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Abstract 
 

Thermal conductance measurements across interfaces and nanostructured gaps for future heat-

assisted magnetic recording technology and analysis of thermal conductivity change in metal-

organic framework single crystals for adsorption applications  

by 

Minyoung Jeong 

Chair : Jonathan A. Malen 

To meet the continuing demand for smaller yet faster electronic devices, many of the 

components are packed closer together while they produce a significant amount of heat. If the 

generated heat keeps accumulating due to a lack of efficient thermal management, devastating 

effects such as thermal breakdown could occur. To enhance heat dissipation, higher thermal 

conductivity and thermal interface conductance are required. In Chapter 2, the effect of inserting 

thin metal adhesion layers of Cu and Cr between the Au (gold) - Al2O3 (sapphire) interface on 

thermal interface conductance for the heat-assisted magnetic recording (HAMR) application is 

investigated. It is found that without any adhesion layers, thermal interface conductance between 

Au and Al2O3 layers is approximately 65 ± 10 MW/m2K. With the increasing thicknesses of Cu 

and Cr adhesion layers between Au and Al2O3, this value increases and saturates to 180 ± 20 

MW/m2K and 390 ± 70 MW/m2K, respectively. A significant amount of enhancement in thermal 

interface conductance is observed for both metal adhesion layers even when they are less than 1-

nm thick. This is beneficial in terms of reducing the material costs as well as preserving Au’s 

original optical properties required for HAMR application.   
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Because HAMR heats the magnetic media via a near-field transducer (NFT) which flies 

above the media with a very short distance of 5 nanometers to locally heat the magnetic domains, 

the effect of near-field thermal radiation on overall performance of the NFT system is important 

to understand. Near-field thermal radiation is a phenomenon where the radiative thermal transfer 

exceeds the predicted blackbody limit with large contributions from evanescent modes generated 

either by total internal reflection and surface polaritons. The evanescent modes can participate in 

heat transfer only if the two bodies exchanging thermal energy are separated equal to or less than 

a given decay length. In Chapter 3, designs and fabrications of thermomechanically stable 

nanostructured gaps are presented. We successfully fabricate 10 nm and 50nm gaps sandwiched 

between SiO2 – SiO2 and Au-SiO2 layers via mechanical pressing approach. The samples are 

heated with the modulated laser, and the heat transfer coefficients across the gap are measured. 

Based on the clear phase lag differences between the heating pump and temperature-measuring 

probe lasers in the pillar and the gap regions, it is concluded that the gap with the intended 

thicknesses did not collapse. Moreover, the fitted heat transfer coefficient values match 

reasonably well with the analytically predicted values; the 50 nm and 10 nm gaps sandwiched 

between the Au and SiO2 layers yielded a value of 9.69 ± 10.92 × 10ସ W/m2K and 4.27 ± 9.12 

× 10ସ, respectively, in the ambient environment. When the 10 nm gap is placed between the two 

matching SiO2 plates, the heat transfer coefficient increases to 1.43 ± 1.51 × 10ହ W/m2K in the 

ambient environment, which clearly indicates the effect of near-field radiative heat transfer. The 

issue of large uncertainties involved in each data set is resolved by performing differential 

analysis for phase lags. Through this approach, we obtain 1.15 ± 0.34 × 105 W/m2K and 1.65 ± 

0.49 × 105 W/m2K for the 10 nm Au-SiO2 and 10 nm SiO2-SiO2 gap samples, respectively. 
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Not only electronics applications, but also other biological and chemical applications 

relying on adsorption and desorption of molecules also require faster heat transfer for improved 

performance because adsorption and desorption processes are exothermic and endothermic 

respectively. Metal-organic frameworks (MOFs) have been actively considered for such 

applications because they can hold many molecules inside of their porous structures, but their 

thermal conductivities, which are important to induce enhanced heat transfer for rapid adsorption 

/ desorption, have been experimentally measured only a few times. Moreover, there is an 

ongoing debate on how the thermal conductivity of MOFs would change through adsorption / 

desorption. In Chapter 4, accurate experimental measurements of thermal conductivity of 

HKUST-1 MOF single crystals before and adsorption of different liquid molecules of ethanol, 

methanol and distilled water are presented. The pristine HKUST thermal conductivity after 

thermal activation is measured as 0.68 ± 0.25 W/m∙K which matches well with the simulation 

predicted value. This decreased to approximately 0.29 ± 0.13 W/m∙K, 0.15 ± 0.04 W/m∙K and 

0.2 ± 0.09 W/m∙K after full methanol, ethanol and water liquid adsorption, respectively, which 

suggests that the heat-carrying phonons indeed are scattered more because of pore-occupying 

liquid molecules. The largest drop in thermal conductivity can be attributed to the lowest thermal 

conductivity of intrinsic ethanol liquid. Also, the largest kinetic diameter of the liquid ethanol 

molecule can scatter heat-carrying phonons more effectively than other liquid molecules. 
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Introduction 
 

1.1 Motivation 

As technologies advance further, many of our devices and structures are getting smaller 

in size yet stronger in performance. However, as the device gets more compact, heat that is 

inevitably generated during operation impacts its temperature more profoundly. Thus, optimizing 

the performance of these small devices requires effective thermal management, even at the level 

of interfaces, due to the increased surface-to-volume ratio that accompanies reduced dimensions 

and the use of layered structures for various electronic and optical functions [1–4]. Considering 

the needs for being ‘smaller yet stronger’ will continue to increase in the future in almost all 

technological applications, the issue of efficient thermal management in nano or micro-sized 

devices requires more attention and understanding. 

  In addition to electronic applications, many environmental applications can improve their 

overall efficiencies by controlling the rate of heat transfer. One of them is applications of 

adsorption for various capture processes, including carbon dioxide (CO2) capture [1]. Because 

adsorption processes are exothermic, faster heat removal is critical to control temperature and 

thus capturing efficiency. Moreover, regeneration of the adsorbents through desorption, which is 

an endothermic process, also requires enhanced heat transfer to maintain the adsorbent 

temperature high enough as not to suppress desorption kinetics. Therefore, it is important to 

accurately measure the thermal properties of an adsorbent and to analyze how it will change 

under different adsorption conditions to select ideal sets of materials for capture applications. 

In this dissertation I present measurements and analyses of the thermal transport 

properties of metal-dielectric interfaces focused specifically on future heat-assisted magnetic 
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recording (HAMR) applications and metal-organic framework (MOF) adsorbents via a non-

contact optical method called frequency domain thermoreflectance. The main objective is to 

better understand thermal transport phenomena in various material systems under different 

conditions to inform potential improvements of thermal management in actual engineering 

applications.  

 

1.2 Background & Objectives 

1.2.1 Thermal management in heat-assisted magnetic recording (HAMR) 

applications 

Hard drive manufacturing companies such as Seagate Technologies and Western Digital 

have been attempting hard to accommodate the recent rapid increasing need to store digital 

information that is generated and shared worldwide by increasing their data storage capacity. To 

achieve a higher storage capacity, the aerial density of hard drives should increase by reducing 

the size of grains in a bit cell [5].  However, when the grain size becomes very small, thermal 

fluctuations cause the magnetization of grains to become unstable [6]. This phenomenon is called 

superparamagnetism. It is reported that in cobalt (Co)-based ferrite magnetic media (CoFe2O4), 

the limit for the grain size to avoid superparamagnetism is approximately 6 nm at 300 K [7].  
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Fig. 1.1. A descriptive schematic of near-field transducer (NFT) and overall recording structure 

in HAMR system. This reproduced figure, “HAMR head and media including key spacing and 

thickness parameters” by Dieter Weller, is licensed under CC BY 4.0 and can be found in 

Ref.  [8]. 

 

To overcome this unstable fluctuation magnetic media with high magnetic anisotropy 

should be used [9]. Unfortunately, magnetizing such media requires an intense magnetic 
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switching field [10]. Heat-assisted Magnetic Recording (HAMR) could provide a solution for 

this issue by locally heating the magnetic media to near its Curie temperature thereby reducing 

the required magnetic switching field strength [11,12]. 

In HAMR, a localized heating is enabled by a near-field transducer (NFT) as shown in 

Fig 1.1.  First, guided by optics such as a planar solid immersion mirror (PSIM), the short-

wavelength infrared light will be focused and coupled to the Au-NFT. Coupling between the 

light and the electrons in the Au creates surface plasmon polaritons (SPPs), which travel to the 

tip of the NFT structure along the Au-dielectric interface as electromagnetic radiation. These 

SPPs are evanescently confined near the interface and can thus be focused onto a very small spot 

with high field intensity by controlling the interface dimensions. The intense electric field 

created at the tip by the SPPs will then create oscillations in the electrons in the media thereby 

heating it up [13–15].  

 While the SPPs travel down the Au-dielectric interface a parasitic loss occurs in the Au 

itself and the heat generated must be dissipated into the surrounding dielectric, which results in 

peak NFT temperatures that are hundreds of degrees above the ambient temperature [13]. This 

could potentially lead to thermal breakdown of a HAMR device and thus should be addressed 

through efficient thermal management. One possible way to solve this problem is to increase the 

thermal conductivity, 𝜅, of NFT material. Fourier’s law of heat conduction defines 𝑞′′, the heat 

flux as follows: 

𝑞ᇱᇱ = −𝜅∇𝑇 ,                                                          (1.1) 

where 𝜅 is the thermal conductivity of material and ∇𝑇 is the temperature gradient. Equation 

(1.1) clearly indicates that increasing 𝜅 will reduce thermal gradients for a given heat flux. 
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Moreover, because 𝜅 changes as a function of temperature, careful selections of ideal materials 

for a range of temperatures in which they will be used are critical.  

 

 

Fig.1.2. 𝜅 of various materials that are used in HAMR NFT system as a function of temperature. 

The chosen materials were aluminum nitride (AlN), Polydiamond, silicon dioxide (SiO2), gold 

(Au) and chromium (Cr). The dashed line represents a temperature of 300 K  [16–19]. Reprinted 

and adapted with permission from Cambridge University Press  [20]. 

 

Fig.1.2 shows 𝜅 of several HAMR related materials as a function of temperature. For 

applications like HAMR where the metal NFT is surrounded by the dielectric heat sink material 

and recording media has a layered structure, an interface between materials also plays an 

important role in heat transfer. While there have been many attempts to enhance thermal 

conductance at the metal-dielectric interface especially with the use of adhesion layers, 
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systematic studies on the optimal thickness of adhesion layer have not been conducted. Chapter 2 

of this dissertation presents both theoretical predictions and experimental measurements of 

enhancement in thermal interface conductance at the gold (Au) metal- sapphire (Al2O3) dielectric 

interface as a function of thickness of copper (Cu) and chromium (Cr) adhesion layers.    

 

1.2.2 Thermal physics background 

1.2.2.1 Thermal transport due to gas molecules 

 

Fig.1.3. An illustrative description of a particle travelling inside a collision volume where the 

collision events occur. Here, R and 𝐿௧௥௔௩௘௟. define the radius and length of the collision volume, 

respectively. 

