (methanol), (c) a 300 nm HKUST-1 deposited on a Al/SiO2 substrate and infiltrated 
with a gaseous guest molecule (N2), and (d) 5.5 µm thick HKUST-1 infiltrated with the same 
respective guest molecules. All data shown here were measured at a pump modulation frequency 
of 10 MHz, and analyzed with a four-layer model. The data for all other adsorbates is excluded 
for clarity. 
 
the discussion in Section 3.2.2.  Further, the heat capacity for F4-TCNQ@HKUST-1 and H4-

TCNQ@HKUST-1 used in the TDTR analysis were calculated from lattice dynamics, and since 

TCNQ (204.19 g/mol) and H4-TCNQ (208.22 g/mol) are similar molecules with molecular weights 

differing by ~2%, I applied effective medium theory to calculate the required density to derive the 

volumetric heat capacity with the assumption of one guest molecule per pore. Additionally, 

effective medium theory was also applied to the infiltrated MOFs with methanol, ethanol and  

(c) (d) 

(a) (b) 
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Figure 5.6: Volumetric heat capacity for the pristine and guest@HKUST-1 samples measured via 
TDTR. The TDTR measured heat capacities for the pristine and TCNQ@HKUST-1 match up 
quite well. The TCNQ@HKUST-1 heat capacity was obtained from Erickson et al.274 Due to the 
low concentration of N2 (g) molecules predicted to reside in the pores, and the low molecular 
weight, the pristine value for heat capacity was assumed for the N2@HKUST-1 TDTR analysis. 

water, to calculate the required densities and heat capacities. I assumed the pores were fully 

saturated when infiltrated with methanol and ethanol, and 82% saturated with water, according to 

previously reported adsorption isotherms at a porosity void fraction of 0.7.260 Lastly, due to the 

low adsorption concentration predicted from nitrogen adsorption isotherms in HKUST-1 at room 

temperature under low pressure,259 the pristine value for heat capacity was used for the 

N2@HKUST-1. Figure 5.6 details the volumetric heat capacities that were used in the thermal 

model analysis for all the HKUST-1 samples measured with TDTR. I experimentally measured 

the room temperature thermal conductivity of the SiO2 and the TBC between the 65-80 nm Au and 

SiO2 (GAu/SiO2) on each substrate before the MOF’s were deposited using the standard TDTR 

sample geometry, where the laser pulse is incident on the air/metal side of the metal/glass sample 
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(Table A 1). Further, the heat model is very sensitive to the thickness of the metal film transducer, 

which was measured via profilometry. The room temperature thermal conductivity of the Au was 

obtained using four-point probe (𝜅𝜅𝐴𝐴𝑓𝑓 = 312 Wm-1K-1) and the thicknesses of the thin film 

SURMOFs were confirmed through SEM after deposition onto the substrates. 

5.2.2.2 ZIF-8 

 

Figure 5.7: The metal node (Zn2+ cations) fully tetrahedrally coordinated to four hydrophobic mIm 
linker ligands to form the ZIF-8 MOF. 

 ZIF-8 contains a cubic unit cell that forms a SOD zeolite-like topology with a space 

group of I-43m (Table 5.1).262 It is composed of Zn atoms that are tetrahedrally coordinated by 

four N atoms of 2-methylimidazolate (ligands) to form flexible cage-like pores. Figure 5.7 shows 

the coordination of the ligands fully saturate the coordination sphere of the Zn2+ nodes so that ZIF-

8 does not contain OMS, in contrast to HKUST-1.262,267 It is interesting to note that MOFs that do 

not contain OMS typically contain somewhat lower porosity compared to OMS-MOFs, which 
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Figure 5.8: (a) SEM micrographs of the 280 nm ZIF-8 film with the substrate (80 nm Au/SiO2) 
and ZIF-8 MOF layers distinguished. (b) XRD pattern on the 280 nm ZIF-8 thin film is 
consistent with simulations.  
 

leads to lower gas uptake and also lower heats of adsorption at low loading.275,276 These 

observations of larger heat of adsorption experienced in OMS-MOFs is evidence for the stronger 

adsorbate-MOF interactions. While HKUST-1 (OMS MOF) and ZIF-8 (non-OMS MOF) contain 

similar porosities, this generalized trend indicates that the nature of an open metal site may promote 

very different adsorbate-host interactions in ZIF-8 compared to the HKUST-1.  

 ZIF-8 thin film was characterized using SEM and XRD to confirm both the 

conversion efficiency of the ALD deposited metal oxide layer during fabrication (Section 5.2.1.3) 

by measuring the thickness of the ZIF-8 film, and the crystallinity. The SED images shown in 

SiO2 

80 nm Au 

280 nm ZIF-8 
(a) 

(b) 
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Figure 5.8 (a)(b) show the 280 nm ZIF-8 film deposited on the metal side of an Au/SiO2. The 

thickness of the ZIF-8 film reveals a 99% conversion efficiency from the 16.7 nm ZnO layer that 

was deposited onto the substrate. The SEM images also confirm good adhesion of the ZIF-8 film 

to the Au layer. Since the conversion efficiency of the ZnO layer was not 100%, there may exist a 

thin layer of ZnO between the Au interface and the ZIF-8 film. Assuming a thin film ZnO thermal 

conductivity of 2.3 Wm-1K-1,277 and a layer thickness of ~3 nm, the Kapitza resistance for this layer 

is negligible, and does not need to be considered in the TDTR data analysis. Further, XRD patterns 

(Figure 5.8 (c)) were also collected on the ZIF-8 thin film directly after fabrication and confirms 

the expected crystallinity. The XRD pattern for the sample indicates polycrystalline growth 

without a preferred orientation, since the highest intensity peaks occur at both a 2Θ ≈ 7.33o and 

2Θ ≈ 12.76. This indicates that the predominate crystal orientation is not in the [110] direction, as 

suggested by the simulation. Indeed, others have shown that a decrease in the amplitude for the 

diffraction peak occurring at 2Θ ≈ 7.33o may result from slight hydrothermal degradation due to 

film exposure to water during processing and moisture in storage.121  

 The thermal conductivity (𝜅𝜅) and volumetric heat capacity (Cv) for the ZIF-8 thin film 

in this work were both measured with TDTR. In order to understand the sensitivity of the 

measurement to each parameter of interest, a sensitivity analysis177 was performed to the ratio 

(−𝑉𝑉𝑖𝑖𝑚𝑚 𝑉𝑉𝑠𝑠𝑓𝑓𝜕𝜕⁄ ) at two pump modulation frequencies (1.4 MHz and 8.8 MHz). The results of the 

sensitivity analysis are shown in Figure 5.9 (a) and show that at a pump modulation frequency of 

1.4 MHz, the TDTR measurement is most sensitive to the thermal conductivity (𝜅𝜅) of the ZIF-8 

MOF, and has virtually no sensitivity to the MOF’s heat capacity. At a pump modulation frequency 

of 8.8 MHz however, the signal is approximately equally sensitive to both material parameters. 

Therefore, data collected at 1.4 MHz was fit for 𝜅𝜅, since the thermal model is not sensitive to the  
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Figure 5.9: (a) Sensitivity analysis of ZIF-8 volumetric heat capacity (Cv) and thermal conductivity 
(𝜅𝜅) performed at a modulation frequency of 1.4 MHz and 8.8 MHz, fit to the ratio. (b) TDTR 
measured heat capacity for the ZIF-8 film and calculated effective medium heat capacity for the 
guest@ZIF-8 samples. (c) Representative raw TDTR data (symbols) and fits (lines) taken at a 
modulation frequency of 8.8 MHz, for the 280 nm ZIF-8 film in pristine activated form and 
infiltrated with a liquid (methanol, and water) and gaseous (N2) guest species. The other adsorbates 
are left off for clarity. (d) The experimentally measured thermal conductivity of pristine and 
infiltrated ZIF-8 as a function of volumetric heat capacity. The dotted line indicates the 
corresponding thermal conductivity required to maintain the equivalent thermal effusivity 
measured for the pristine ZIF-8 as the volumetric heat capacity is increased. 

heat capacity in this regime. Then the resulting 𝜅𝜅 measured at 1.4 MHz, was used as an input to 

the thermal model to fit for both the heat capacity and thermal conductivity at 8.8 MHz This fitting 

procedure was iterated until the values between the fits at 1.4 MHz and 8.8 MHz converged. The 

measured volumetric heat capacity for the pristine activated ZIF-8 film is shown in Figure 5.9 (b). 

The heat capacities for the ZIF-8 infiltrated with methanol, ethanol, and water were calculated 

using effective medium theory. Due to ZIF-8’s high affinity towards alcohols,234 the volumetric 

(a) (b) 

(c) (d) 
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heat capacity for ethanol and methanol infiltrated ZIF-8 were performed under the assumption of 

fully loaded pores at a pore void fraction of 0.59.261,262 Since ZIF-8 is inherently hydrophobic due 

to the organic imidazolate linkers,278 the effective medium calculation assumed only a very small 

water uptake would occur; in accordance to reported water adsorption isotherms of ZIF-8 (~0.5 

mmol/g),234 and therefore the water@ZIF-8 contains a volumetric heat capacity that is closer to 

the measured pristine ZIF-8 value. The pristine value for the heat capacity was used for the 

N2@HKUST-1 due to the similarity in density between N2 (g) and ambient air. Representative 

TDTR data are shown in Figure 5.9 (c) for the ZIF-8 film in pristine, activated form and infiltrated 

with liquid (methanol and water) and gaseous (N2) adsorbates.  

 TDTR measures the thermal effusivity (𝛼𝛼𝑒𝑒𝜕𝜕𝜕𝜕 = �𝜅𝜅𝐶𝐶𝑣𝑣) of the ZIF-8. Therefore, in 

order to accurately measure the thermal conductivity, the volumetric heat capacity must be known. 