 

Based on kinetic theory, a following equation can be derived for 𝜅 of an ideal gas as: 

𝜅 =
ଵ

ଷ
C𝑣̅𝑙  ,        (1.2) 
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where C is the heat capacity of the gas (=
ଷ

ଶ
𝑘௕𝜂 for monatomic molecules, where 𝑘௕ is 

Boltzmann’s constant and 𝜂 is number density of molecules), 𝑣̅ is the average speed of gas 

molecules and 𝑙 is the mean free path of molecules. 𝑙 is the average distance a particle travels 

between scattering events and can be determined by dividing the length of travelling path by the 

number of collision events. If we assume the following geometry shown in Fig.1.3 where a 

particle travels a total length of 𝐿௧௥௔௩௘௟ inside a circular tube with a radius of R, the total volume 

swept by the particle for a given period of time (𝜏) before collision will be 𝜋𝑅ଶ ∙ 𝑣̅ ∙ 𝜏. Then, the 

total number of collision events that occurs in the collision volume will be defined as the number 

of particles per unit volume (𝜂) by the collision volume. If the particles are ideal gas molecules, 

then 𝜂 can be obtained from the ideal gas law. Because, 𝐿௧௥௔௩௘௟ is the same as 𝑣̅ ∙ 𝜏, 𝑙 can be 

expressed as: 

𝑙 =
௩∙ഥ ఛ

గோమ௩∙ഥ ఛ∙ఎ
  = 

ଵ

గோమ∙ఎ
 .          (1.3) 

Accordingly, Equation (1.2) can be re-written for the monoatomic gas molecules as: 

𝜅 =
ଵ

ଷ
∙ (

ଷ

ଶ
𝑘௕𝜂) ∙ 𝑣̅ ∙ (

ଵ

గோమ∙ఎ
) = 

ଵ

ଶ
𝑘௕ ∙ 𝑣̅ ∙ ቀ

ଵ

గோమ
ቁ   .                             (1.4) 

According to Equation (1.4), there is no pressure dependence of 𝜅; this regime where 𝜅 is 

independent of pressure is called the diffusive regime. This equation, however, is only valid 

when intermolecular collisions are dominant. In the other extreme, if 𝑙 is much larger than the 

characteristic length scale of the system (𝐿௖௛௔௥), then 𝑙=𝐿௖௛௔௥. In this case, without any 

intermolecular scattering event, Equation (1.4) should be rewritten as  

𝜅 =
ଵ

ଷ
∙ (

ଷ

ଶ
𝑘௕𝜂) ∙ 𝑣̅ ∙ 𝐿௖௛௔௥  = 

ଵ

ଶ
𝑘௕ ∙ 𝑣̅ ∙ (

௉

௞್்
) ∙ 𝐿௖௛௔௥(∵ 𝜂 =

௉

௞್∙்
 from ideal gas law) .  (1.5) 
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Here, the pressure dependence exists for 𝜅. This regime where the scattering of heat carrying 

particles is primarily boundary scattering, not the inter-particle scattering, is called the ballistic 

regime. Fig.1.3-(a) shows a descriptive illustration of these two different regimes in heat 

conduction. In the intermediate regime, the Matthiessen rule describes the effective 𝑙 as  𝑙ିଵ =

𝑙௜
ିଵ + 𝐿௖௛௔௥

ିଵ , where the subscript 𝑖 is for an individual molecule. Fig.1.4 shows how the thermal 

conductivity of nitrogen (N2) gas changes as a function of pressure using Equation (1.5) and 

other parameters given in Refs.  [21,22]. 

 

Fig.1.4. 𝜅 of N2 gas molecules as a function of pressure. The parameters used for calculations are 

provided in Refs. [21,22]. 

 

1.2.2.2 Thermal transport due to phonons 

Phonons, commonly defined as the quanta of lattice vibrations, can be treated with 

particle-based models unless feature sizes are on the order of phonon wavelengths. Treating 
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phonons as a gas of particles, classical description of phonon thermal conductivity can be written 

similarly as Equation (1.2). Applying the kinetic theory of gases and the Debye model, in which 

the linear slope is assumed in the phonon dispersion relationship for all the phonon frequencies, 

𝜔 (𝜔 = 𝑣௦𝑘), the thermal conductivity contribution due to phonons can be described as: 

 𝜅 = ∫ 𝜅(𝜔)𝑑𝜔 =  
ଵ

ଷ
∫ 𝐶(𝜔)𝑣௦𝑙(𝜔)𝑑𝜔 ,                                       (1.6)                      

where  𝐶(𝜔) is the specific heat, 𝑣௦ is the sound velocity and 𝑙(𝜔) is the phonon mean free path. 

The 𝑙 is defined as the distance a phonon travels between collisions with other phonons, material 

impurities, or boundaries. Callaway and von Baeyer re-wrote Equation (1.6) as: 

𝜅 =  
௞್

ଶగమ௩ೞ
ቀ

௞್்

ℏ
ቁ

ଷ

∫ 𝜏௖(𝑥)
௫ర௘ೣ

(௘ೣିଵ)మ
𝑑𝑥

ఏ/்

଴
 ,                                       (1.7) 

where 𝑥=ℏ𝜔/𝑘௕𝑇 and 𝜃 is the Debye temperature [23]. The term 𝜏௖ in equation (2) is the 

average phonon relaxation time which describes the average period of time of phonon collisions 

or scatterings. This term depends on different phonon scattering mechanisms and can be 

estimated as 𝜏௖
ିଵ = 𝜏௉

ିଵ + 𝜏஽
ିଵ + 𝜏஻

ିଵ, where each subscript, P, D and B represents the phonon-

phonon, material defects and boundary scattering mechanism for phonons. Typically, as 𝑇 

approaches 𝜃, phonon-phonon scattering becomes the most dominant [4,24,25].  

 

1.2.2.3 Thermal transport due to electrons 

Electrons in metal also carry heat and they have much faster group velocity than phonons 

(106 m/s versus 104 m/s), making them the dominant energy carrier [20,26]. Similar to Equation 

(1.2), the electron thermal conductivity can be written as follows: 

𝜅௘ = ∫
ଵ

ଷ
𝐶௘(𝐸)𝑣௘(𝐸)𝑙௘(𝐸)𝑑𝐸 ,                                           (1.5) 
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where 𝑣௘ is the electron velocity and  𝑙௘ is the electron mean free path. Because electrons that 

can participate in heat transport exist over very narrow ranges (~𝑘௕𝑇) near the Fermi 

energy [20,27], 𝑣௘(𝐸) in Equation (1.5) can be treated as 𝑣ி, the Fermi velocity. Usually 𝜅௘ can 

be approximated using the Wiedemann-Franz Law which relates 𝜅௘ to σ, electrical conductivity, 

as 𝜅௘ = 𝜎𝐿଴𝑇 where 𝐿଴ is the Lorentz number (2.44× 10ି଼WΩK-2) and 𝑇 is the 

temperature [20,28]. 

  

1.3 Thermal interface conductance at metal-dielectric interface 

 
Equation (1.1) relates 𝑞ᇱᇱ to 𝛻𝑇 for a given material. At an interface between materials, 

the temperature jump ∆𝑇 is related to  𝑞ᇱᇱ as 

𝑞ᇱᇱ = 𝐺∆𝑇 ,                                                             (1.6) 

where 𝐺 is the thermal interface conductance. Using both 𝜅 and G, the Kapitza length (𝑙௞), which 

represents a material thickness that generates equivalent thermal resistance as an interface, can 

be calculated as follows [20,29,30]:  

𝑙௞ =
௞

ீ
  .                                       (1.7) 

Thus, when a material dimension approaches 𝑙௞, thermal resistance at the interface 

becomes commensurate to the intrinsic thermal resistance of the layers and G becomes a critical 

value in controlling the temperature. One application where the interface plays a critical role is 

HAMR. As introduced in Section 1.2.1, the NFT in HAMR generates surface plasmon polaritons 

(SPPs) at the Au-dielectric interface [31,32]. While the SPPs travel down the Au-dielectric 

interface a parasitic loss occurs in the Au itself and the resultant heat must be dissipated to the 
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dielectric, which results in peak NFT temperatures that are hundreds of degrees above the 

ambient temperature [31]. In this situation, the interface between the Au and the dielectric 

becomes the bottleneck for heat dissipation. For metal-dielectric interfaces, it is typically 

assumed that electrons first transfer their energy to phonons in the metal with an equivalent 

conductance of Ge-p, and the phonons in the metal then transmit through the interface into the 

dielectric with Gp. Because these processes represent thermal resistances in series, G becomes 

(Ge-p∙Gp) / (Ge-p + Gp) [33–41]. The ratio of Ge-p/Gp in the Au-Al2O3 interface is nearly 5 

[33,41,42]. Because Ge-p is larger, as shown by Wang et al. [43], the Gp term becomes a 

bottleneck in the overall G. Notably, Wang et al. showed that temperature-dependent 

measurements of the electron-phonon coupling constant in thin films agree with Kagnov’s 

classical theory for bulk materials [41,43,44]. Thus, it is important to increase the phonon 

thermal conductance across an interface in the HAMR NFT system.  

 

1.4 Near-field vs. Far-field thermal radiation 

 Heat transfer can occur in three methods; conduction, convection and radiation. In 

HAMR, a sharp tip of the NFT and narrow gap between the NFT and the recording media (< 

10nm) enables coupling of SPPs and strong local heating of the media. This narrow gap also 

enables heat to radiate back from the media into the NFT. This “back-heating” of the NFT head 

from the heated media can eventually lead to thermal breakdown. Because the distance where the 

heat would travel from the media back to the NFT can be as short as 5 nm [20] in HAMR 

applications, heat transfer exceeding the limit predicted by the black body thermal radiation can 

occur due to the near-field thermal radiation. Therefore, understanding the extent of near-field 

thermal radiative transport through a nano-sized gap is important. 
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 Radiative heat transfer occurs when thermal energy is transferred via electromagnetic 

waves where the spectrum of the emitted electromagnetic waves depends on the temperature of 

the emitting surfaces. Planck’s theory describes the spectral density of thermal radiation of a 

black body and states that maximum thermal radiation is not possible if the object does not 

behave like a black body [45,46]. This theory holds true when the radiating bodies or the 

distance between them is larger than the thermal de Broglie length (λ௕) defined for a specific 

temperature as ℏ / ඥ(𝜋𝑚𝑘௕𝑇) where ℏ is the reduced Planck’s constant [45]. This ‘larger’ 

dimension case is called the far field thermal radiation limit. On the other hand, when bodies are 

separated less than λ௕, the radiative heat transfer limit imposed by the Planck’s law can be 

overcome due to the existence of evanescent radiative modes. This phenomenon is referred to as 

near-field radiative heat transfer and has been experimentally observed with separation distances 

as small as 2 nm [45,47–49]. 
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Fig.1.5. Descriptive illustrations of travelling electromagnetic waves when (a) the incident angle, 

𝜃௜ is smaller than the critical angle 𝜃௖ (b) 𝜃௜ is larger than 𝜃௖ and (c) Coupling of photons in 

electromagnetic waves with electrons or optical photons occurs. Here, 𝑘௜ is the incident wave’s 

wavevector with an incident angle of 𝜃௜, and subscript r and t indicate those for the reflected and 

transmitted waves, respectively. Adapted from Ref.  [50] with permission from The Royal Society 

of Chemistry. 