If the effusivity were to stay the same from sample to sample, an increase of the heat capacity to 

the thermal model would result in a reduced thermal conductivity according to   

𝜅𝜅 =
𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒
2

𝐶𝐶𝑣𝑣
 . (5.1) 

The strong overlap in the raw TDTR data from sample to sample (except for the water@ZIF-8 at 

early times), indicates that the thermal effusivities are similar, despite an increase in the heat 

capacity. Figure 5.9 (d) shows the TDTR measured thermal conductivity results for the ZIF-8 films 

as a function of volumetric heat capacity, and also shows the thermal conductivity required to 

maintain a constant thermal effusivity equivalent to the pristine ZIF-8 sample (539 J s-1/2 m-2), as 

a dashed line. Here, it is evident that the thermal conductivity trends for the infiltrated ZIF-8 

species follow the dashed trendline representative of a constant thermal effusivity, however within 

uncertainties, no discernable change in the thermal conductivity can be determined. This shows 
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the limitations of the TDTR measurement, where uncertainties within the assumed volumetric heat 

capacity can make it difficult to tease out the effects of adsorbates on the thermal conductivity.  

5.3 Results: The Effects of Adsorbates on Thermal Processes of 
HKUST-1  

 This section discusses the effects of gas, liquid, and solid adsorbates on the thermal 

transport processes of HKUST-1 that span a range of guest-host/adsorbate-MOF interactions 

including weak van der Waal interactions (N2), a mix of coordinated and uncoordinated 

interactions (water, methanol, ethanol), and full coordination producing different degrees of orbital 

overlap (TCNQ, F4-TCNQ, H4-TCNQ). The experimental results of thermal conductivity of the 

liquid and solid guest@MOF samples are supported by molecular dynamics (MD) simulations and 

MD-derived spectral energy density (SED) calculations to elucidate the role of the guest-host 

interaction on thermal transport processes of infiltrated HKUST-1. Further, harmonic lattice 

dynamics (LD) was performed on the solid@HKUST-1 systems to capture the effects of bond 

strength of the guest/host interaction on thermal processes within the MOF. The molecular 

structures of the HKUST-1 building block and guest molecules are detailed in Figure 5.10.  

 Before infiltration, the HKUST-1 pristine framework is electrically neutral; it has a 

partially positive charge on the Cu2+ atoms which is balanced by the partially negative localized 

charge on the carboxylate units within the BTC linker of the polymeric crystal lattice.269 This 

neutrality is preserved upon infiltration with the liquid and gaseous adsorbate species, since they 

all contain neutral formal charges.  However, this is not the case for the solid adsorbates, which 

are charge-accepting molecules that coordinate to differing degrees to the OMS of the HKUST-1 

pore.  HKUST-1 was infiltrated with three charge-accepting molecules, listed here in order of 

decreasing guest/host bond overlap: tetracyanoquinodimethane (TCNQ), 2,3,5,6-tetrafluoro- 
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Figure 5.10: Schematic of the building blocks and guest molecules of the guest@HKUST-1 system 
including: The Cu II dimer metal node (note that the Cu II dimer shows the Cu2+ coordinated to 
eight oxygens from four separate BTC molecules), BTC linker, and TCNQ, F4-TCNQ, H4-TCNQ, 
methanol, ethanol, and N2 adsorbates. The bottom left illustration captures the coordination 
between the OMS and TCNQ guest molecule within the HKUST-1 pore. 

 
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), and (cyclohexane-1,4-diylidene)dimalononitrile 

(H4-TCNQ). These guest molecules have previously been shown to enhance the electrical 

conductivity of the guest@MOF system more than six orders of magnitude, by introducing 

covalent and noncovalent interactions which create continuous charge transport pathways through 

long range order of the donor bridge acceptor sites, and mixing between the electronic excited and 

ground states.225,227 TCNQ, F4-TCNQ, and H4-TCNQ are strong π-acids that accept electrons from 
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the Cu(II) dimers of the HKUST-1. Talin et al. showed that loading of the TCNQ guest species 

into the HKUST-1 results in approximately eight molecules per unit cell, or one molecule per 

pore.238 Additionally, there exists strong evidence of coordination occurring between the 

terminating nitrile groups of TCNQ (which are cis to each other) and the OMS of the MOF, which 

is thought to be responsible for the emergence of electronic conductivity upon infiltration (Figure 

5.10).227 Since the degree of charge transport is closely related to the crystal binding energy, I use 

the predicted metric for donor/acceptor electronic coupling from Allendorf et al. to qualitatively 

rank the degree of guest/host orbital overlap between each guest species.227 TCNQ provides the 

largest coupling with the MOF, owing to a high degree of orbital overlap between the TCNQ and 

the Cu d(z2) orbitals within the metal node of the MOF. Fluorination of TCNQ results in added 

tuning, where an increase in electronegativity causes an overall reduction in electrical conductivity 

by disrupting d orbital overlap between the guest and host.227 Lastly, H4-TCNQ produces the least 

charge transport of all guest molecules, due to the lack of a conjugated 𝜋𝜋 network,  and therefore 

has the smallest orbital overlap.         

 To support the thermal conductivity measurements, the HKUST-1 SURMOF thin 

films (250 – 400 nm) and thick polycrystalline samples (5.5 μm) of pristine and infiltrated 

HKUST-1 were extensively characterized with scanning electron microscopy (SEM), X-ray 

diffraction (XRD), infrared spectroscopy, nanoindentation and pump-probe Brillouin scattering 

(see Section 5.2.2.1, Figure 5.4) to examine the structural and mechanical properties, and the 

coordination environment. Further, I offer an interpretation of the experimental results with 

atomistic MD, SED, and LD simulations, performed by my collaborator (Dr. Hasan Babaei), to 

ascertain the guest-host interactions on thermal conductivity, vibrational mode character, and 

scattering rates. Due to the complex interplay of order and disorder in these large unit cell crystals 
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with addition of a guest, I frame my interpretation of the simulated and experimental results from 

a disordered framework perspective. I presume that a combination of extended (phonon-like 

propagating modes known as propagons, and non-propagating diffusons) and localized (locons) 

modes are present in the MOF systems.50,82,279 Ultimately, the results show that the thermal 

transport in these infiltrated porous crystalline systems is not influenced by a loading dependent 

structural change, but rather an increase in extrinsic vibrational scattering introduced by adsorbate-

MOF collisions, as well as adsorbate induced modifications to the vibrational structure resulting 

in hybridization with low frequency modes and concomitant increase in mode localization. The 

infiltrated MOF materials have a higher degree of localized modes at all frequencies compared to 

the un-infiltrated pristine states that are not significantly affected by the mass or bonding strength 

of the guest species.   

 In Figure 5.11, the measured thermal conductivity is plotted as a function of thickness 

for activated pristine and infiltrated samples. For clarity, where multiple MOFs of the same 

thickness were measured, the figure reports the averaged value (refer to Appendix A: Table A 1, 

for full sample details). The results show that infiltrated HKUST-1 samples experience a reduction 

in thermal conductivity, regardless of the composition or bonding morphology of the adsorbate. 

Additionally, the lack of dependance of the thermal conductivity on sample thickness suggests that 

the heat carrying mean free paths of propagons are much less than the film thicknesses or grain 

sizes (~300 nm confirmed from the XRD (see Section 5.2.2.1)), which is consistent with prior 

reports on the mean free paths in these systems.73,280 Further, the lack of a classical size effect also 

signifies that the dominant vibrational modes that contribute to the thermal conductivity of the 

material may be non-propagating (e.g., diffusons).42,50  
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Figure 5.11: Experimentally measured thermal conductivity vs. thickness, of activated pristine and 
infiltrated HKUST-1. These results show the averaged thermal conductivity when multiple 
samples were measured. Table A 1 lists the details of all of the individual samples. The inset shows 
a time series of the thermal conductivity of N2@HKUST-1 for the 400 nm thin and thick samples 
subject to an N2 (g) rich environment at ambient air pressure for an hour. All error bars represent 
an uncertainty of ± 3 nm in the transducer layer thickness and scan-to-scan variability from three 
to seven measurements taken at different locations on the sample surface.  

 The inset in Figure 5.11 shows the time series for the thermal conductivity of 

HKUST-1 during infiltration with N2 (g). As the gas is allowed time to diffuse into the 400 nm 

thin and 5.5 µm thick MOF pores, an evident trend emerges where the reduction in thermal 

conductivity is more significant over longer times. This is likely due to the presence of a higher 

concentration of adsorbed gas in the MOF at longer time intervals. Previous reports of nitrogen  
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Figure 5.12: (a) Thermal effusivity (�𝜅𝜅𝐶𝐶𝑣𝑣) and (b) thermal diffusivity (𝜅𝜅 𝐶𝐶𝑣𝑣� ) for the pristine and 
guest infiltrated HKUST-1 films. The inset in (a) shows the thermal conductivity vs. the volumetric 
heat capacity for each infiltrated species measured with TDTR. The dotted line represents the 
thermal conductivity value that would provide the equivalent thermal effusivity of the pristine 
activated HKUST-1 as a function of volumetric heat capacity described by Eqn. 5.1. 

adsorption isotherms of HKUST-1 exhibit a type-I isotherm trend, according to IUPAC 

classification.259,281 This indicates that adsorption of nitrogen is limited by the accessible 

micropore volume, rather than by the internal surface area of the HKUST-1, which is a common 

characteristic for the adsorption of gases in microporous solids, whose pore sizes are not much 

larger than the molecular diameter of the adsorbate (such as HKUST-1).282 Paired with nitrogen 

adsorption isotherms, the sensitivity of the thermal conductivity of HKUST-1 to the presence of 

adsorbates could provide an avenue to study the mass diffusivity and precise diffusion kinetics of 

the system. However, such a study is currently outside the scope of the research due to the inability 

to measure the pressure inside the Linkam stage while performing TDTR measurements. 

(a) (b) 
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Additionally, previous MD work by Babaei, McGaughey, and Wilmer pointed out that while 

adsorbed gas density increases with time, it actually decreases as the MOF thickness increases.268 

Therefore, an overall increased adsorbed gas density in the thicker sample is an unlikely culprit 

for its reduced thermal conductivity in comparison to the 400 nm thin film. The difference is more 

likely linked to variance in morphology and the presence of defects (indicated by BET 

measurements) in the thicker samples due to different fabrication techniques.  