  

Electromagnetic waves generated by thermal radiation can travel in propagating and 

evanescent modes. As shown in Fig.1.5-(a), if we assume an electromagnetic wave with a 

refractive index of 𝑛௜ and a wavevector of 𝑘௜ is incident onto an interface with a surrounding 

medium with a refractive index of 𝑛௧ at an incident angle (𝜃௜), reflection and transmission could 
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happen. The transmitting portion constitutes the propagating modes. If we write an expression 

for the parallel component of the transmitted wave’s wavevector (𝑘௧), 𝑘௧,௫, it becomes as follows 

𝑘௧,௫ = 𝑘௧sin(𝜃௧) = 𝑘௧
௡೔

௡೟
sin(𝜃௜)  (∵ 𝑛௜sin𝜃௜ = 𝑛௧sin𝜃௧  from Snell's law) ,      (1.8) 

where 𝜃௧ is the angle of transmittance. A similar equation for the vertical component can be 

written as follows 

𝑘௧,௭ = 𝑘௧ cos 𝜃௧ = ±𝑘௧ඥ(1 − sinଶ 𝜃௧)     (∵ sinଶ 𝜃௧ + cosଶ 𝜃௧ = 1)  

= ±𝑘௧ ቀ1 −
௡೔

మ sinమ ఏ೟

௡೟
మ ቁ

ଵ/ଶ

(∵ 𝑛௜sin𝜃௜ = 𝑛௧sin𝜃௧  from Snell's law).              (1.9) 

According to this equation, when the radicand becomes negative, 𝑘௧,௭ will have both real and 

imaginary parts. This occurs when total internal reflection occurs; this occurs when 𝜃௜ is larger 

than 𝜃௖, the critical angle, and 𝑛௜ is larger than 𝑛௧ as shown in Fig.1.5-(b). 𝜃௖ from Snell’s law is 

defined as sinିଵ(𝑛௧/𝑛௜). Because 𝜃௜ > 𝜃௖ in total internal reflection, sin 𝜃௜ > sin 𝜃௖, which 

makes the radicand in Equation (1.9) negative. Thus, we can re-write Equation (1.9) for the total 

internal reflection case as  

𝑘௧,௭ = ±𝑘௧ ቀ1 −
௡೔

మ sinమ ఏ೟

௡೟
మ ቁ

ଵ/ଶ

= ±𝑘௧ ∙ i ∙ (
௡೔

మ sinమ ఏ೟

௡೟
మ − 1)ଵ/ଶ    (∵ i ==√−1) 

            = ±i ∙ [
௞೟

௡೟
൫𝑛௜

ଶ sinଶ 𝜃௧ − 𝑛௧
ଶ൯

భ

మ] 

            = ±i ∙ 𝛼 .       (1.10) 

The plane wave form of the electric field generated due to the transmitted 

electromagnetic wave can be written as 𝐸௧= 𝐸଴,௧𝑒i(௞೟∙௥ିఠ௧̇) where 𝐸଴,௧ is the maximum electric 

field amplitude in the transmitted wave, 𝑟 is the position of the wave in 𝑥 − 𝑧 plane, ω is 

frequency and 𝑡̇ is time. Because there are only 𝑥 and 𝑧 directions defined here, 𝑘௧ ∙ 𝑟 is 

expressed only in 𝑥 and 𝑧 terms using Equation (1.10) as  
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𝐸௧ = 𝐸଴,௧𝑒i(௞೟∙௥ିఠ௧̇) = 𝐸଴,௧𝑒i൫௞೟,ೣ௫ା௞೟,೥௭ିఠ௧̇൯    (∵ 𝑘௧ ∙ 𝑟 = 𝑘௧,௫𝑥 + 𝑘௧,௭𝑧). 

          = 𝐸଴,௧e
୧(൬௞೟

೙೔
೙೟

sin(ఏ೔)൰∙௫ା(±୧∙ఈ∙௭)ିఠ௧̇)
    

     = 𝐸଴,௧𝑒±ఈ∙௭e
୧(൬௞೟

೙೔
೙೟

sin(ఏ೔)൰∙௫ିఠ௧̇)
         (1.11) 

Because an exponentially propagating field to infinity is not possible, the sign of 𝛼 should 

be negative. Thus, the wave amplitude will be 𝐸଴,௧𝑒ିఈ∙௭ , which shows that there will be a 

field that will extend vertically in the positive 𝑧 direction with exponentially decaying 

amplitude. The depth that the original field intensity (𝐸௧
ଶ) will decay to its 1/𝑒  value is 

called penetration depth, 𝑑, which can be defined based on Equation (1.10), (1.11) and the 

definition of wavevector (𝑘 = 2𝜋𝜆) as: 

𝑑 =
஛బ

ସగ
(𝑛௜

ଶ sinଶ 𝜃௜ − 𝑛௧
ଶ) ିଵ/ଶ ,                                      ( 1.12) 

where λ଴ is the wavelength of light in vacuum [51]. This shows that if the bodies that are 

exchanging thermal radiative energy are separated by a distance equal to or less than 𝑑, the 

thermal radiative heat transfer will be enhanced because of the participation of the evanescent 

modes, in addition to propagating modes such that it can exceed the blackbody radiation limit. 
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Fig.1.6. (a) Photon LDOS calculated in vacuum at 50 nm above a vacuum-material interface for 

SiO2, Si and Au as a function of wavelength. (b) Calculated spectral heat transfer coefficient 

across a 50 nm vacuum gap located between SiO2 and SiO2, SiO2 and Si, and SiO2 and Au 

layers. Reprinted and adapted with permission from Nano Letters 9 (8), pp 2909-2913: “Surface 

Phonon Polaritons Mediated Energy Transfer between Nanoscale Gaps” by Shen et al. 

Copyright 2009. American Chemical Society [48]. 
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Secondly, evanescent modes can be generated by surface polaritons resulting from 

interactions of electromagnetic waves (photons) with collective oscillations of free electrons 

(surface plasmon polaritons, SPPs) or transverse optical phonons (surface phonon polaritons, 

SPhPs) within the thermal emitter (Fig.1.5-(c)) [45,52,53]. It is well established that surface 

polaritons generate decaying fields that extend vertically in both −𝑧 𝑎𝑛𝑑 + 𝑧 directions into 

media 1 and media 2 respectively with certain penetration depths defined for SPPs (𝑑ௌ௉௉) and 

SPhPs (𝑑ௌ௉௛௉)  [45,53,54]. Same as the total internal reflection case, if the bodies that are 

exchanging radiative energy are within the distances of 𝑑ௌ௉௉ or 𝑑ௌ௉௛௉, the black body-based 

thermal radiation limit will be exceeded due to strong participation of evanescent modes. 

Generally, the near-field effect due to SPhP or SPPs is maximized if we have two materials that 

are similar or identical in terms of dielectric functions [48]. Fig.1.6-(a) presents calculated 

photon local density of states (LDOS) plotted for different materials (SiO2, Silicon (Si) and Au) 

as a function of wavelength, where LDOS were calculated in vacuum at 50 nm above a vacuum-

material interface [48,55]. One can see that only SiO2 exhibits strong peaks; this is because only 

the polar SiO2 can have optical phonon modes that can couple with photons. When the spectral 

heat transfer coefficient (Fig.1.6-(b)) across a vacuum gap sandwiched differently between SiO2 

and SiO2, SiO2 and Si or SiO2 and Au is calculated per wavelength, the highest spectral heat 

transfer coefficient is observed in the SiO2-SiO2 coupled case. This occurs because over the 

narrow wavelength range of SiO2’s SPhPs, Si and Au’s LDOS are small, which negates the 

strong SPhP resonance on the SiO2 side [48]. 
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Fig.1.7. The calculated radiative heat transfer coefficients as a function of gap size located 

between Au and SiO2 layers or SiO2 and SiO2 layers. Used by permission from Springer Nature: 

Nature Nanotechnology, “Enhancement of near-field radiative heat transfer using polar 

dielectric thin films” by Bai Song et al., 2015 and can be found in Ref.  [51]. 

 

Another study calculated radiative heat transfer coefficient as a function of gap size 

located between Au and SiO2 layers or SiO2 and SiO2 layers (Fig.1.7). As already explained, the 

gap between SiO2 and SiO2 layers showed much higher radiative heat transfer coefficients, at 

least ~10 times higher, than the one between Au and SiO2 regardless of the gap sizes. In addition, 

the thickness of the thermal sources should be equal to or larger than the gap spacing to ensure 
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that all portions of evanescent modes generated across the interface can participate in heat 

transfer [45,56].  

In this dissertation, in an attempt to probe the near-field radiative effect, we measure how 

large the heat transfer coefficient is across the nanostructured gap that mimics the actual HAMR 

NFT geometry via optical frequency-domain thermoreflectance (FDTR) technique.  Because 

there have been no experimental measurements of measuring a near-field radiative behavior as a 

function of temperature, the FDTR’s capability to use a cryostat device is beneficial. As shown 

in Fig.1.7, the near-field radiative effect is not going to be clearly observable unless the gap 

dimension is less than 50 nm. Therefore, creating a narrowly spaced gap structure is critical. In 

addition, accurately measuring thermal transport properties across such thin structures and 

validating them are also important. Thus, while our ultimate goal is accurately measuring the 

temperature-dependent near-field radiative behavior, we focused heavily on designs and 

fabrications of nanoscale gap structures as well as developing an analytical method to accurately 

report the gap thermal properties in this study. Detailed descriptions of sample designs and 

fabrications along with the preliminary measurements are presented in Chapter 3.  

 

1.5 Importance of thermal conductivity in adsorption and desorption 

 Adsorption is a process where molecules in multi-component fluids such as gases 

or liquids are attached to the solid adsorbent (the solid that adsorbs the incoming gas or liquid) 

surface via weak physical or strong chemical attachment [1,57]. Desorption is the opposite 

process where the attached molecules are released to the ambient environment. Ideal solid 

adsorbents or desorbents will have large surface area and high porosity to capture incoming 

molecules and to release them more efficiently.  
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During adsorption, when an atom or a molecule is located on the surface, the atom has 

higher free energy than the one inside the bulk material. Therefore, the unbonded atoms on the 

surface want to lower their free energy by forming bonds, making them readily accept a part of 

atoms or molecules in gas or liquid that enter the solid. This surface attraction governs overall 

gas-solid or liquid-solid adsorption processes [57]. Thermodynamically, entropy of freely 

moving atoms or molecules in gas or liquid also decreases when they are adsorbed to solid 

surface along with the free energy. Based on the fundamental Gibbs free energy equation, ∆𝐻 =

∆𝐺̇ + 𝑇∆𝑆, the decrease in both free energy, 𝐺̇, and entropy 𝑆 will entail decrease in enthalpy, 𝐻, 

meaning that the adsorption process is exothermic even though there are a very few reported 

endothermic processes. Consequently, the desorption process will be endothermic [57]. 

Therefore, efficient heat exchange in the solid adsorbent is conducive to better control overall 

rate of adsorption and desorption processes for actual molecule capturing or releasing 

applications. For this, developing higher thermal conductivity solid adsorbents or desorbents 

based on accurate thermal property analysis is very important. Of all the currently studied 

materials, metal-organic frameworks (MOFs) have been actively considered for their ultra-high 

porosity, large surface area, controllable properties, and uniform structure [58,59].  
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Fig.1.8. A descriptive illustration of metal-organic framework (MOF) structure  

 

As shown in Fig.1.8, MOFs are organic-inorganic hybrid materials that are composed of 

metal ions and organic ligands linked together by coordination bonds [60,61]. There have been 

numerous reports on possibilities of using MOFs for chemical separations, hydrogen storage, 

drug delivery, water treatment and sensing [59,62–66]. Despite promising opportunities with 

MOFs, there have been a limited number of experimental measurements on their thermal 

conductivities. Huang et al., presented that MOF-5 in a single crystal form has a thermal 

conductivity of 0.32 W/mK at 300K and showed temperature-dependent measurement data in 

2007 [67]. In 2012, Liu et al. reported the thermal conductivity measurement results of a 

composite composed of MOF-5 and expanded natural graphite (ENG) at 300K, followed by 

Gunatilleke et al.’s work on the MOF-1 thermal conductivity measured as a function of 

temperature from 12K to 300K in 2017 [68]. Other interesting studies based on MOF-5 

nanofluids and thin-film MOFs have also been reported but the variety of studied MOFs is 

narrow and the number of reports is still limiting [69,70].  
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This lack of accurate and a sufficient amount of experimental work on MOF thermal 

conductivity leads to a scientific debate in the MOF simulation community whether the thermal 

conductivity of MOFs should increase or decrease after adsorption; while one group simulated 

that the thermal conductivity will decrease due to increased phonon scattering with adsorbates 

sitting inside a porous structure, other group expect that it will increase because the adsorbates 

will provide a better heat conduction channel than empty voids in MOFs.  Thus, it was our 

objective to settle this ongoing debate by accurately measuring thermal conductivity of MOF 

samples before and after adsorption. Chapter 4 presents the results of thermal conductivity 

measurements of HKUST-1 MOF samples in a single crystal form before and after various 

organic liquid adsorption and gives a possible explanation why the result turns out to be a 

decrease in thermal conductivity after adsorption. 

 

1.6 Measurements of thermal properties using frequency-domain 

thermoreflectance (FDTR) 

In our laboratory, nanoscale thermal transport is measured by frequency domain 

thermoreflectance (FDTR) technique. In this technique, a 488nm continuous wave (CW) pump 

laser is intensity modulated by an electrooptic modulator over a range of frequencies. Upon 

absorbing the modulated pump beam the sample surface is heated periodically at the same 

modulation frequency as the pump beam. Because of this periodic heating, the temperature at the 

surface changes which causes periodic changes in surface optical reflectance (i.e. 

thermoreflectance). This optical response is detected by a 532nm CW probe laser beam that is 

co-aligned with the pump at the sample surface since the thermoreflectance of Au is peaked at 

532 nm, the probe beam will be modulated in intensity. The temperature and reflectivity at the 



24 

Au surface will have a phase lag relative to the pump beam, depending on the sample’s thermal 

transport properties [71–75]. Fig.1.9 shows a schematic of the FDTR set up [6]. 

 

 

Fig.1.9. The experimental setup of FDTR. Reprinted and adapted with permission from 

“Temperature Dependent Thermal Conductivity and Thermal Interface Resistance of Pentacene 

Thin Films with Varying Morphology”, J. Epstein et al., ACS Appl. Mater. Interfaces 8, 29, 

19168-19174. Copyright 2016 American Chemical Society [76].  
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Enhancement of thermal interface conductance across 
metal-dielectric interfaces using nanometer metal adhesion 
layers 
 

2.1 Abstract 

We show that the use of subnanometer adhesion layers significantly enhances the thermal 

interface conductance at metal-dielectric interfaces. A metal-dielectric interface between Au and 

sapphire (Al2O3) is considered using Cu (low optical loss) and Cr (high optical loss) as adhesion 

layers. To enable high throughput measurements, each adhesion layer is deposited as a wedge 

such that a continuous range of thicknesses could be sampled. Our measurements of thermal 

interface conductance at the metal-Al2O3 interface made using frequency-domain 

thermoreflectance show that a 1-nm-thick adhesion layer of Cu or Cr is sufficient to enhance the 

thermal interface conductance by more than a factor of 2 or 4, respectively, relative to the pure 

Au-Al2O3 interface. The enhancement agrees with the diffuse-mismatch-model-based predictions 

of accumulated thermal conductance versus adhesion-layer thickness assuming that it 

contributes phonons with wavelengths less than its thickness, while those with longer 

wavelengths transmit directly from the Au. 

 

2.2 Introduction 

Among many technologies where the nanoscale heat transport has been a key subject of 

discussion is heat assisted magnetic recording (HAMR). Hard drive manufacturing companies 

such as Seagate Technologies and Western Digital have been attempting hard to accommodate 

the recent rapid increasing need to store digital information that is generated and shared 
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worldwide strongly by increasing their data storage capacity. To achieve a higher storage 

capacity, the aerial density of hard drives should increase by reducing the size of grains in a bit 

cell [1].  However, when the grain size becomes very small, thermal fluctuations cause the 

magnetization of grains to be unstable [2]. This phenomenon is called superparamagnetism. It is 

reported that in Mn-Zn ferrite magnetic media, the limit for the grain size to avoid 

superparamagnetism is approximately 10 nm at 300 K [3]. To overcome this unstable fluctuation 

magnetic media with high magnetic anisotropy should be used [4]. Unfortunately, magnetizing 

such media requires an intense magnetic switching field [5]. Heat-assisted Magnetic Recording 

(HAMR) could provide a solution for this issue by locally heating the magnetic media to near its 

Curie temperature thereby reducing the required magnetic switching field strength (Fig. 

2.1) [6,7]. 

 

 

(a)                                          
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(b) 

 

Fig. 2.1. (a) Schematic of HAMR system (b) Schematic of HAMR recording process [8]. These 

adapted figures, “FIG. 2. (Color online) (a) Typical HAMR head-media recording image and (b) 

temperature dependent FePt media coercivity.” by Dieter Weller, are licensed under CC BY 4.0 

and can be found in Ref.  [8]. 

 

In HAMR, a localized heating is enabled by a near-field transducer (NFT).  First, guided 

by optics such as a planar solid immersion mirror (PSIM), the short-wavelength infrared light 

will be focused and coupled to the Au-NFT. Then, the photons in this light source will be able to 

be coupled with electrons in the metal layer at a certain resonance frequency. This coupling 

creates surface plasmon polaritons (SPPs), which will travel to the tip of the NFT structure along 

the Au-dielectric interface as electromagnetic radiation. These SPPs have an ability to be 

confined onto a very small spot with significantly high field intensity. The intense electric field 
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created at the tip by the SPPs will then create oscillations in the electrons in the media thereby 

heating it up [9–11].  

 While the SPPs travel down the Au-dielectric interface a parasitic loss occurs in the Au 

itself and dissipated to the dielectric, which results in peak NFT temperatures that are hundreds 

of degrees above the ambient temperature [9]. This could potentially lead to thermal breakdown 

of a HAMR device and thus should be addressed through efficient thermal management. In this 

perspective, using a dielectric material that has a high thermal conductivity (𝜅) such as aluminum 

nitride (AlN) or sapphire (Al2O3) is preferred over low thermal conductivity dielectrics like SiO2. 

However, the interface between the Au and the dielectric, then becomes the bottleneck for heat 

dissipation, and thus it is important to increase the thermal conductance across an interface in the 

HAMR NFT system. 

The thermal interface conductance (𝐺) denotes the rate of heat transfer across the 

interface. It is defined as 𝐺 =
௤ᇲᇲ

୼்
, where 𝑞ᇱᇱ is the heat flux across an interface per unit area, and 

Δ𝑇 is the temperature difference across the interface [12]. We chose the Au/Al2O3 interface in 

our study because it represents a practical HAMR NFT system considered by various hard drive 

manufacturing companies. For the Au/Al2O3 interface, 𝐺 values are reported to range from 

22MW/m2-K to 66MW/m2-K, at 300 K, which is relatively low compared to other metal-

dielectric interfaces.  [13–15] 

Heat is carried by electrons in metals and phonons in crystalline dielectrics. Various 

studies have proposed that electrons first transfer their energy to phonons in the metal with an 

equivalent conductance of 𝐺௘ି௣ and then the phonons in the metal transmit into the dielectric 

with 𝐺௣ through interface. Since these processes happen in series, 𝐺 becomes (𝐺 = 𝐺௘ି௣ ∙
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𝐺௣ )/( 𝐺௘ି௣+𝐺௣ )  [16–23]. It is previously reported that the ratio of 𝐺௘ି௣/𝐺௣ in the Au-Al2O3 

interface is nearly 5 [16,24]. The larger 𝐺௘ି௣ value leads the 𝐺௣ term to become a bottleneck in 

the overall 𝐺 and hence the focus of my study. The general equation for phonon flux from side 1 

to side 2 across an interface, 𝑞ଵ→ଶ, is defined as follows under the assumptions of isotropic 

phonon dispersion and diffuse scattering: 

  𝑞ଵ→ଶ =
ଵ

଼గమ
∑ ∫ ℏ𝜔௝,ଵ൫𝑘௝,ଵ൯𝑘௝,ଵ

ଶ𝜁ଵ→ଶห𝑣௝,ଵ൫𝑘௝,ଵ൯ห𝑛଴𝑑𝑘௝,ଵ௞ೕ,భಭబ
௝  ,     (2.1) 

where 𝑘 is the wavevector, ℏ is the reduced Planck’s constant, 𝜔 the frequency, ζ is the 

transmission coefficient indicating the probability of phonon transmission across the interface, 𝑣 

is the group velocity, and 𝑛଴ is the phonon Bose-Einstein distribution function 𝑛଴ =

ଵ

൤ୣ୶୮൬
ℏಡ

ೖಳ೅
൰ିଵ൨

.[24] The subscript 𝑗, 1 indicates the properties are defined for the material on side 1 

for the 𝑗 phonon polarization.[24] Since 𝐺 is defined as 
௤భ→మ

∆ భ்→మ
 where ∆𝑇ଵ→ଶ is the change of 

temperature across the interface, the highest 𝐺 results when 𝑞ଵ→ଶ is maximum, which occurs 

when ζ is maximum for all phonon modes.  

 The DMM (Diffuse Mismatch Model) is one of the various models suggested to estimate 

ζ. The main assumption of the DMM is that all of the incident phonons will scatter elastically 

and diffusely at the interface into the other side irrespective of theinterface details. In other 

words, they will lose ‘memory’ of their origins once they reach the interface [12,25]. This leads 

us to set up an equation 𝜁ଵ→ଶ = 1 − 𝜁ଶ→ଵ because phonons that are reflected back at an interface 

will be viewed the same as those transmitting through. In addition, according to the principle of 

detailed balance, heat flux from side 1 to 2 should be equal to that from side 2 to 1 (𝑞ଵ→ଶ =

𝑞ଶ→ଵ). Another well-known model is Acoustic Mismatch Model (AMM). In this model, phonons 
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which are treated as plane waves, and assumed to elastic-scatter specularly at the interface due to 

acoustic impedance discrepancies between dissimilar materials [12,26,27]. The AMM is the 

acoustic equivalent of Snell’s law. However, the specular scattering of phonons across the 

interface is more likely to happen when the temperature is low (below 7 K) and the interface 

roughness is small compared to phonon wavelengths [12,27]. Because this is not common in 

modern electronic devices like HAMR-NFT, we use the DMM.  