 In the experimental geometry, TDTR is primarily sensitive to the thermal effusivity 

(�𝜅𝜅𝐶𝐶𝑣𝑣) of the sample (except for the thinnest 200-250 nm SURMOF HKUST-1 sample, where 

TDTR is sensitive to both thermal conductivity and heat capacity simultaneously, as discussed in 

Section 3.1.3), where the thermal conductivity (𝜅𝜅) is the fitting parameter and the volumetric heat 

capacity (𝐶𝐶𝑣𝑣) is taken as a known parameter (either measured, calculated from LD, or obtained 

from the literature226). Effective medium theory would predict that an increase in the density of 

the material (upon loading) would result in an increase in the thermal conductivity due to an 

increase in the density of the porous composite (Figure 5.13 (d) inset). I measure a decrease in the 

thermal effusivity (𝛼𝛼𝑒𝑒𝜕𝜕𝜕𝜕) upon loading with all of the guests, except water, indicating that the 

drastic drop in thermal conductivity cannot be explained by the increase in the density or 

volumetric heat capacity (Figure 5.12 (a)). 

 The inset in Figure 5.12 (a) plots Eqn. 5.1 as a function of volumetric heat capacity 

in addition to the thermal conductivities for the pristine and infiltrated HKUST-1 samples. While 

the infiltrated HKUST-1 thermal conductivities follow the trend captured by Eqn. 5.1, the fact that 

they do not sit directly on the line implies a more complex heat transfer picture where the adsorbate 

acts to introduce compositional disorder into the system. In fact, previous molecular dynamics 

studies on gas loaded MOF systems have reported similar thermal trends, concluding that the 
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reduction in 𝜅𝜅 upon infiltration is due to higher vibrational scattering rates introduced by the 

collisions between gas molecules and the MOF lattice sites. 283 

 All of the adsorbates studied resulted in reduced thermal conductivities ranging from 

40% to 80% depending on the guest molecule. In addition to this, I find that the thermal diffusivity 

(𝜅𝜅 𝐶𝐶𝑣𝑣� )  is even more greatly impacted than the thermal conductivity, by the presence of the 

adsorbates (Figure 5.12 (b)).  In the case of adsorbed water, for example, a threefold thermal 

conductivity reduction, coupled with a sixfold increase in volumetric heat capacity, leads to an 18-

fold reduction in thermal diffusivity. Since the relevant timescale associated with heat dissipation 

in rapid adsorption applications is inversely proportional to thermal diffusivity, these results 

highlight the importance in choosing MOFs with appropriate thermal properties for such 

applications.  

 A characteristic decrease in the thermal conductivity of HKUST-1 SURMOF films 

and thick samples upon infiltration with all guest species is experimentally observed. Figure 5.4 

provides direct evidence for the coordination between the solid guests with the HKUST-1 

framework, however, as previously discussed, the interaction between the liquid and gaseous 

adsorbates within the pore is known to a lesser extent.  Prestipino et al. showed that H2O (g) present 

in the pores of HKUST-1 chemically bind to the Cu(II) sites, resulting in significant modifications 

to the first coordination sphere.254 This structures a hypothesis of the fundamental chemical nature 

of the infiltrated species-MOF interaction that can reduce the thermal conductivity of 

guest@MOFs.  Specifically, hydration results in the distortion of the intrinsic Cu-O bonds in the 

Cu(II) dimer and lengthening of the Cu-Cu distance resulting in an overall increase in cell volume.  

Perhaps the polar liquid adsorbates (methanol, ethanol) may create similarly complex guest-host 

interactions.  Therefore, one might posit that the fundamental chemical interactions between the 
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guest molecules and HKUST-1 pore are responsible for driving down the thermal conductivity in 

the materials studied in his work.  

 To investigate this further, we turn to MD and SED to resolve the effects of bonding 

morphology (orientation and number) on this observed reduction in thermal conductivity and 

vibrational scattering. Allendorf et al. proposed that each TCNQ within a pore likely forms two 

covalent bonds once infiltrated, occurring between two cis terminating nitrile groups and the Cu(II) 

dimers within the open metal sites (OMS) (Figure 5.10).227 Others have identified other possible 

phases of TCNQ within HKUST-1 including a neutral and dimeric species that do not coordinate 

to the open Cu2+ sites.271 Additionally, the spatial distribution of TCNQ within single crystal 

HKUST-1 has found that the diffusive properties of TCNQ occur heterogeneously within the 

MOF, where it concentrates at the crystal edges.236 The pore diffusion of F4/H4-TCNQ has not 

been as thoroughly investigated. These previous works help to inform the likely morphology of 

the solid guest infiltrated films, yet there still remains uncertainty in how different variations in 

the concentration and bonded orientation of guest molecules within pores will affect the thermal 

conductivity of the guest@MOF system.  

 MD simulations were performed with liquid (methanol, ethanol, and water) 

adsorbates in a free unbound state within the pores, and a solid (TCNQ) guest, where the bonding 

morphology was varied by changing the number of bonds and concentration of guest molecules in 

the pore. Figure 5.13 (a)-(c) illustrates the different bonding nature of the systems studied via MD. 

Here, the simulations consider TCNQ infiltrated in three different states within the MOF pore: 

formation of two covalent bonds in a cis configuration (Figure 5.13 (a)), four covalent bonds 

forming a full bridge across the pore (Figure 5.13 (b)), and an unbonded “free state” (Figure 5.13 

(c)), which is similar to the interaction modeled for the liquid adsorbates. The concentration of 
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molecules within the large 9 x 9 Å pore (np) in HKUST-1 was also varied from one to ten for the 

TCNQ. Since the unit cell of HKUST-1 contains one large pore and many interconnected channels 

and small pores which are all accessible to the smaller liquid adsorbates, MD simulations for 

methanol, ethanol, and water were performed where the adsorbates had access to any areas of void 

within the HKUST-1 unit cell, and are denoted according to the number of molecules per unit cell 

(nuc). The methanol, ethanol, and water adsorbate densities were set to 168.75, 98, and 369 

molecules respectively, which were considered to saturate the unit cell.  I use the nomenclature 

‘guest𝑚𝑚𝑝𝑝/𝑃𝑃𝑐𝑐=𝑚𝑚,   𝑝𝑝=𝑎𝑎@HKUST-1’ to indicate the adsorbed bonding conditions, where np is the 

number of molecules per pore, nuc is the number of molecules per unit cell, and b is the number of 

covalent bonds formed with the host (b=0 indicates an unbound free state). I estimate that the 

experimental results for the gas adsorbate resembles the ‘nuc=x, b=0’ case, the  liquid guests 

resemble a combination of the ‘nuc=x, b=0’ and ‘nuc=x, b=1’ cases and the solid guests resemble 

the ‘np=1, b=2’ MD case, however additional phases resembling the ‘np=1, b=0’ and ‘np=2, b=0’ 

structures have also been reported to exist within the TCNQ@HKUST-1 system.271  

 The room temperature MD and experimental results plotted in Figure 5.13 (d) for the 

morphological study of guest-host interactions show a reduced thermal conductivity upon all 

loading cases. In the MD, the greatest reduction occurs for the highest adsorbate loading density 

in an unbound state (for TCNQ, methanol, and ethanol), and the smallest reduction occurs for a 

single TCNQ molecule bonded on all sides by all four terminating nitrile groups.  In the former 

case, non-bonded TCNQ or liquid molecules are free to collide with the framework and scatter 

vibrational modes, resulting in the highest reduction in thermal conductivity. A larger number of 

guest molecules results in an increased reduction, as there is a higher frequency of adsorbate-

framework collisions. This is what would be expected in the case of liquid adsorbates or gas 
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adsorbates that are saturated within the MOF pore. In the latter case, the TCNQ is more sterically 

hindered and oriented within the pore, forming a ‘thermal bridge’, which results in new heat 

transfer pathways that compete with the vibrational scattering introduced by the guest, resulting in 

the smallest overall reduction in thermal conductivity. The intermediate cases involve the TCNQ 

bonded on one side to the pore (b=2), where the TCNQ can still rattle, but has less freedom to 

collide with the adsorbate framework.  

 Additionally, the MD and experimental results for the water@HKUST-1 stand out 

compared to the other infiltrated systems investigated. The MD results predict that adsorption with 

water produces a smaller reduction in thermal conductivity than the other liquid adsorbates 

modeled in an unbound state. In fact, the MD predicted reduction by the water adsorbate is closer 

to the fully bonded TCNQ (np=1, b=4). This is likely a result of the thermal conductivity of water, 

which is ~3x higher than methanol and ethanol, which may compete with the adsorbate-framework 

collisions responsible for the reduction in thermal conductivity upon adsorption. In comparison, 

the measured thermal conductivity of water@HKUST-1 (0.25 ± 0.09 Wm-1K-1) is less than both 

the pristine HKUST-1 (0.63 ± 0.13 Wm-1K-1) and also what would be expected for bulk liquid 

water occupying the same contiguous void space (0.61 Wm-1K-1 x 68% void fraction = 0.41 Wm-

1K-1). This experimental result shows that while the adsorbate reduces the thermal conductivity of 

the HKUST-1, confinement in the MOF pore geometry also acts to reduce the intrinsic thermal 

conductivity of the liquid adsorbate. This is an important conclusion, because it highlights the 

shortcomings of effective medium theory for properly predicting the thermal transport in this 

MOF-adsorbate system (Figure 5.13 (d) inset). 

 Without any direct evidence for the bonding experienced by the polar liquid and 

gaseous guest molecules within the HKUST-1 pores, I also compare the mass effects of the guests  
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Figure 5.13: (a)-(c) Illustrations for the MD simulations where the nomenclature ‘n=x, b=y’ 
indicates the adsorbed bonding conditions, here np is the number of adsorbate molecules per pore, 
nuc is the number of adsorbates per unit cell, and b is the number of covalent bonds formed between 
the guest and host (b=0 indicates unbound, free state). (a) Shows the formation of two covalent 
bonds forming on one side (cis to each other) of a single TCNQ molecule (np=1, b=2), (b) 
illustrates the case where a single TCNQ creates four covalent bonds with the host (np=1, b=4), 
and (c) illustrates an unbonded “free state’ where a single TCNQ molecule resides in each pore 
(np=1, b=0). The concentration of molecules for the solid TCNQ adsorbates within the pore was 
varied from one to ten. Since the HKUST-1 unit cells contain one large pore and a network of 
channels and small pores that can be filled by the smaller liquid adsorbates, the MD for the liquid 
adsorbates was performed at a density of adsorbates per unit cell (nuc) instead of per pore with 

np=1, b=0 np=1, b=4 np=1, b=2 

(a) (b) (c) 

(d) 
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b=0, where nuc is considered fully saturated. (d) Normalized room temperature thermal 
conductivity comparing the MD (purple) to the TDTR measured results for the HKUST-1 and 
solid (red), liquid (blue), and gaseous (green) guest@HKUST-1. All thermal conductivities have 
been normalized to the thermal conductivity of the pristine HKUST-1 (𝜅𝜅𝑃𝑃𝑒𝑒𝑖𝑖𝑠𝑠𝜕𝜕𝑖𝑖𝑚𝑚𝑒𝑒 ). I note the 
experimental data for the 400 nm thin films are shown for TCNQ, F4-TCNQ, and N2. The H4-
TCNQ results are from the 5.5 µm thick samples, and the methanol, ethanol, and water are from 
the 200 nm samples. The inset shows the experimentally measured thermal conductivity for the 
guest molecules as a function of molecular weight, and includes the effective medium theory 
predicted results for the liquid adsorbates.  

to the total thermal conductivity of the infiltrated MOF system by plotting the experimentally 

obtained thermal conductivity to the molecular weight of the guest molecule (Figure 5.13 (d) 

inset). The heaviest guest (F4-TCNQ) is over an order of magnitude more massive than the lightest 

guest (H2O). I note that the liquid guests fill the pores of HKUST-1 with a liquid void fraction 

between 82%-100% (98-369 molecules per unit cell), and the TCNQ guests average one molecule 

per pore.238,260  N2 gas adsorption occurred at ambient pressures, which likely resulted in a low 

concentration of N2 guest molecules in the pore (<1 mmol/g), according to nitrogen adsorption 

isotherms for HKUST-1.259 The experimental results for the solid guest molecules compared 

against the liquid polar guest (methanol, ethanol, water) and N2 gas, do not show the emergence 

of an obvious guest dependent thermal trend; however it is possible that the effects of bonding 

morphology revealed from the MD may fall within the uncertainty of my experimental 

measurements. The MD and experimental results show a decrease in thermal conductivity upon 

infiltration, and neither the mass nor the bonding morphology of the guest suitably predicts the 

magnitude of the reduction.   

 MD-derived SED calculations were performed in the [100] crystallographic plane 

before and after adsorption with liquid and solid guests, to further elucidate the adsorbate-induced 

thermal conductivity reduction via the extrinsic scattering of low frequency vibrational modes 

introduced by the guests.284,285  SED demonstrates that the effect of the adsorbate in each case 
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(water, methanol, ethanol, and TCNQ) was to reduce vibrational mode lifetimes. Figure 5.14 

provides the SED results for water, methanol, and TCNQ. The effects of the liquid adsorbates, in 

a free unbound state (b=0) are so drastic that the peaks disappear (i.e., no vibrational modes exist) 

for modes less than 2.5 THz, therefore a scattering rate could not be calculated. The effect of 

increased vibrational mode scattering from the liquid adsorbates is most pronounced for lower 

frequency phonons (< 2.5 THz). In the pristine HKUST-1, these low frequency modes are thought 

to be responsible for carrying the majority of the heat, since they have the longest lifetimes (> 500 

ps), compared to the higher frequency phonons which intrinsically have very short lifetimes (1.16 

and 0.64 ps for the modes occurring at 56.6 and 91.6 THz, respectively). In this picture, the role 

of the liquid adsorbate is to scatter the long lifetime, low frequency vibrational modes of the 

HKUST-1, diminishing the thermal conductivity of the liquid infiltrated system. It is likely that 

gaseous adsorbates would produce a similar result, where the vibrational mode scattering rate may 

be reduced as a function of the number of gas molecules in the pore.  The SED for the infiltrated 

TCNQ coordinated to the OMS of the MOF shows a different picture from the liquids, where the 

scattering rate is not as drastic for low frequency modes, and occur over a broader range of 

frequencies. Since spectral peaks can be resolved and identified at low frequencies, the mode 

resolved scattering rates can be calculated, and are shown in the inset of Figure 5.14. In the case 

of TCNQ@HKUST-1, vibrational mode lifetimes are reduced over a broad range, from 

approximately 0 – 15.3 THz, upon infiltration.  Vibrational mode lifetimes could not be accurately 

derived above ~3 THz and below ~15.3 THz for the TCNQ@HKUST-1 due to the lack of clearly 

defined peaks in this regime.  Figure 5.14 also shows that the high-frequency modes (>15.3 THz) 

are relatively unaffected by adsorption, however the lifetimes for the low-frequency modes (0.5-

15 THz), are greatly affected by the presence of TCNQ. As mentioned previously, these modes 
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carry the majority of heat at room temperature and are responsible for the large reduction in thermal 

conductivity upon guest adsorption measured experimentally. Vibrational mode lifetimes ≲  15.3 

THz of the TCNQ in a bonded orientation results in shorter lifetimes than in the pristine MOF. In 

total, the MD and SED suggests that extrinsic adsorbate-MOF collisions increase scattering rates 

of extended vibrational modes to drive down the thermal conductivity, where an unbound 

adsorbate is more effective than a bonded adsorbate in diminishing these vibrational mode 

lifetimes. Figure 5.13 (d) shows that the experimentally measured thermal conductivity of the 

TCNQ and TCNQ analogue infiltrated MOFs more closely resemble the unbonded, ‘b=0’ MD 

cases, although their true bonding morphology is expected to resemble the bonded ‘b=2’.286  This 

suggests that while extrinsic adsorbate/MOF collisions likely play a significant role in diminishing 

 
Figure 5.14: Spectral energy density (SED) results of pristine HKUST-1 (black) and infiltrated 
with TCNQ (red) coordinated though two cis terminating nitrile, and water (cyan) and methanol 
(green) infiltrated to saturation in an unbound state. The MD-derived SED calculations were 
performed for the {100} crystallographic plane only. Φ is a representation of the extended 
vibrational mode (i.e. propagon) energy in the frequency domain. The right panel shows the full 
spectrum of modes, and the left panel shows a zoom in from 0.5-1 THz. The inset shows the 
corresponding vibrational mode lifetimes. In the pristine case, many sharp peaks are observed at 
lower frequencies that indicate modes with long lifetimes.  
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the thermal conductivity, the role of the bond between the adsorbate/MOF may not produce a 

competing ‘thermal bridge’ effect as suggested by the MD. Instead, it may further aid in reducing 

the thermal conductivity though changing the vibrational structure via intrinsic mechanisms (i.e., 

hybridizations).  

 The MD and MD -derived SED results allow for the interpretation of the experimental 

data for the MOFs from the perspective that guest molecules collide with the framework, which is 

an extrinsic effect that assumes that the vibrational structure is unchanged. This argument has been 

previously put forth in the literature, and there is sound evidence that this phenomena is significant 

when adsorbates experience weak interactions when infiltrated into the MOF pore.231,283 However, 

in the case where adsorbates coordinate to the OMS, intrinsic mechanisms may also contribute to 

the reduction in the thermal conductivity of the system in the form of an adsorbate induced change 

in the vibrational structure.  

 To investigate the role of the adsorbate bond on the vibrational structure of HKUST-

1, I turn to harmonic lattice dynamics (LD) which captures the effects of bond strength of the 

guest/host interaction. LD simulations were performed only on HKUST-1 infiltrated with solid 

adsorbates (TCNQ and F4-TCNQ), which capture the effects of bond strength of the guest/host 

interaction. The infiltrated cases modeled here are similar to the ‘n=1, b=2’ case modeled in the 

MD. I reiterate that the infiltrated MOFs are crystalline systems that contain intrinsic disorder 

stemming both from the introduction of guest molecules, and from their large unit cells. In 

particular,  a large number of atoms in the unit cell  can result  in low lying optical modes that are 

close to the acoustic modes which produces an increased phase space for scattering events that 

promotes reduced vibrational mode lifetimes.66,129  Indeed, the LD derived dispersions show  
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Figure 5.15: LD derived dispersions for (a) pristine HKUST-1, (b) TCNQ@HKUST-1, and (c) F4-
TCNQ@HKUST-1. The circled areas in the dispersion indicate the emergence of flat modes upon 
adsorption. The asterisks indicate possible phonon hybridization such as anti-crossings occurring 
within the dispersions upon guest adsorption. (d) The vibrational density of states is plotted on a 
log scale for the TCNQ(F4-TCNQ)@HKUST-1 systems. The emergence of new modes upon 
infiltration is apparent in both the TCNQ and F4-TCNQ DOS from 10-20 THz. The inset is a zoom 
in of the DOS from 9.5-10.3 THz and highlights the hybridization occurring upon TCNQ 
adsorption.   

evidence of low lying optical propagons and avoided crossings occurring in the infiltrated 

HKUST-1 systems studied here (Figure 5.15 (a)-(c)). Additionally, the trend in lifetimes captured 

by SED (Figure 5.14 (inset)) shows that the thermal transport in pristine HKUST-1 can be 

(d) 

(c) (b) (a) 
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described by a propagon-diffuson picture, and the addition of a guest adds disorder which breaks 

the crystal periodicity.  Therefore, I offer an interpretation of the heat transport in these partially 

disordered material by calculating the inverse participation ratio (IPR), which provides insight into 

how vibrational modes with different frequency and localization characteristics contribute to 

thermal conductivity.287  Additionally, the Allen-Feldman (A-F) method for calculating thermal 

conductivity also provides insight in the limit where vibrational modes are defined as diffusons.74 

 Figure 5.16 (a) replots the vibrational density of states (DOS) for the pristine and 

TCNQ infiltrated HKUST-1 compared to a single, isolated TCNQ molecule. From this, it is 

evident that the emergence of a new population of localized modes within the TCNQ@HKUST-1 

system corresponds with molecular modes intrinsic to the single TCNQ molecule.[45–47] The IPR 

offers a methodology to comprehend the effect of this new population of modes, conceptualizing 

the contribution of delocalized extended modes (propagons and diffusons) and localized (locons) 

modes given by: 