If our system reaches equilibrium, there will be a net phonon flux of zero across the 

interface, and thus 𝑞ଵ→ଶ = 𝑞ଶ→ଵ. If we apply the detailed balance on the phonon flux defined in 

Equation (2.1) above, all common terms will be cancelled out and Equation (2.1) becomes: 

𝜁ଵ→ଶ(𝑘ଵ) =
∑ ∫ ఠೕ,మ௞ೕ,మ

మ఍మ→భ௩ೕ,మௗ௞ೕ,మೖೖ,మಭబ
ೕ

∑ ∫ ఠೕ,భ௞ೕ,భ
మ௩ೕ,భௗ௞ೕ,భೖೖ,భಭబ

ೕ

 .                                   (2.2) 

We already defined the relationship, 𝜁ଵ→ଶ=1-𝜁ଶ→ଵ, under the diffuse scattering condition 

in DMM. Furthermore, we only consider elastic scattering in DMM in which phonons are 

assumed to preserve their frequency upon scattering (𝜔௝,ଵ൫𝑘௝,ଵ൯ = 𝜔௝,ଶ൫𝑘௝,ଶ൯). Thus, Equation 

(2.2) finally reduces to  

𝜁ଵ→ଶ(𝑘ଵ) =
∑ ௞ೕ,మ

మ௩ೕ,మௗ௞ೕ,మೕ

∑ ௞ೕ,భ
మ௩ೕ,భௗ௞ೕ,భೕ ା∑ ௞ೕ,మ

మ௩ೕ,మௗ௞ೕ,మೕ
  .                                (2.3) 

The integrals over wavevector space are not needed anymore because elastic phonon scattering 

means phonon transport occurs on a per frequency basis. Given that the group velocity 𝑣 is 

defined as 𝑣(𝑘) =
ௗఠ(௞)

ௗ௞
, Equation (2.3) above can be rearranged as follows in terms of phonon 

frequency, ω : 

𝜁ଵ→ଶ(𝜔) =
∑ ௞ೕ,మ(ఠ)మ

ೕ

∑ ௞ೕ,భ(ఠ)మ
ೕ ା∑ ௞ೕ,మ(ఠ)మ

ೕ
  .                                       (2.4) 
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Since three dimensional phonon density of states, 𝐷(ω) is defined as 𝐷(ω) =

ቀ
௏௞మ

ଶగమ
ቁ ቀ

ௗ௞

ௗఠ
ቁ,  where 𝑉 is the volume of the specimen  [28], Equation (2.4) above can be 

interpreted as a relationship between the phonon density of states for each material on side 1 and 

2. Hence, according to the DMM, greater overlap in the density of states between two materials 

leads to a higher value of ζ, and thus 𝐺. 

The materials of our interest are Au and Al2O3 to mimic the actual HAMR-NFT system. 

We hypothesized that inserting materials as adhesion layers that have a better Debye temperature 

match with the Al2O3 than Au will improve thermal transport across the Au-Al2O3 interface since 

it is known that similar Debye temperatures in different materials leads to a better overlap in 

their density of states, and thus better thermal interface conductance [14,15,29]. In addition, there 

have already been studies utilizing adhesion layers for enhanced thermal transport at the 

interface level [30]. Thus, even though the naming of adhesion layer suggests that we attempt to 

enhance G by promoting adhesion between the Au and Al2O3, the purpose of adhesion layer is 

rather bridging the dissimilar phonon properties between those two. 

Therefore, good candidate materials should possess similar Debye temperatures to the 

substrate as well as strong adhesion, and affordable cost. For HAMR applications, the optical 

properties of an adhesion layer are critical because the interference with plasmon generation and 

propagation at Au-dielectric interface should be minimized. In this perspective, Cu and Cr 

adhesion layers are deemed appropriate because they represent low and high optical loss metals 

in the near-infrared (IR), yet both have more similar Debye temperatures with Al2O3 than Au. 

Therefore, we aimed to study the enhancement of thermal interface conductance at the Au-Al2O3 

interface with Cu and Cr adhesion layers, and furthermore determine how thick those metal 

adhesion layers need to be to realize such enhancement. 



36 

In our laboratory, nanoscale thermal transport is measured by frequency domain 

thermoreflectance (FDTR) technique. The detailed information about FDTR is provided in 

Chapter 1.6. In this technique, a 488nm continuous wave (CW) pump laser is intensity 

modulated by an electrooptic modulator over a range of frequencies. Upon absorbing the 

modulated pump beam the sample surface is heated periodically at the same modulation 

frequency as the pump beam. Because of this periodic heating, the temperature at the surface 

changes which causes periodic changes in surface optical reflectance (i.e. thermoreflectance). 

This optical response is detected by a 532nm CW probe laser beam that is co-aligned with the 

pump at the sample surface since the thermoreflectance of Au is peaked at 532 nm, the probe 

beam will be modulated in intensity. The temperature and reflectivity at the Au surface will have 

a phase lag relative to the pump beam, depending on the sample’s thermal transport properties 

[31–34]. 

The phase-lag data between the reflected pump and the probe beams at various positions 

on the sample are collected using a lock-in amplifier. In our study, minimum of 20 data points 

spanning a range of frequencies (200 kHz to 10 MHz) are obtained, and then fit to an analytical 

solution of the heat diffusion equation [35]. In this fitting, the only unknown parameter is the 

thermal property of the interested material and we vary this parameter until the highest 

coefficient of determination (R2) value is achieved.  

 

2.3 Experimental procedures 

All the film depositions are conducted on 3-inch Al2O3 c-plane (0001) wafers by DC 

magnetron sputtering from 5-inch targets in an argon atmosphere with a base pressure 
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maintained at < 2× 10ି଻ Torr. Before deposition, the substrates are cleaned acetone in an 

ultrasonic bath for 10 minutes then rinsed with isopropyl alcohol (IPA). The deposition rates for 

Cr and Cu are 0.67 Å/sec at 5mTorr and 2.25 Å/sec at 2.5mTorr, respectively. Metal adhesion 

layers with a targeted thickness gradient between 0 and 6~8 nm are prepared by moving the 

substrate into the target’s deposition window at a controlled velocity before reversing direction 

so that the leading edge is exposed to the plasma longer than the trailing edge. A 70 nm uniform 

Au transducer layer is deposited on each of the adhesion layers without breaking vacuum. 

Additional Cu and Cr samples are fabricated without Au for AFM analysis. The spatially varying 

thickness of each adhesion layer and the Au layer are measured by x-ray reflectivity (XRR) with 

the uncertainty of  ± 0.3 nm, estimated from error analysis.  [36] 

 

2.4 Results and Discussion 

XRR measurements of the thicknesses of Cu and Cr adhesion layers on the Al2O3 

substrate are shown in Fig. 2.2. The x-axis, ‘Distance from Flat Edge” indicates positions on the 

substrate in terms of the normal distance from the flat edge on the Al2O3 substrates. The XRR-

determined thicknesses of Au layers are 71 ± 2 nm and 70 ± 2 nm with maximum adhesion 

layer thicknesses of 7.3 ± 0.3 nm and 8.2 ± 0.3 nm at the thickest thickness point. The inset of 

Fig. 2.5 shows one of the XRR fits at an intermediate position on the Cu wedge. The thickness 

profile is non-linear, which we attribute to variations in the deposition rate across the sputtering 

target shutter opening. The data are fit with a third order polynomial (Rଶ > 0.99) to extract the 

adhesion layer thicknesses as a function of position on the substrate. 
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Fig. 2.2. The thicknesses of wedge-shaped Cu and Cr adhesion layers as a function of position 

on the substrate. Third order polynomial fits for experimental data are shown as solid lines. The 

inset schematic shows the adhesion layer wedge. The inset plot shows XRR data and fits for a 

1.2nm thick position on the Cu wedge. Used and reprinted with permission from American 

Physical Society  [36]. 

 

The thermal interface conductance of Cu and Cr samples measured by FDTR as a 

function of normal distance from the flat part of the Al2O3 substrate are shown in Fig.2.3-(a). 

The uncertainties shown in error-bars come from propagations of uncertainties in fitting 

parameters such as laser spot size (2.8 ± 0.1 µm) material density (± 2%), specific heat, thermal 

conductivity and thickness (± 0.25 nm). In the region where only the Au-Al2O3 interface is 

present, average 𝐺 values of 70 ± 10 MW/m2-K and 60 ± 10 MW/m2-K for Cu and Cr samples 

are measured. This is in good agreement with previous measurements of a Au-Al2O3 interface 

reported by Stoner and Maris [14]. The values saturated finally at ~400 MW/m2-K and at 

~190MW/m2-K. The inset plot shows variations in fitting the phase lag data to the frequency 
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when the interfacial thermal conductance changed to +20% and -20% of the original thermal 

conductance while other fitting parameters are left invariant. As seen in the appreciable 

differences between each fit, our fitting process has a good control over sensitivity, and this also 

allows us to set up the confidence level in our analysis.  

 

 

Fig. 2.3. (a) Thermal interface conductance as a function of positions on the wafer. The inset plot 

shows how sensitive our fitting is in terms of ±20 % of 𝐺. The Cr sample showed a higher 
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enhancement in 𝐺 than the Cu sample, and both exhibited a saturating behavior as the layer 

becomes thicker (b) The experimentally obtained 𝐺 is compared with the predictions of 𝐺accum. 

based on the DMM. Used and reprinted with permission from American Physical Society [36]. 

 

The data points in Fig. 2.3-(b) represent the experimental 𝐺 as a function of adhesion 

layer thicknesses obtained by XRR. In this plot, it is shown that when the adhesion layer 

thickness is only approximately 1 nm, two and four-fold enhancements of 𝐺 between the Au-

Al2O3 layers with Cu and Cr are observed. Once the layer thickness reached approximately 5 nm, 

the measured 𝐺 saturated at 180 ± 20MW/m2-K and 390 ± 70MW/m2-K, for Cu and Cr 

adhesion layers respectively. From a plasmonic technological standpoint, this is critical because 

the optical performance at the plasmonic will be disrupted less with thinner layers. This can 

solely be attributed to enhancement in 𝐺௣, not 𝐺௘ି௣, because maximum increase in 𝐺 due to an 

increase in 𝐺௘ି௣ would only be ~20% if we assume 𝐺௘ି௣ ≅ 5.  

Because the DMM is based on bulk phonon properties, it is invoked to determine whether 

phonon properties alone could validate observed experimental enhancements in 𝐺 with just 1nm- 

thick adhesion layer. A general expression for 𝐺௣ can be expressed as follows 

   𝐺௣ =
ଵ

଼గమ
∑ ∫ ℏ𝜔௝,ଵ൫𝑘௝,ଵ൯𝑘௝,ଵ

ଶ𝜁ଵ→ଶห𝑣௝,ଵ൫𝑘௝,ଵ൯ห
డ௡బ

డ்
𝑑𝑘௝,ଵ௞ೕ,భ

௝   .         (2.5)  

Because 𝑣௝,ଵ൫𝑘௝,ଵ൯ =
ௗఠೕ,భ

ௗ௞ೕ,భ
, substitution into Equation (2.5) results in the following Equation (2.6)  

𝐺௣ =
ଵ

଼గమ
∑ ∫ ℏ𝜔௝,ଵ൫𝑘௝,ଵ

ଶ൯𝑘௝,ଵ
ଶ𝜁ଵ→ଶ

డ௡బ

డ்
𝑑𝜔௝,ଵ = ∑ ∫ 𝑔௝,ଵ(𝜔)𝑑𝜔௝,ଵఠೕ,భ

௝ఠೕ,భ
௝    ,        (2.6) 

where 𝑔௝,ଵ(𝜔) is a spectral thermal interface conductance defined per unit 𝜔. 
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 Accurate calculation of 𝐺௣ using Equation (2.5) and (2.6) requires us to define a 

relationship between ω and 𝑘. Therefore, we used real dispersion relationships for our materials 

(Au, Cu, Cr and Al2O3). The real dispersion relationships are formulated by fitting a fourth-order 

polynomial to experimentally reported values as a function of their wavevectors for each 

polarization [37–40]. The phonon propagation directions are chosen according to Al2O3 wafer 

manufacturer’s description as well as prior studies on preferential growths of Cu and Cr on the c-

plane of Al2O3; 𝛤- L [111] in Cu and Au, 𝛤- N [110] in Cr, and 𝛤- Z [0001] for Al2O3 [41–44]. 

By making the isotropic assumption we introduce an approximation. 

For meaningful comparisons of our theoretical predictions based on DMM with the 

experimental results as a function of adhesion layer thickness, we need to estimate 𝐺௣ in terms of 

phonon wavelengths (λ), rather than frequency, ω. Only phonons with λ less than the adhesion 

layer thickness (t) are assumed to exist in the adhesion layer, ignoring any possible changes to 

the phonon dispersion in very thin adhesion layers. If we set  λ୫ୟ୶ equal to t, it enables us to 

relate our result with the accumulation of 𝐺௣ with λ.   