𝐼𝐼𝑃𝑃𝑑𝑑 = ∑ (∑ 𝑓𝑓𝑖𝑖𝑖𝑖
23

𝑖𝑖=1 )2𝑁𝑁
𝑖𝑖

(∑ (𝑁𝑁
𝑖𝑖=1 ∑ 𝑓𝑓𝑖𝑖𝑖𝑖

23
𝑖𝑖=1 ))2

 ,                                                  (5.2) 

where 𝑁𝑁 is the number of atoms in the unit cell (624) and 𝑢𝑢𝑖𝑖𝛼𝛼 is the eigenvector component for 

atom 𝑖𝑖 in the direction 𝛼𝛼.83 Here, I define locons whose eigenvectors spread across 20% or less of 

the atoms in the unit cell (corresponding to 125 atoms, IPR=1/N ≥0.008), which has been shown 

by others to be a reasonable delineation.83,288 Figure 5.16 (b) shows the IPR results calculated for 

the vibrational modes at the Γ point of the Brillouin zone. The non-propagating modes become 

increasingly localized in the infiltrated cases, where modes outside of the blue shaded region (IPR 

≥0.008) are localized. To quantify these results, I plot the accumulation of the total number of 

locons at the Γ point as a function of frequency in Figure 5.16 (d). In total, the HKUST-1 infiltrated 
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TCNQ and F4-TCNQ show that 40% and 38% of the modes become localized respectively, 

compared to only 2% in the pristine HKUST-1, at the Γ point. In particular, a high concentration 

of localized modes appears between 13-32 THz. Together, Figure 5.16 (c) and (d) show that the 

more weakly bonded F4-TCNQ results in slightly less localized modes than the stronger bonded 

TCNQ, and that low frequency non-propagating modes (< 4.65 THz) contribute considerably to 

the total thermal conductivity of the infiltrated material.   

 The IPR results (Figure 5.16 (b),(d)) show that the bonded adsorbate contributes to a 

substantial population of localized modes that span a broad range of frequencies. In particular, 

these modes are concentrated from 13-32 THz, which corresponds to a high degree of overlap with 

the single isolated TCNQ molecule vibrational spectrum. This shows that the coordinated guest 

molecules residing in the pores of the MOF contribute to the reduction of the thermal conductivity 

of the MOF through two intrinsic mechanisms resulting in a change of the vibrational structure of 

the MOF. First, hybridization (i.e., avoided crossings) with propagons will tend to broaden peaks 

in the vibrational density of states,130 and such behavior has been shown to significantly reduce 

the thermal conductivity (though the mechanism is still heavily debated).66,73 I see evidence of 

hybridization occurring in the infiltrated systems captured as low lying optical and acoustic 

coupling in the dispersions and broadening of peaks in the DOS shown in Figure 5.15. Second, the 

adsorbates add disorder into the system resulting in a substantial increase of localized incoherent 

vibrational modes over a broad frequency range, which increases the phase space for scattering 

events to occur, thus driving down extended vibrational mode lifetimes (Figure 5.16(b)(d)). The  
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Figure 5.16: (a) Vibrational density of states (DOS) for the HKUST-1 (black) and, 
TCNQ@HKUST-1 (red) compared to the vibrational spectrum of a single isolated TCNQ 
molecule (blue dotted lines). The DOS for, F4-TCNQ@HKUST-1 (green) systems has been left 
off for clarity. There is an emergence of new modes over a broad range of frequencies upon 
infiltration that overlap with the TCNQ molecular modes (pointed out by the green arrows). (b) 
Mode resolved inverse participation ratio (IPR) calculated at the Γ wave vector only. The blue 
shaded region corresponds to the delocalized modes, where the transition from delocalized to 
localized modes occurs at an IPR ≥ 0.008, corresponding to where the eigenvectors that are is 
spread across 20% or less of the atoms in the supercell (125 atoms). (c) Thermal conductivity 
accumulation  from non-propagating modes (diffusons and locons) calculated from Allen-Feldman 
theory at 300 K normalized to the κA-F for pristine HKUST-1 and (d) the accumulation of IPR 
calculated localized modes at the Γ wave vector with the molecular spectrum of TCNQ 
superimposed (blue dotted lines). 

localized modes in the DOS appear as delta functions,130 and are clearly seen from 9.7 – 16.2 THz 

in Figure 5.16 (a), though IPR results indicate they occur over many frequencies. The effect of 

(a) (b) 

(c) (d) 



141 
hybridization and localized modes over a broad frequency is evidence that the coordinated nature 

of the adsorbate introduces intrinsic effects, which further contributes to the reduction in thermal 

conductivity of the adsorbate-MOF system. 

 The effects of non-propagating modes (diffusons) are captured by calculating the 

normalized thermal conductivity accumulation function from the A-F method.74 Figure 5.16 (c) 

shows the A-F thermal conductivity accumulation normalized to the pristine HKUST-1 thermal 

conductivity. The results show that low frequency non-propagating modes (0-4.65 THz) contribute 

to a higher degree to the thermal conductivity for the infiltrated HKUST-1, however short 

wavelength modes > 4.65 THz participate to a larger degree in the pristine case. This indicates 

anincrease in the contribution to thermal conductivity of non-propagating modes at frequencies 

below 4.65 THz when infiltrated, however there is a reduction in diffuson contribution at higher 

frequencies which is consistent with the majority of the molecular vibrational modes from the 

isolated TCNQ molecule. Note that the contribution of propagons is not included in the A-F 

thermal conductivity approach. In total, the A-F derived thermal conductivities show a reduction 

in thermal conductivity for both the TCNQ and F4-TCNQ infiltrated systems (21% and 24% 

respectively), where varying the bond strength of the guests to the host lattice by ~8%, and the 

mass of the guest atom by 35% leads to only a ~3% difference in the thermal conductivity between 

the lighter stronger bonded TCNQ and the heavier weaker bonded F4-TCNQ guest molecules. This 

indicates that the guest/host bond strength does not greatly affect the thermal conductivity 

reduction. 

 In summary, the thermal conductivity of thin film and thick polycrystalline HKUST-

1 infiltrated with gas, liquid, and solid adsorbates were experimentally measured with TDTR, and 

the thermal transport processes were investigated by MD, SED, and LD. These adsorbates allow 
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for the investigation of a variety of weak and strong guest-host interactions on the thermal 

conductivity of HKUST-1. I find that the thermal and mechanical properties of the thin and thick 

samples are quite consistent despite very different fabrication techniques and locations. Upon 

infiltration, the thermal conductivity of HKUST-1 decreases by 40 – 80% depending on the 

adsorbate, that cannot be explained by effective medium approximations.  Adsorbates that weakly 

interact with the pore promote high adsorbate-MOF collisions that result in the reduction in 

thermal conductivity through enhanced vibrational scattering rates of low frequency modes, where 

liquid adsorbates significantly reduce the lifetimes of low frequency vibrational modes. 

Coordination between the adsorbate and MOF also results in reduced lifetimes of low frequency 

modes through extrinsic adsorbate-MOF collisions, but to a lesser extent. In addition, coordinated 

adsorbates also change the vibrational structure of the HKUST-1 through hybridizations with 

acoustic vibrational modes that are concomitant with an increased population of localized modes 

occurring over a broad range of frequencies. Together, the experimental and LD results show that 

the degree of orbital overlap experienced by the solid guests does not greatly affect the degree of 

thermal conductivity reduction experienced upon guest adsorption.   

 This work experimentally and theoretically investigates the role of coordination (by 

choosing solid guest adsorbates that produce varying degrees of orbital overlap with the MOF) 

and composition of guests introduced to the HKUST-1 pore. The MD revealed that the bonding 

morphology (i.e., bond concentration and orientation) may play the largest role in predicting the 

magnitude of reduction in thermal conductivity, where an unbonded guest molecule that can 

collide with the pore wall may produce the largest reduction, and bonds formed between the 

guest/host can serve to compete with scattering processes by acting as ‘thermal bridges’. However, 

the experimental and LD results indicate that adsorbate-MOF bonding serves to enhance, rather 
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than hinder vibrational scattering rates through promoting changes to the vibrational structure of 

the MOF via hybridization. 

5.4 Results: The Effects of Pore Morphology (ZIF-8 vs. HKUST-1) 

 The high structural tunability of MOFs allows for this class of material to come in 

many shapes and sizes. In particular, the physical and chemical structure of the pores can be 

deliberately tuned to achieve specific topologies and structures comprising of well-defined pore 

geometries including: squared, rectangular, triangular, and window-connected cages.244 The pore 

chemistries can also contain (or lack) open metal sites (OMS) within the pore, which are a feature 

of the coordination chemistry responsible during the MOF fabrication process. In particular, MOFs 

that contain OMS contain metal nodes that are not fully coordinated by ligands, so that a lone 

electron pair is available on each metal site to interact with any nearby adsorbates, and often leads 

to an increased interaction with sorbate molecules compared to MOFs where the metal sites are 

fully coordinated (non-OMS MOFs).289  In this section, I investigate the roles of pore composition 

and morphology on the effect of adsorbates on the thermal conductivity of MOFs by comparing 

and contrasting the thermal conductivity of pristine and infiltrated ZIF-8 with HKUST-1.  

 The chemical and mechanical stability, combined with the wealth of information on 

the adsorption and diffusion properties of ZIF-8 and HKUST-1 make these two MOFs great 

candidates for studying the roles of pore composition and morphology on thermal 

transport.247,259,260,290 They both contain cubic unit cells, however exhibit very different pore 

morphologies due to the nature of their metal nodes and organic linkers (Zn2+ cations that result in 

tetrahedral coordination, vs. Cu dimer SBUs that result in octahedral coordination geometries). 

Specifically, HKUST-1exhibits 9 x 9 Å rigid square pores, whereas ZIF-8 contains flexible/floppy 

cage-like pores that are ~11.6 Å in diameter (see Table 5.1 for a side by side comparison of 
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composition and morphology characteristics).245,259–262 Additionally, their pore compositions are 

also different. HKUST-1 contains OMS that promote increased interactions between the copper 

dimer SBU nodes and adsorbates, that make their way into the pores. The metal Zn2+ nodes in ZIF-

8 however, are fully coordinated to the ligands and therefore ZIF-8 is classified as a non-OMS 

MOF. It has been indicated that the adsorbate-framework interaction within the pores of non-OMS 

MOFs are much weaker (hydrogen bonding, Coulombic interactions, van der Waals bonding) with 

the pore compared to OMS type MOFs.291 In this work, the thermal conductivities of thin ZIF-8 

films were measured experimentally with TDTR in pristine activated form, and infiltrated with gas  

 

 Figure 5.17: (a) Thermal conductivity of the pristine activated ZIF-8 thin film from this work 
compared to previously reported experimental measurements performed on 300 nm thin 
polycrystalline films (Cui et al.),121 polycrystal and single-crystal particles (Huang et al.),292 and 
an equilibrium molecular dynamics simulation study (Zhang and Jiang).244 (b) The thermal 
conductivity of 280 nm thin ZIF-8 films measured with TDTR in pristine activated and infiltrated 
form. The adsorbates include liquid ethanol, methanol, and water and N2 gas. The ethanol and 
water adsorbate results are compared to MD simulations carried out by Wei et al. when the 
adsorbates saturate the pores at 160 molecules per pore.293  The N2 adsorbate results are compared 
to experimental results from Cui et al. measured at a chamber pressure of 0.70 atm.121 The expected 
thermal conductivity from effective medium theory when the pores are fully saturated (blue 
symbols) and when the pores are 29% filled (purple symbol) are also plotted. 

(a) (b) 
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(N2) and liquid (ethanol, methanol, and water) adsorbates. The pristine and infiltrated ZIF-8 results 

are compared to the pristine and infiltrated HKUST-1 to illuminate how pore composition and 

morphology affects the role of adsorbates on the thermal conductivity of MOFs. 

 The thermal conductivity of pristine and infiltrated polycrystalline ZIF-8 thin films 

were measured using TDTR. Figure 5.17 (a) compares the TDTR results of the 280 nm  

polycrystalline ZIF-8 thin film studied here, to previous experimental119,121 and computational244 

reports. These previous experimental results were obtained on samples of differing morphologies, 

including 300 nm polycrystalline thin films (which most closely resemble the morphology of the 

film studied here) measured by 3𝜔𝜔,121 and polycrystal and single-crystal samples of ZIF-8 

measured with Raman-resistance temperature detectors (Raman-RTD).292  It should be noted that 

Cui et al. reports a thermal conductivity of 0.326 Wm-1K-1for their pristine ZIF-8 films, however 

a closer look at all of their data reveals that the average thermal conductivity that they measure on 

all of their samples is 0.28 ± 0.11 Wm-1K-1, which is what is plotted in Figure 5.17 (a) and is much 

more consistent with the value measured in this work (0.23 ± 0.07 Wm-1K-1). Figure 5.17 (a) shows 

that the previously reported experimental and MD derived thermal conductivities are within the 

same order of magnitude. Differences in the experimental results may be attributed to different 

concentrations of grain boundaries and defects occurring in the polycrystalline films vs. the 

polycrystalline and single crystal particles.292 Further, the higher thermal conductivity exhibited 

by single-crystal ZIF-8 can be attributed to the lack of inter-crystal thermal contact resistances, 

where interfacial resistance between adjacent crystals and grain boundaries within the 

polycrystalline particle and films serve to reduce their overall thermal conductivity.28,292    

 The pristine activated ZIF-8 thermal conductivity results are compared to liquid and 

gas infiltrated ZIF-8 in Figure 5.17 (b). These results are also assessed against previous reported 
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measurements of pristine and N2 (g) infiltrated ZIF-8 films,121 and MD293 reported in the literature 

for ethanol and water infiltrated ZIF-8. Figure 5.17 (b) shows that the TDTR experimental 

measurements do not indicate a discernable change, within uncertainties, in the thermal 

conductivity of ZIF-8 in the presence of all adsorbates. These results are in contrast to the reported 

values from the MD simulations, which predicted between a 27%-130% increase in the thermal 

conductivity upon adsorption with water and ethanol respectively.293 In fact, the previously 

published MD results are more in line with what would be expected from an effective medium 

theory (EMT) approach for calculating the thermal conductivity, assuming the pores were fully 

saturated with the adsorbate. Since water is not easy infiltrated into the hydrophobic ZIF-8, I also 

show the expected EMT results when water fills ~29% of the pore void fraction. Previous 

experimental reports of ZIF-8 infiltrated with N2 (g) at a pressure of 0.7 atm indicate no discernable 

change in thermal conductivity in comparison to their pristine ZIF-8 film, which are consistent 

with what I observe with TDTR.121 In total, the TDTR measurements show that adsorbates neither 

hinder nor enhance the thermal transport in infiltrated ZIF-8 films, and that EMT is not appropriate 

for predicting the thermal conductivity of these two-phase materials.  

 A major goal of this dissertation is to address the challenge in understanding the 

thermal transport in porous crystalline material by clarifying the role of adsorbates on the thermal 

properties of crystalline porous material. As a broad material class, the generality of adsorbate-

induced thermal conductivity in MOFs is still to be determined. However, I offer insight into this 

by comparing and contrasting the experimentally measured thermal conductivity results of pristine 

and infiltrated ZIF-8 and HKUST-1 MOFs. The thermal conductivities of the activated pristine 

ZIF-8 and HKUST-1 measured here are 0.23 ± 0.07 and 0.64 ± 0.14 Wm-1K-1, respectively. The 

higher thermal conductivity exhibited by the HKUST-1 is expected, and can be attributed to both 
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the higher concentration of metal atoms in the unit cell (accomplished through the SBU), and also 

due to its rigid nature in comparison to ZIF-8. This stems from the principle that the modulus of a 

material is proportional to the thermal conductivity, where soft materials tend to be thermally 

insulative and stiff materials tend to be thermally conductive.91 The elastic modulus of single 

crystal ZIF-8 has been reported as 2.97 ± 0.05 GPa,261 while HKUST-1 is much higher at 9.3 

GPa.273 In the case of the MOFs studied here, composition outcompetes any differences in pore 

morphologies, where the larger pore size in the ZIF-8 is not necessarily attributable to the lower 

thermal conductivity of the two MOFs under investigation, which has been shown to be the case 

in simulations of idealized model structures.231  

 Further, Table 5.1 displays the MOF’s composition and morphologies. Highlighting 

their similarities, they both have cubic unit cells with very similar densities (~0.95-0.96 g cm-3), 

BET surface areas (~1450-1805 m2 g-1) and pore volumes (0.65-0.69 cm3g-1).235,245,259–262  

However they exhibit very different pore morphologies, and the compositional presence of OMS 

within HKUST-1 promotes strong interactions with any adsorbates in comparison to the non-OMS 

ZIF-8. The presence of adsorbates in ZIF-8 and HKUST-1 results in different trends in the thermal 

conductivity of the guest@MOF species. The normalized experimentally measured thermal 

conductivity of the ZIF-8 and HKUST-1 MOFs are plotted in Figure 47 (a), where each sample 

has been normalized to the pristine value of their respective MOF species. Adsorbates serve to 

significantly reduce the thermal conductivity of HKUST-1, while they neither enhance nor hinder 

the thermal conductivity of ZIF-8. While it is not possible to individually tease out the effect of 

pore morphology (shape) vs. composition (OMS vs. non-OMS) directly, I can turn to the MD/SED 

results presented previously to offer an evidence-based hypothesis for the different response in 

thermal conductivity upon infiltration for each MOF. Due to the presence of the OMS’s within 
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HKUST-1, it is likely that adsorbates coordinate to the host structure, whereas in the ZIF-8 they 

likely experience weak interactions.267 The MD and SED results in Figure 5.13 and Figure 5.14 

demonstrated that adsorbates in an unbound state that are free to collide with the pore would 

promote the highest reduction in thermal conductivity, while coordination between the guest/host 

would dampen the effect by acting like a ‘thermal bridge’. Therefore, if the only difference 

between the two MOFs was how the guests interacted with the pore, one would expect that the 

ZIF-8 would experience the largest reduction in thermal conductivity upon guest infiltration, 

however experimentally the opposite trend is observed. Interestingly, MD results from Hasan, 

McGaughey and Wilmer show that only MOFs with small pores would experience a reduction in 

thermal conductivity in the presence of adsorbates due to extrinsic vibrational scattering 

introduced by gas-crystal interactions, where they set the upper limit to pores with diameters of 

~1.7 nm.232 Above this threshold, thermal conductivity was not expected to change with increasing 

gas density due to less frequent gas-adsorbate collisions. ZIF-8 contains slightly larger pores (1.16 

nm)262 than HKUST-1 (0.9 nm), that begin to approach the upper limit established previously from 

MD. Therefore, the pores may be large enough where adsorbate induced phonon scattering is 

reduced due to less frequent gas-adsorbate collisions. Additionally, the intrinsic flexibility of ZIF-

8 also likely plays a significant role in the lack of change in thermal conductivity upon infiltration. 

ZIF-8 pores are capable of large deformation at room temperature, where reversible 

rotation/reorientation of the mIm linker (while preserving the crystallinity) allows for the passage 

of molecules larger than the pore’s intrinsic aperture size (~0.34 nm); this intrinsic structural 

quality of ZIF-8 increases the pore aperture without increasing the pore volume, resulting in 

additional adsorbates to be accommodated into the pores leading to a more efficient packing.249 

From a thermal perspective, increasing the density of the system by adding adsorbates into the  
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Figure 5.18: (Left) Normalized thermal conductivity of ZIF-8 and HKUST-1 infiltrated with 
various adsorbates. All samples have been normalized to the thermal conductivity of their 
respective pristine MOF. (Right) The thermal diffusivity vs. volumetric heat capacity for the 
pristine and infiltrated ZIF-8 and HKUST-1 MOFs.  

pores would be expected to result in an increased degree of resistance toward deformation (increase 

in elastic constants). The unit cell deformation and mechanical stiffening followed by adsorption 

would be predicted to increase the thermal conductivity, and therefore may compete with the effect 

of phonon scattering introduced by collisions between the guest and pore, so that the thermal 

conductivity is neither enhanced or reduced.   