The thermal interface conductance accumulation function as a function of ω is suggested 

recently as follows [45] : 

𝐺௣,accum.
ଵ→ଶ (𝜔ఈ) = ∑ ∫ 𝑔௝,ଵ(𝜔)𝑑𝜔௝,ଵ

ఠഀ

଴௝                                      (2.7) 

The spectral thermal conductance defined per unit ω, 𝑔௝,ଵ(ω), can be converted to 𝑔௝,ଵ(λ) 

through change of variables as follows: 

𝐺௣,accum.
ଵ→ଶ (𝜆ఈ) =  ∑ ∫ −𝑔௝,ଵ(𝜔)

ௗఠೕ,భ

ௗఒೕ,భ
=  ∑ ∫ 𝑔௝,ଵ𝑑𝜆௝,ଵ

ఒα

ఒmin
௝

ఒα

ఒmin
௝     ,                (2.8) 

where 𝜆min is the shortest phonon wavelength at the Brillouin zone edge where 𝑘 is maximum. 

Based on the relationship between 𝜔 and 𝑘 defined in the real dispersions and 𝜆 and 𝑘 through 
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𝑘 =
ଶగ

ఒ
, the term 

ௗఠ

ௗఒ
 can be analytically evaluated. The evaluated 𝑔௝,ଵ(𝜆) for each polarization 

branch in our metals is shown in Fig. 2.4. Most of the contributions come from relatively short 𝜆 

in a range of 0.4 nm to 1 nm because the phonon density of states is highest for short 𝜆, 

outweighing relatively lower 𝑣௝,ଵ൫𝑘௝,ଵ൯ in the short 𝜆 region. Discontinuous features in Fig. 2.4 

occur because different ranges of frequency are spanned by each polarization branch in 

calculating 𝜁ଵ→ଶ. 

 

 

 

Fig. 2.4. The spectral thermal interface conductance as a function of wavelength, 𝑔௝,ଵ(𝜆), for 

each polarization branch in our metallic materials calculated using equation (6). Used and 

reprinted with permission from American Physical Society  [36]. 

 

To account for the Au layer on top of Cu and Cr layers in 𝐺௣ calculation, an additional 

assumption that phonons with 𝜆 greater than the adhesion layer thickness, 𝑡, directly come from 
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the Au layer is made. In this perspective, 𝐺௣(𝑡), the accumulated 𝐺௣ as a function of the adhesion 

layer thickness, can be expressed as: 

𝐺௣(𝑡) = 𝐺௣,accum.
AL→Al2O3(𝑡) + ቀ𝐺௣,Au→Al2O3

− 𝐺௣,accum.
Au→Al2O3(𝑡)ቁ  ,                (2.9) 

where 𝐺௣,accum.
AL→Al2O3(𝑡) is the accumulated 𝐺௣ as a function of adhesion layer thickness, and 

𝐺௣,Au→Al2O3
 is the maximum value of  𝐺௣,accum.

Au→Al2O3(𝑡). 

The solid lines in Fig. 2.3-(b) show the calculated 𝐺௣(𝑡) using Equation (12) at 300 K. 

The predicted 𝐺௣(𝑡) started saturating once adhesion layer thicknesses becomes greater than 2 

nm. The plateaued values are 180MW/m2-K and 400MW/m2-K for Cu and Cr respectively, 

which are in reasonable agreement with our experimentally saturated values. Therefore, the 

DMM is able to predict 𝐺 with good confidence even for very thin adhesion layers. The 

enhanced bonding effect due to adhesion layers cannot be verified considering the uncertainties 

in our measurements are rather large. However, given that we are able to represent the 

experimentally obtained values closely with the DMM alone, a clear explanation on bonding 

effect is deemed unnecessary.  

 

2.5 Interdiffusion effect on thermal interface conductance 

A significant amount of enhancement is observed in thermal interface conductance across 

the metal Au – dielectric Al2O3 layer by simply inserting 1nm-thick Cu or Cr adhesion layer. 

However, even though a significant increase in thermal interface conductance is achieved by 

inserting an adhesion layer between a metal and dielectric Al2O3 interface, if the adhesion layer 

properties change due to interdiffusion between the adhesion layer and the metal, such increase 

cannot be sustained and could even reduce thermal conductance. Therefore, it is important to 
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understand how diffusion would evolve between the selected adhesion layer and the metal layer 

and how it affects G. In a separate study, we similarly deposited a Cu adhesion layer with 

varying thicknesses from 0 to 8 nm between the top 40-nm Au thin-film layer and the Al2O3 

substrate. The sample is subjected to different degrees of interdiffusion by annealing it at 

temperatures ranging from room temperature (as deposited) to 520K for durations of 30 minutes. 

The change in the composition of Au and Cu as interdiffusion occurred is analyzed with X-ray 

photoelectron spectroscopy (XPS) using the reference sample which had an Au-Cu layer on a 

molybdenum (Mo) substrate. Fig.2.5-(a) and (b) show how the Au and Cu compositions changed 

in the 8-nm Cu / 40-nm Au sample as a function of the XPS measurement depth for different 

annealing temperatures.  It is shown that up to 360K, no significant interdiffusion is observed for 

both atoms. However, after 440K, Cu atoms diffused into the Au layer rapidly and alloyed with 

Au with 8 at% Cu. At 520K, the Cu atoms completely intermixed with the Au layer. The faster 

diffusion of Cu into Au is expected because its diffusivity is much higher than that of Au into Cu 

[46]. 
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Fig.2.5. The X-ray photoelectron spectroscopy (XPS) compositional analysis for (a) gold (Au) 

and (b) copper (Cu) atoms in the 40-nm Au and 8-nm Cu layer sample deposited on 

molybdenum (Mo) substrate. Mo was chosen because both Cu and Au do not interdiffuse with 

Mo at an elevated temperature [47–49]. Different lines represent different 30-minute annealing 

temperatures. Work submitted to ACS AMI and used with permission from Dipanjan Saha. 

 

The estimated diffusion length, <r>, that can be estimated by ඥ𝐷෩𝑡, where 𝐷෩ is the 

interdiffusion coefficient and 𝑡 is diffusion time. At 440K, when the compositions of both 

elements start to change appreciably, <r> is approximately 1.52 nm when using the reported 

value of 𝐷෩ of 10-17 cm2/sec for Cu diffusing through Au at 440K and 𝑡 of 30 minutes. This is 

much shorter than the thickness of our Cu layer [51]. However, it was found that grain boundary 

diffusion which can enhance 𝐷෩ by three or four orders of magnitude is significant at relatively 

low temperatures [52.53]. Given the high degree of interdiffusion we observed at the low 

annealing temperatures (440 K and 520 K), we can expect that the grain boundary diffusion or 

other diffusion mechanisms through surface or defects is active in our system [52]. 

The change in G as a function of annealing temperature and the Cu adhesion layer 

thickness is presented in Fig. 2.6. As explained and confirmed in the previous sections, G 

generally increased with an increasing Cu layer thickness. This data newly shows that G 

decreased with more enhanced interdiffusion associated with increasing annealing temperatures.  

As the interface loses Cu which has better ‘matching’ phonon dispersion properties with Al2O3 

than Au as described in the previous sections, G would decrease with more Au atoms added at 

the interface. The experimental results of the as deposited and completely intermixed samples 

matched well with the values reported in Ref.  [36] and Ref.  [50], respectively. 
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Fig.2.6. Thermal interface conductance as a function of the thickness of the deposited Cu layer 

between the Au and sapphire (Al2O3) layers for different annealing temperatures. The reference 

values are also shown. Work submitted to ACS AMI and used with permission from Dipanjan 

Saha. 

 

 

2.6 Conclusions 

We observed strong enhancement in G at the metal-dielectric Au/Al2O3 interface by 

inserting Cu and Cr adhesion layers. Both Cu and Cr show a saturation (390 ± 70 in Cr and 180 

± 20 in Cu) of G once the adhesion layer thickness reached 5 nm. This result shows that only a 

little amount of metals is needed to enhance G which can help to preserve materials’ original 

properties and to save material costs. The DMM-based calculations match very well with the 

experimental data, suggesting that the phonon alignment at the interface is indeed a dominant 

mechanism in increasing G. The interdiffusion study confirms that G decreases as more 
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interdiffusion between Au and Cu occurs. It can be attributed to a loss of phonon alignment with 

Cu leaving the interface rapidly due to enhanced diffusivity at higher temperatures. 

 

2.7 Supporting information 

2.7.1 

 

 

Fig. 2.S1. AFM scans of thin adhesion layers of Cr (no Au overlayer). a) Diagram showing the 

location of the scans, b) off-wedge, c) leading edge of wedge (< 1 nm thickness), and d) trailing 

edge of wedge (> 5 nm thickness). Used and reprinted with permission from American Physical 

Society  [36]. 

 

0 nm 

0.4 nm a) b) 

c) d) 
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2.7.2 

 

Fig. 2.S2. The XRR scan results of the Cu sample at the position 4.4cm away from the flat edge. 

By examining how much the fits deviate when the thickness is varied , the uncertainty in XRR-

thickness can be determined.  In our study, a ± 0.25nm change in the thickness causes an 

appreciable deviation from the original data fit curve beyond the incident angle of 1.5 degrees.  

Used and reprinted with permission from American Physical Society  [36]. 
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2.7.3 
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Fig. 2.S3. Both fitted and experimental dispersion relationships of (a) Au (b) Cu (c) Cr shown on 

the far-left with the Al2O3’s dispersion relationship in the middle for comparisons. Solid line and 

rectangular markers represent the longitudinal branch, and dashed line and circular markers 

represent the transverse branch. The transmission coefficients of each metal for longitudinal and 

transverse polarization branches are presented on the far right hand side with respect to 

frequency, ω.  (Refs.  [37–40] provided in the main text). Used and reprinted with permission 

from American Physical Society  [36]. 
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Probing thermal transport across a thin nanostructured gap 
via FDTR 
 

3.1 Abstract 

In this chapter, we present a mechanical bonding approach to construct 

thermomechanically stable nanosized gaps for measurements of the near-field thermal radiative 

effect. We successfully fabricated the 10 nm and 50 nm gap samples sandwiched between the 

parallel silicon dioxide (SiO2) layers or between gold (Au) and SiO2 layers by pressing a 

patterned pillar structure onto an SiO2 slide. The heat transfer coefficients across the gap (ℎ௚௔ ) 

in air and in vacuum for both cases are measured via optical frequency-domain 

thermoreflectance (FDTR) technique. Here, we observed distinct differences in experimentally 

obtained phase lags when FDTR is placed over the pillars that support the gap structure and 

when it is instead placed over the gap regions, which indicates that the gaps with intended 

thicknesses did not collapse. The experimentally obtained ℎ௚௔௣ in each case are also reasonably 

close to the expected values under conditions where the gap was evacuated and infiltrated with 

air or helium.  Large uncertainties in the obtained values using the conventional analysis 

necessitated a novel differential analysis to interpret the obtained phase lags; the differential 

analysis indeed enabled us to be more sensitive to ℎ௚௔௣. 