 Thermal diffusivities (𝜅𝜅/𝜌𝜌𝑐𝑐, where 𝜌𝜌 is density and 𝑐𝑐 is heat capacity) of ZIF-8 and 

HKUST-1 in Figure 5.18 (b) further contrast the thermal processes exhibited by these two MOFs. 

HKUST-1 shows a huge change in thermal diffusivity upon infiltration whereas ZIF-8 does not. 

For example, in the presence of water, HKUST-1 experiences an 18-fold reduction while ZIF-8 

only experiences an approximately 3-fold reduction in thermal diffusivity. This result is critical, 
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because heat dissipation time scales in rapid adsorption applications are proportional to the thermal 

diffusivity, and therefore it is essential that the vastly different sensitivities in the thermal 

diffusivities of MOFs intended for gas adsorption applications should be considered. Figure 5.18 

(b) indicates how two MOFs similarly designed for gas storage applications may produce very 

different efficiencies due to how their thermal properties change in the presence of adsorbates. 

HKUST-1 thermal diffusivity is drastically lowered by adsorbates, which would exacerbate the 

challenge of dissipating the heat produced during exothermic adsorption, while ZIF-8 changes 

minimally and may perform better under rapid loading conditions. 

5.5 Conclusion 

 Metal organic frameworks offer a unique system to study the thermal properties of 

periodic porous crystals in pristine and adsorbed states. I showed that infiltrated HKUST-1 MOFs 

result in a reduction in thermal conductivity with all adsorbate species studied, and that the role of 

adsorbates in ZIF-8 neither enhances nor hinders the thermal transport. These results are crucial, 

because they show how the composition and pore morphology of MOFs dictate the role of 

adsorbates on the thermal transport properties within this material class. These results are also 

significant because they inform the limited current studies of the thermal transport of MOFs that 

draw conflicting conclusions on the role of adsorbates on thermal conductivity.119–

121,232,239,244,292,294,295 Specifically, simulations performed on adsorbed gas species have indicated 

that the adsorbate will reduce the thermal conductivity of MOFs due to enhanced scattering in the 

framework caused by gas-framework collisions,232 while others have computationally shown an 

increase upon gas adsorption will occur since adsorbates act to increase the available heat transfer 

channels within the material.120 Here, I show that as a general rule, effective medium theory is not 

an appropriate approximation for describing the thermal conductivity of guest infiltrated MOFs. 
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The role of adsorbates on the thermal conductivity of the guest@MOF system depends on the 

bonding morphology between the adsorbate-MOF, and also the physical/mechanical properties of 

the MOF. In the case where adsorbates experience weak interactions within the pore (hydrogen 

bonding, van der Waals forces, or unbound free state) the thermal conductivity is reduced through 

an extrinsic mechanism of enhanced vibrational scattering rates of the low frequency MOF 

vibrational modes through adsorbate-crystal collisions. However, when the adsorbate strongly 

interacts with the MOF pore through coordination, the extrinsic effects of the adsorbate are 

accompanied by intrinsic effects that modify the vibrational structure of the system promoting a 

reduction in thermal conductivity. Specifically, coordinated adsorbates change the vibrational 

structure of the MOF by producing hybridization with acoustic vibrational modes that are 

connected to an increased population of localized incoherent vibrational modes over a broad range 

of frequencies. The magnitude of these extrinsic and intrinsic effects in reducing the thermal 

conductivity of the MOF system is dependent on both the pore size and the mechanical properties. 

In the case of HKUST-1 which is comparably rigid with relatively small pore sizes, the effect of 

adsorbates drastically reduces the thermal conductivity from the pristine state by 40-80%, 

depending on the adsorbate. Alternatively, in ZIF-8, the larger, structurally flexible pores dampen 

the thermally inhibiting effects of the adsorbates so that the thermal conductivity is neither 

enhanced nor reduced upon infiltration.    
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Chapter 6 

6. Summary, Future Projects, and Impact 

“The future will feature ideas that are barely glints in the engineers’ eyes right now…How do I 
know? Because ingenuity is rampant as never before in this massively networked world, and the 
rate of innovation is accelerating, through serendipitous searching, not deliberate planning.” 
 

- Matt Ridley, The Rational Optimist 

 Progress in modern technologies require device miniaturization coupled with material 

optimization and high performance – do more with less! In order to engineer highly efficient 

nanomaterials, it is imperative to understand the roles of composition and morphology on the 

fundamental behavior of heat carriers.   In this dissertation I considered two classes of nano-

materials with relevance towards energy harvesting applications such as thermoelectric systems, 

and gas sorption technologies like gas separation and storage. I showed that the role of extrinsic 

defect scattering from compositional disorder in nano-composite chalcogenide crystalline material 

leads to a reduced thermal conductivity as opposed to intrinsic phonon-phonon processes that are 

responsible for the intrinsically low thermal conductivity of each parent material. Additionally, I 

also illuminated the role of guest molecules on the thermal transport in porous crystalline materials 

by studying how adsorbate composition effects the thermal processes in two metal organic 

frameworks, HKUST-1 and ZIF-8, with varying pore compositions and morphologies. Here I 

showed that the adsorbates add disorder into the material system resulting in both extrinsic 

(adsorbate-crystal collisions) and intrinsic (change to the vibrational structure including 

hybridization, and an increase in the population of localized modes) effects that serve to reduce 

the thermal conductivity of the guest infiltrated system. The extent of these diminishing effects on 
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the overall thermal transport is dependent on both the adsorbate-MOF bonding morphology, and 

the morphology of the MOF itself (pore size, modulus).      

6.1 Summary 

 This section provides a brief summary of each chapter within this dissertation. 

Chapter 2 introduced core concepts of macroscopic heat transport, with special focus on Fourier’s 

law of heat conduction. This set the stage for an overview of microscopic heat transport concepts 

that discuss kinetic theory to model the thermal conductivity of crystalline material in addition to 

the different mechanisms and origins of phonon scattering. Then I moved to an overview of 

modified analysis frameworks for describing the thermal transport in disordered material, to 

compare and contrast the differences between heat transport processes in ordered crystalline 

material and disordered amorphous material. This provided the reader with context in 

understanding that ambiguity exists in establishing an analytical framework to address the thermal 

transport in crystalline material containing high degrees of disorder, such as structured nano-

composites presented in Chapter 4 and infiltrated MOFs presented in Chapter 5. Chapter 2 also 

discussed the relationship between the mechanical and thermal properties of material through the 

Leibfried and Schlomann relation, and provides a review of thermal measurements on porous 

material that summarizes the state of the field regarding thermal transport processes in this material 

class, which is further developed in Chapter 5.   

 Chapter 3 detailed the experimental techniques used in this dissertation to obtain the 

thermal measurements reported in Chapter 4 and 5, and also the group velocity and elastic modulus 

measurements reported in Chapter 5. This chapter contains an overview of the analytical procedure 

for both obtaining, and evaluating the data with respect to the thermal and acoustic wave response 

for a pulsed Gaussian surface heating source, heating a multilayer sample, and also quantifies the 
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uncertainties of each measurement technique. Here, I showed how a single pump-probe 

thermometry technique can be configured to measure both the thermal and mechanical properties 

of a sample via TDTR and pump-probe Brillouin scattering, respectively. 

 In Chapter 4 the thermal conductivities of ALD-grown thin film PbTe-PbSe nano-

composite were reported to examine the effects of engineered disorder in the form of point defects, 

nano-precipitates, internal interfaces, and grain boundaries in chalcogenides. The compositional 

variation and resulting point and planar defects gave rise to additional phonon scattering events 

that reduced the thermal conductivity below that of the corresponding ALD-grown control PbTe 

and PbSe films. Temperature dependent thermal conductivity measurements further supported 

these findings that the phonon scattering and resulting thermal conductivities in these ALD-grown 

PbTe-PbSe thermoelectric materials are driven by extrinsic defect scattering processes as opposed 

to phonon-phonon scattering processes intrinsic to the PbTe or PbSe. The implication of this work 

is that polycrystalline, nanostructured ALD composites of thermoelectric PbTe-PbSe films are 

effective in reducing the phonon thermal conductivity, and hereby represent a pathway for further 

improvement of the figure of merit (ZT), enhancing their thermoelectric application potential. 

 In Chapter 5 the thermal conductivity of two metal organic frameworks (HKUST-1 

and ZIF-8) were measured in pristine and infiltrated form, to study the effect of pore composition 

and morphology, and adsorbates, on the thermal processes of infiltrated crystalline material. Upon 

infiltration, the thermal conductivity of HKUST-1 decreases by 40 – 80% depending on the 

adsorbate. The experimental results for HKUST-1 were supported by MD, SED, and LD 

simulations that explored the mechanisms for the adsorbate initiated reduced thermal conductivity 

from both a disordered propagon/diffuson/locon framework. I showed that the bonding 

morphology (unbonded vs. coordinated) between the MOF and adsorbate results in slightly 
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different thermal transport phenomena within the guest@MOF material. Specifically, the MD 

shows that adsorbates in an unbound state produce many adsorbate-crystal collisions, which is an 

extrinsic effect that increases low frequency vibrational mode scattering rates that reduce the 

thermal conductivity of the MOF. When the adsorbate is coordinated to the MOF however, 

intrinsic effects such as changes to the vibrational structure of the HKUST-1 occur that serve to 

drive down the thermal conductivity. From a phonon picture, the LD shows the emergence of mode 

hybridization as indicated by anti-crossing and flat modes in the dispersions, features that have 

been attributed to diminished thermal transport. The inverse participation ratio indicated that 

infiltration with a guest significantly increases the population of locons over a broad frequency 

(not just high frequency), that contribute to the reduction of the thermal conductivity.  Further, the 

influence of adsorbates on ZIF-8 was negligible, where the thermal conductivity was neither 

enhanced or diminished. While the extrinsic and intrinsic adsorbate effects were likely present, 

competing thermal effects from the larger pores (that reduce the frequency of adsorbate-crystal 

collisions) and the intrinsic pore flexibility (which leads to high loading densities resulting in an 

enhanced resistance to deformation) of the ZIF-8 MOF likely dampen the effects of the adsorbates. 

In total, I show that an effective medium approximation is not appropriate for describing infiltrated 

MOF material.    