 

3.2 Introduction 

Thermal radiative transport between thermal source and surroundings occurs through 

exchange of heat energy via electromagnetic waves. In thermal radiation the electromagnetic 
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waves in both propagating and evanescent modes can contribute. The propagating modes can 

radiate freely from a thermal source into the surrounding space while the evanescent modes are 

confined to the surface with characteristic decay lengths (𝑑) that represent how far the 

evanescent modes will extend vertically out from the surface to the surroundings.  [1–3] These 

evanescent modes are generated through total internal reflection of electromagnetic waves and 

surface polaritons. [1] The propagating modes follow Planck’s theory, which states that the 

radiative thermal transport cannot exceed black body radiation, - i.e., 𝜙(𝑇ଵ
ସ − 𝑇ଶ

ସ), where 𝜙 is 

Stefan-Boltzmann constant (5.67 × 10-8 W/m2K4), and 𝑇ଵ and 𝑇ଶ represent the temperatures of 

object 1 and object 2. This holds true when the thermal source and the surrounding are separated 

such that evanescent modes do not overlap. However, as we keep decreasing the separation 

distance between the thermal source and the emitter, approaching the value of  𝑑 that is in 

nanometers, the evanescent modes start contributing to radiative heat flux. This enhancement of 

radiative heat flux due to a very narrow gap is called near-field thermal radiation. Both 

experimentally and theoretically, the radiative heat transfer enhancement in orders of magnitude 

has been confirmed. Hu et al. experimentally confirmed that when the distance between two 

SiO2 plates decreased from 2 mm to 1.6 𝜇m, the radiative heat flux increased by approximately 

twice [3]. Park et al. computed that the heat flux through a vacuum gap between the two silicon 

carbide (SiC) plates will increase by 100 times when the vacuum gap distance decreases from 

100 nm to 10 nm [4]. Song et al. also observed through both experiments and simulations that 

the thermal conductance due to the near-field radiative effect could enhance by three times at 

maximum when the size of the gap between the parallel SiO2 plates decreases from 100 nm to 20 

nm [5]. 
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Near-field thermal radiation has been actively studied for useful applications including 

thermophotovoltaics, thermal circuits, thermal imaging and heat-assisted magnetic recording 

(HAMR) technology.  [6,7] In this study, HAMR is of specific interest. In HAMR, a near-field 

transducer (NFT) that is typically composed of gold focuses energy beyond the diffraction limit 

onto the media bygeneration of surface plasmon polaritons (SPPs) [7]. As shown in Chapter 1, a 

sharp tip of the NFT and a short distance between the NFT and the recording media that is 

typically in a couple of tens of nanometers creates very strong local heating. The recording 

media heated near or above its curie temperature will turn paramagnetic which requires a 

significantly less strong magnetic field for writing than its ferromagnetic room temperature state 

[8]. This enables the use of magnetically coercive materials for the media, which is beneficial to 

overcome a superparamagnetic effect that becomes evident when decreasing the grain sizes of 

less coercive magnetic media down to a few tens of nanometers for increased storage density [9]. 

While the short distance between the NFT head and the media is desirable to maximize 

local heating of the media as desired, it may help the heated media radiate heat back to the head. 

This “back-heating” of the NFT head from the heated media through a thin head-media air gap 

may contribute to thermal breakdown of the NFT. Therefore, understanding the extent of back-

heating near-field radiative heat transport through a nano-sized gap is important. More 

specifically, the temperature dependent near-field thermal radiative behavior needs to be 

understood given that the actual HAMR device will operate at a temperature range of 

approximately 800-1000K.  [10] This will be scientifically interesting as well because 

experimental measurements of near-field thermal radiation as a function of temperature up to 

sufficiently elevated temperatures have not been conducted. This lack of temperature-dependent 

study could be attributed to hardship associated with bulkiness of measurement apparatuses. For 
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example, Kim et al. observed significant enhancement in thermal conductance (× 2,000 at 

maximum) across the gaps sandwiched between various materials including silicon dioxide 

(SiO2), Au and silicon nitride (SiN) as the gap sizes decrease as small as ~1 nm via scanning 

thermal probes [11]. While this technique enables measurements across an extremely small 1 nm 

gap, heating or cooling the whole probing system by placing it inside a temperature-controlling 

chamber or furnace would be challenging. In this perspective, our laser-based frequency-domain 

thermoreflectance technique is promising because it enables temperature-dependent thermal 

property measurements by shooting lasers on a sample of interest placed inside a cryostat that 

can be both pressure and temperature-controlled. 

Therefore, our objective in this study is first to fabricate nanostructured gap samples that 

mimic the actual HAMR NFT geometry and that enable measurements of the near-field radiative 

effect. The most challenging issue is to fabricate thermomechanically stable gaps that the 

nanometer gaps will not collapse due to temperature or pressure change. In addition, accurately 

measuring thermal transport properties across a thin gap is another issue. These two issues are 

very critical as further measurements would not be meaningful if we cannot confirm the 

robustness of our gap structure and our ability to successfully measure thermal properties of the 

nanostructured gap.  Thus, while the ultimate goal is accurately measuring the temperature-

dependent near-field radiative behavior, we focused heavily on designs and fabrications of such 

gap structures along with the gap thermal property measurement analysis. Moreover, even if we 

are not able to single out the near-field radiative effect, an attempt to measure thermal properties 

of the gap filled with different gases via an optical technique has not been performed in prior 

studies. As already explained in Chapter 1, because the near-field radiative effect is maximized 

when we have identical materials across a thin gap [5,12–14] due to the matching resonances in 
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evanescent modes, we chose to assemble a SiO2-SiO2 bonded structure with a nano-sized gap in 

between. We also chose to assemble a ‘non-matching’ structure as a contrasting example where 

the gap exists between a gold (Au) and SiO2 layers. 

 

3.3 Sample structure designs 

One of the important aspects that needed to be considered for the successful FDTR 

measurements is to create a sufficiently thin gap structure that is mechanically stable and 

thermally sensitive so that we can accurately measure the gap’s heat transfer coefficient. For the 

mechanical stability, we relied on fixed-fixed beam deflection analysis to decide what 

thicknesses (t) and widths of the top structure (L) that define the span of the cavity, as shown in 

Fig.3.1–(a), should be targeted to prevent the gap from collapsing. The details of the deflection 

analysis are given in the Supporting Information with the analysis results shown in Fig. 3.1-(b).  

 

 

 

(a) 
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(b) 

 

Fig.3.1. (a) A schematic of the assembled SiO2-SiO2 gap structure where the top membrane with 

a thickness t is attached to the bottom structure with the supporting pillars that are separated by a 

width of L (b) The maximum deflection of the top SiO2 layer (∆𝑡) as a function of different t 

values for different sizes of L when the whole assembly is subjected under 1 atm pressure. A 

pressure of 1 atm is chosen because the gap will be subjected to a cycle of evacuation and 

venting to the ambient pressure. The dashed line shows the chosen ∆𝑡௠௔௫ critical value of 1 Ȧ, 

which is chosen for being a fraction of the smallest gap size of 1 nm. 

 

 

According to this analysis, as L increases, the maximum deflection of the top structure 

(∆𝑡௠௔௫) increases while increasing t will decrease ∆𝑡 when the assembly is subjected to a 1 

atmosphere of pressure from the top. We set a sufficiently small value of ∆𝑡௠௔௫ at 1 Ȧ as a 

critical value below which the gap will not collapse. It is chosen as a fraction of the smallest 
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possible gap size of 1 nm and is represented as a dashed line in Fig. 3.1-(b). This means that 

∆𝑡௠௔௫ value on the y-axis should be below the dashed line to meet the criterion. The bowing of 

the top membrane should be considered because they cannot be perfectly flat. However, the 

bowing that exists in the regions where the distance between the support pillars, 𝐿, is sufficiently 

large will be removed by applying sufficient pressure as seen by very large ∆𝑡 in Fig.3.1. For 

example, when the bowing exists over 10 mm of 𝐿, the corresponding ∆𝑡 is approximately 10 

meters when 𝑡 is 10 𝜇m and subjected under 1 atmospheric pressure. On the other hand, the gaps 

that exist in the narrowly spaced pillar regions will not collapse; when 𝐿 is much smaller at 100 

𝜇m, ∆𝑡 will only deflect about 1 nm for the 10 𝜇m-thick top membrane under 1 atmospheric 

pressure. 

Based on our separate FDTR sensitivity analysis, it is beneficial for us to have a thinner 

membrane to be more sensitive to the change in thermal conductance across the gap.  
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Fig.3.2. The calculated phase lag difference when the thermal conductance across the gap 

changes from 24 KW/m2K to 120 KW/m2K as a function of heating frequency for different t 

values. The 10 𝜇m, 100 𝜇m and 1,000 𝜇m curves are identical to one another. 

 

The analysis of how the calculated phase lag values would change when the thermal 

conductance across the gap assembled between two parallel quartz layers changes from 24 

KW/m2K to 120 KW/m2K is shown in Fig.3.2 for various t; 24 KW/m2K is chosen as it was a 

reported computation value when the 10 nm gap between two parallel SiO2 plates is under 

vacuum and show the near-field effect [5].  This value changed to 120 KW/m2K when the gap is 

exposed to the ambient air environment [100]. It is apparent that as t increases, the calculated 

phase lag change decreases. However, with decreasing t, L also should decrease as well to 

minimize ∆𝑡௠௔௫. Specifically, for our chosen critical value of 1 Ȧ, L should be approximately 10 

𝜇m when the top membrane’s t is about 2 𝜇m.  
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To fully maximize our sensitivity to the thermal properties of the gap, we need to 

consider lateral heat spreading. Later heat spreading occurs when the heat absorbed from the 

laser spreads radially and interacts with the supporting pillars, creating a thermal short that 

obscures parallel radiative pathways. This is problematic because we will lose our sensitivity to 

solely measure the gap’s thermal properties. To analyze how far the heat would spread radially 

for given t, we relied on an annular fin analysis. The results of annular fin analysis are shown in 

Fig. 3.3 with the detailed descriptions about the analysis in Supporting Information. According to 

this analysis, L cannot be smaller than approximately 40 𝜇m. Thus, we used commercially 

available SiO2 slides as received with their thicknesses of approximately 1,000 𝜇m.  

Accordingly, the supporting pillars should be separated at least 40 𝜇m apart to ensure 

minimal heat spreading, but not more than 200 𝜇m for better mechanical stability. Thus, we 

decide to use commercially available SiO2 slides as received with their thicknesses of 

approximately 1,000 𝜇m, despite we lose our thermal sensitivity with a thicker membrane. 
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3.4 Sample fabrications 

 

Fig. 3.4. The layer by layer schematics for the 50 nm SiO2-SiO2 gap sample fabrication process. 

The 10 nm SiO2-SiO2 gap sample requires 10 nm SiO2 deposition at step (4) and step (7). The 

Au-SiO2 gap sample does not require step (7). 

 

For the top membrane, a 200 𝜇m thick round-shaped (18 mm in diameter) GE 124 quartz 

coverslip is purchased from SPI Supplies. For the bottom substrate, a 1-mm thick square-shaped 

(10 mm in length) GE 124 slide is purchased from SPI Supplies. To fabricate supporting pillars 
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on the bottom substrate, a photoresist pattern is created by first spin-coating 

hexamethyldisilazane (HMDS) at 3000 RPM for 30 seconds followed by 1-minute baking at 95 

℃. After baking, the AZ 4110 positive photoresist is spin-coated at 3000 RPM for 40 seconds on 

top of the baked sample. The photoresist covered slide is then patterned using a Karl Suss MA6 

mask aligner with a designed chromium (Cr) mask. The mask is designed to block certain 

regions from the incoming flux of ultraviolet (UV) light. With the positive photoresist, the UV-

exposed regions are removed after development in AZ 400K developer. In our case, we exposed 

those regions where we wanted to create gaps. The detailed mask layout is included in 

Supporting Information. Using this mask, a range of different lengths of gap span, L, from 15 𝜇m 

to 60 𝜇m with a 5 𝜇m increment are created. The sizes of the supporting pillars changed 

accordingly as the value of L changed to ensure the same areal fraction of pillars across the 

whole structure (15 𝜇m to 90 𝜇m with a 5 𝜇m increment). Because air needs to leave the 

assembly successfully for radiation measurements, the gap regions are not surrounded by the 

pillars as shown in the mask layout. The developed sample is then transferred to a sputtering 

chamber for the initial 50 nm SiO2 deposition. This initial SiO2 layer thickness will define the 

gap thickness, 𝐿௚. Thus, the 10 nm gap sample can be fabricated by depositing 10 nm SiO2 first. 