6.2 Future work 

• Temperature Dependent Measurements of MOF Thermal Conductivity 

 In Chapter 5, I showed that the thermal transport mechanisms in MOFs can be 

interpreted from a disordered framework (propagons, diffusons, locons), since these crystalline 

materials contain significant disorder due to their large unit cells, and through the introduction of 

adsorbates which breaks the crystal periodicity. There still exists ambiguity in quantifying the 
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contributions of different characteristic vibrational modes in these MOF systems (i.e., 

differentiating propagons from diffusons). Temperature dependent thermal conductivity 

measurements provide more insight into the role of characteristic modes on the thermal properties 

of these complicated MOF material. Figure 6.1 shows preliminary results from experimental 

temperature dependent measurements obtained with TDTR on 400 nm thin films and 5.5 µm thick 

samples compared with the Leibfried and Schlomann (L-S) prediction  for lattice thermal 

conductivity (Eqn. 2.14). The temperature dependent HKUST-1 trends are compared to the L-S 

prediction for thermal conductivity, instead of an effective medium prediction, because L-S 

provides a propagon perspective by including three-phonon scattering strength terms from the 

average Gruneisen parameter. Both pristine and infiltrated MOF’s exhibit a typical T-1 temperature 

dependent trend that is consistent with crystalline materials, where thermal conductivities above 

the Debye temperature of the solids are mainly driven by anharmonic phonon-phonon scattering 

processes.52 The L-S prediction qualitatively captures the temperature dependence for the thin film 

better than the thick samples. This might be due to higher sample quality of the thin films as 

compared to the thick samples (supported by BET surface area calculations (Table 5.2)), where 

defect scattering from incomplete coordination to the BTC linker could potentially lead to the 

deviation from the characteristic 𝜅𝜅 ∝ 𝑇𝑇−1 behavior. These preliminary temperature dependent 

results are quite surprising, because they show that the dominating mechanism limiting thermal 

transport in both the pristine and infiltrated HKUST-1 maybe intrinsic (phonon-phonon scattering 

from increased anharmonicity at higher temperatures) rather than extrinsic defect scattering 

resulting from the large disorder of the material system.280  It also indicates the need to differentiate 

between contributions from propagons and diffusons in these material. If this trend can be further 

validated on more pristine and infiltrated HKUST-1 samples, and in other MOFs (like ZIF-8), it  
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Figure 6.1: Preliminary experimentally measured temperature dependent thermal conductivity for 
pristine, TCNQ@HKUST-1 and F4-TCNQ@HKUST-1 (left) 400 nm thin films and (right) 5.5 µm 
thick HKUST-1. The Leibfried and Schlomann (L-S) relation (Eqn. 2.14) is plotted as a dashed 
line. 

might demonstrate that the plane-wave propagating character of vibrational modes dominates in 

these material systems. Similarly, a combination of anharmonic properties, and the interaction 

between guest and host phonon modes would also be responsible for the thermal trends in the 

infiltrated MOFs.  

 There has only been one paper, to my knowledge, that has reported similar 

experimental temperature dependent results occurring in pristine MOF-5. Huang et al. reported 

that the mean free path (MFP) in pristine MOF-5 is proportional to 𝑇𝑇−2.16, owing to both inter-

phonon scattering and lattice distortion.119  While the pristine HKUST-1 thin films reported here 

follow a T-1 trend quite well, the TCNQ and F4-TCNQ infiltrated HKUST-1 trends approach T-2, 
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echoing that lattice distortion may occur in the presence of adsorbates in HKUST-1.  Huang et al. 

also showed that the minimum MFP of MOF-5 is on the order of the cage size (7.16 Å), which is 

much smaller than the lattice constant. They show with simulations that acoustic phonons are 

reflected at the connector between the cage and bridge.233 It is still not known whether this 

assessment can be generalized to other MOFs with varying cage structures, and further 

investigation into this would serve to help generalize these concepts.    

• TDTR Sensitivity to Thermal Processes in the Pores:  

 In its standard configuration, the ultrafast timescales and sensitivities of TDTR make 

it well equipped for measuring the thermal conductivity, and thermal boundary resistance of thin 

film material. Therefore, the TDTR measurements acquired on the MOFs in Chapter 5, represent 

the thermal conductivity of the solid component of the MOF porous scaffolding, not the effective 

medium (MOF/air) itself.16 A useful avenue for continuing to develop the accessibility of TDTR 

to measure other thermal phenomena is exploring when TDTR may become sensitive to the 

thermal processes occurring within the pore. Specifically, what experimental configurations 

should be considered to gain or lose sensitivity to convection? As shown previously (Eqn. 3.7) the 

timescale (𝜏𝜏𝑖𝑖) for free convection is long (on the order of 1 ms). Standard TDTR is likely not 

sensitive to the long timescales of convective processes within the pores when typical modulation 

frequencies of 1-10 MHz are used, due to the short time scale of the measurement (ps-ns). 

Measurements taken at lower modulation frequencies (<104 Hz), or in a steady state regime, may 

become more sensitive to convective processes due to an increase in the measurement time scale 

determined by the pump modulation frequency (𝑓𝑓) (Eqn. 3.11). 
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Figure 6.2: Raw TDTR data taken on a 400 nm HKUST-1 sample as it was exposed to a saturated 
N2 (g) environment at ambient pressure with pump modulation frequencies ranging from 1x103-
1x106 Hz. 

 Figure 6.2 shows preliminary TDTR data acquired on a 400 nm thick HKUST-1 as 

it was exposed to a saturated nitrogen environment within the Linkam stage for one hour. The data 

were taken over a pump modulation frequency range of 1 kHz to 1 MHz. The figure shows the 

low SNR that results at low modulation frequencies, where the thermal model can only be fit to 

the data collected a 1 MHz with high fidelity. Future work in improving the SNR at these low 

modulation frequencies through clever mathematical representation of the TDTR signal, or 

enhancement of components, may open avenues for TDTR to become sensitive to thermal 

processes within pores.  

6.3 Impact 

 The research detailed in this dissertation has led to two publications and one mature 

manuscript that is pending submission. I published the PbTe-PbSe nanocomposite work in 
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Advanced Functional Materials as a first author in September 2019 under the title: Thermal 

Conductivity and Phonon Scattering Processes of ALD Grown PbTe-PbSe Thermoelectric 

Thin Films. I also published the work detailing the thermal processes of HKUST-1 with liquid 

adsorbates as a joint first co-author in Nature Communications in August 11, 2020 under the title: 

Observation of Reduced Thermal Conductivity in a Metal-Organic Framework Due to the 

Presence of Adsorbates. In less than a year, this paper has been accessed over 4,025 times, and 

referenced nine times, according to the Web of Science. Metrics provided by Nature 

Communications state that this article is in the 96th percentile of the articles tracked of a similar 

age in all journals.   In addition, a mature manuscript has been prepared detailing the effects of the 

bonding morphology of TCNQ and TCNQ derivative solid guest molecules on the thermal 

processes in HKUST-1. This paper will be submitted to Adw. Chemie Int. Ed. (which is a high 

impact (12.959) chemistry journal), under the title: Hybridization from Guest-Host Interactions 

Reduce the Thermal Conductivity of Metal Organic Frameworks.  In addition to this, I have 

contributed to and published four other journal articles with colleagues throughout my time as a 

Ph.D. student at UVA. In total I have six published papers, and one paper currently undergoing 

the submission process, all related to the nanoscale heat transfer of low thermal conductivity 

functional materials. 
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8. Appendix A 

Table A 1: Full list and details of the individual MOF samples that were measured in Chapter 5.  

# Sample 
MOF 

Thicknes
s (nm) 

Transduc
er Adsorbate 

Transducer 
thickness 

(nm) 

Thermal 
Conductivity 

(Wm-1K-1) 

GAu/SiO2  

(Wm-2K-1) 

1 
HKUST-1 200 Al 

Pristine 
82 

0.66 ± 0.04 
- 2 Methanol 0.25 ± 0.09 

3 Ethanol 0.35 ± 0.10 
4 HKUST-1 200 Au Pristine 75 0.47 ± 0.10 4.7-e7 5 Water 0.24 ± 0.09 
6 HKUST-1 250 Al Pristine 83 0.78 ± 0.20 - 
7 HKUST-1 250 Au Pristine 80 0.70 ± 0.15 6.94E+07 

 8 TCNQ 0.19 ± 0.09 
9 

HKUST-1 300 Au 
Pristine 82 0.73 ± 0.14 6.94E+07 

10 Water 78 0.13 ± 0.11 4.70E+07 
11 TCNQ 80 0.21 ± 0.08 6.94E+07 
12 

HKUST-1 350 Al 
Pristine 

82 
0.45 ± 0.21 

- 13 Methanol 0.14 ± 0.07 
14 Ethanol 0.18 ± 0.08 
15 

HKUST-1 
 

400 
 

Au 
 

Pristine 

80 
 

0.77 ± 0.07 

7.25E+07 
 

16 Pristine 0.64 ± 0.10 
17 Pristine 0.88 ± 0.15 
18 TCNQ 0.38 ± 0.10 
19 TCNQ 0.46 ± 0.11 
20 F4-TCNQ 65 0.26 ± 0.13 3.80E+07 
21 

HKUST-1 
 

5500 
 

Au 
 

Pristine 

80 
 

0.86 ± 0.10 

6.24E+07 
 

22 Pristine 0.55 ± 0.20 
23 N2 0.31 ± 0.18 
24 Methanol 0.22 ± 0.08 
25 Ethanol 0.18 ± 0.09 
26 Water 0.38 ± 0.09 
27 TCNQ 65 

 

0.14 ± 0.06 9.81E+07 
 28 TCNQ 0.19 ± 0.12 

29 TCNQ 0.18 ± 0.06 
30 F4-TCNQ 80 0.23 ± 0.09 6.24E+07 31 H4-TCNQ 0.32 ± 0.08 
32 

ZIF-8 280 Au 

Pristine 

80 

0.23 ± 0.07 7.35E+07 
 
 
 
 

33 N2 0.19 ± 0.05 
34 Methanol 0.17 ± 0.07 
35 Ethanol 0.17 ± 0.06 
36 Water 0.11 ± 0.08 
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