After this deposition, the sample went through a lift-off process in acetone, isopropyl alcohol and 

distilled water for 5 minutes each to create 50 nm SiO2 pillars on the bottom substrate. The SiO2 

patterned sample is then transferred to the sputtering chamber again where the 70 nm Au and 50 

nm SiO2 layers are deposited in order. For the 10-nm Au-SiO2 gap sample, only 70 nm Au is 

deposited on top. The overall layer formation process is shown in Fig. 3.4. The thickness of each 

layer is confirmed with XRR (X-ray reflectivity) with the analysis results included in Supporting 

Information. Finally, the 1mm-thick quartz slide is placed on top of the patterned structure, 
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which created a 50 nm gap sample. The assembled structure is then held tight together by being 

placed in a specially designed holder. Both assembly and holder insertion processes are done in a 

class 10 clean-room environment to avoid contamination. The holder has a hex-screw that 

applied pressure to the 200 𝜇m SiO2 coverslip, thus pushing onto the bottom structure for the 

measurements. Fig.3.5-(a) and (b) show an optical microscope image of the fabricated 50-nm Au 

– SiO2 structure and a camera picture of the sample assembled inside a holder. Fig.3.5-(c) 

illustrates how our measurements are performed with the lasers.  
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Fig.3.5. (a) A 5X optical microscope image of the 50-nm gap patterned structure (b) a holder 

pressing the top and bottom structure together for measurements (c) illustration of sample and 

laser configurations for measurements 

 

3.5 Computations of 𝒉𝒈𝒂𝒑 

To estimate heat transfer coefficient across the gap (ℎ௚௔௣) for different conditions in the 

non-near-field and near-field cases, the conductive and radiative contributions to gas heat 

transfer coefficient (ℎ௚௔௦) as a function of pressure are used. The convective contribution is not 

considered; it is negligibly small because the Rayleigh number, which scales as 𝑡ଷ is negligibly 

small for nanoscale gaps [15]. The conductive contribution to ℎ௚௔௦,  ℎ௖௢௡ௗ, as a function of 

pressure is calculated based on the following equation established by Ref.  [16,17] :  

ℎ௖௢௡ௗ = ൮
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where 𝜅௚௔௦
∗  is the thermal conductivity of gas at standard temperature and pressure (STP) 

condition, 𝑎 is the thermal accommodation coefficient, 𝛾 is the specific heat ratio of the gas, 𝑘௕ 

is the Boltzmann constant, 𝑇 is the temperature of air, 𝜉 is the gas molecule’s effective collision 

diameter, 𝑃 is the pressure of air, and 𝐿௚ is the thickness of the gap that contains air gas 

molecules. Because air is mostly composed of nitrogen (N2), each of the material-specific values 

used N2’s properties as shown in the following Table 3.1 [15,16,18,19]. The results with the 

varying 𝑃 from 10-4 Torr to 10଻ Torr and 𝐿௚ (10 nm, 50 nm and 3.6 𝜇m) are shown in Fig.3.6. 𝑇 

is set at 300K. Based on Fig. 3.6, the ℎ௖௢௡ௗ when it is in the ambient condition (760 Torr) for 

each different 𝐿௚ are 6.53 X 10ଷ W/m2K, 7.22 X 10ସ W/m2K, and 8.13 X 10ସ W/m2K for the 3.6 

𝜇m, 50 nm and 10 nm cases respectively.  

 

 

Table 3.1. Air-specific values used to calculate ℎ௖௢௡ௗ  [15,16,18,19] 

Parameters Values 

𝜅௚௔௦
∗  0.026 W/m∙K 

𝑎 0.800 

𝛾 1.400 

𝜉 375 pm 
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Fig.3.6. Heat transfer coefficient across the air gap due to conduction, ℎ௖௢௡ௗ as a function of 

pressure for different air gap thicknesses, 𝐿௚. The far-field assumed 𝐿௚ of 3.6 𝜇m and labeled 

“Far field”. 

 

 The radiative contribution, ℎ௥௔ௗ, for different 𝐿௚ in different cases is extracted from the 

reported values given in Ref.  [5] and represented below in Table 3.2. These values of ℎ௥௔ௗ are 

then added to the previous  ℎ௖௢௡ௗ for each case of 𝐿௚ across the whole frequency range to obtain 

“total” thermal conductance of air, ℎ௧௢௧௔௟(= ℎ௖௢௡ௗ + ℎ௥௔ௗ). The result is shown in Table 3.2 and 

illustrated in Fig.3.7. 

 

Table 3.2.  The effect of gap thicknesses, 𝐿௚ on ℎ௥௔ௗ ℎ௖௢௡ௗ and ℎ௧௢  (ℎ௥௔ௗ + ℎ௖௢௡ௗ) 

Cases 
Gap thickness 

(𝑳𝒈) 
𝒉𝒓𝒂𝒅  [5] 
(W/m2K) 

𝒉𝒄𝒐𝒏𝒅  
at 1 atm (W/m2K) 

𝒉𝒕𝒐𝒕𝒂𝒍 
at 1 atm (W/m2K)  

 SiO2-SiO2 
10 nm 2.60 X 10ସ 8.13 X 10ହ 1.07 X 10ହ 

50 nm 1,000 7.22 X 10ସ 7.32 X 10ସ 
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3.6 𝜇m 10 6.53 X 10ଷ 7.01 X 10ଷ 

Au-SiO2 

10 nm 10 8.12 X 10ସ 8.12 X 10ସ 

50 nm 1 7.22 X 10ସ 7.22 X 10ସ 

3.6 𝜇m 1.00 X 10ିସ 6.53 X 10ଷ 6.53 X 10ଷ 

 

 

 

Fig.3.7. The total heat transfer coefficient of air, ℎ௧௢௧௔௟ as a function of pressure between 10-4 

and 107 Torr. ‘Ox-Ox’ in the label represents the SiO2-SiO2 gap system and ‘Au-Ox’ represents 

the Au-SiO2 gap system.  

 

In this study, our objective is to attempt to measure ℎ௚௔௣ for different conditions 

specified in Table 3.2 and compare it to the expected ℎ௧௢௧௔௟. We excluded the far field 

measurements and focused on the nanostructured gaps of 10 nm and 50 nm. For the 50 nm gap, 

we performed the vacuum measurements only in the SiO2-SiO2 paired case as measuring ℎ௚௔௣ of 

a very small value (1 W/m2K) would be very challenging with the current measurement setup 
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and sample geometry. The ambient measurements for the 50 nm gap sample are performed only 

in the Au-SiO2 case as its ℎ௧௢௧௔௟ is almost the same as that in the 50 nm SiO2-SiO2 case. 

 

3.6 Experimental measurements of 𝒉𝒈𝒂𝒑 

The change in ℎ௚௔௣ for different conditions is experimentally measured using a non-

contact optical technique called frequency-domain thermoreflectance (FDTR). The detailed 

information about FDTR is provided in Chapter 1.6. In FDTR, a sample surface will be heated 

up with a laser beam called a pump laser. The pump laser beam is an initially continuous wave 

laser beam and is intensity modulated by an electro-optic modulator at different frequencies. 

Another laser beam called a probe laser will be co-aligned with the incoming pump beam and 

measure the change in temperature induced by periodic pump beam heating at the sample 

surface. The thermal response of the sample is affected by sample thermal property and is 

denoted in the phase-lag between the incoming pump and reflected probe lasers. After obtaining 

the experimental phase-lag values as a function of pump modulation frequencies, they are fitted 

to analytically calculated values using the three-dimensional heat diffusion equation until the 

best-fit is achieved where the only fitting parameter is the desired sample thermal property. The 

biggest advantage of using FDTR is that the lasers can pass through a viewport of a cryogenic 

device, cryostat, that can be temperature controlled and evacuated to create a radiation-only 

vacuum environment. 

To experimentally quantify that the near-field radiative heat transfer, an increase in ℎ௚௔௣ 

when only radiation is present should be measured for the SiO2-SiO2 relative to the SiO2-Au gap. 

Good contact between the top membrane and bottom patterned structure is essential to guarantee 

the gap size and measure the near-field effect accurately. Contact can be confirmed by observing 
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distinctively different phase lag behavior between the pillar and gap regions. The experimentally 

obtained phase lags on the pillar and the gap region of the 50 nm Au-SiO2 gap sample in the 

ambient and high vacuum (5 × 10ିହ Torr) environments are shown in Fig.3.8-(b) with their 

analytically predicted fits to ℎ௚௔௣. If the structure is in poor contact due to a dust particle or 

uneven surfaces, there would be an unintended gap across the structure even on the supporting 

pillars, which would result in undistinguishable phase lag behaviors between pillars and the gap 

regions.  For the fitting processes, 𝐺 between the Au and SiO2 layers is left unknown as a fitting 

parameter for the pillar region. For the gap region, ℎ௚௔௣ is set as a fitting parameter. The known 

material parameters used for the fitting process for each case are described in more detail in 

Supporting Information. The obtained fits between the experimentally acquired and theoretically 

calculated phase lag values are sufficiently high with mean squared error (MSE) values of 

approximately 0.03 on average for all sets of data.  
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Fig.3.8. (a) A schematic of where the measurements are performed for the gap and pillar region 

data in an actual sample. (b) The experimentally obtained phase lag values along with their fits to 

the analytically calculated values in the pillar and gap regions (ambient) of the 50-nm Au-SiO2 

gap sample and the gap in vacuum of the 50 nm SiO2-SiO2 sample. 

 



73 

Through fitting, the thermal interface conductance between Au-SiO2 of approximately 

27.3 ± 6.49 MW/m2K is obtained. This value is lower than the reported value between Au and 

SiO2 of ~55 MW/m2K because the Au and SiO2 contact in our sample is formed roughly by 

pressing together the top and bottom structures, not by physical vapor deposition [21,24]. The 

fact that the two values are of the same order of magnitude and reasonably close to each other 

confirms a good contact in the assembled structure and that the heat from the lasers could reach 

pillars without being hindered by air or contaminants. The fitted ℎ௚௔௣ when the 50 nm Au-SiO2 

gap is in the ambient environment is approximately 9.69 ± 10.92 × 10ସ W/m2K, a value close to 

the expected  ℎ௚௔௣ of 7.32 × 10ସ W/m2K, but the uncertainty in our analysis is very large. Even 

though there is a different in the fitted values, the large uncertainties associated with our fitting 

process prevents us from proclaiming any discrepancies between these data sets. The 50 nm 

SiO2-SiO2 gap sample in the high vacuum environment yielded an unrealistic negative value 

when fitted, suggesting that the actual value cannot be identified within our uncertainty. As seen 

in Fig.3.8, there are clear differences between the data sets, which is further evidence that we 

obtained a 50 nm gap with good sensitivity to distinguish the pillar region from the gap region 

filled with the ambient air and with vacuum. 

The 10 nm gap samples, either sandwiched between the parallel Au and SiO2 layers or 

SiO2 and SiO2 layers are measured in the same way. Because of the reduced dimension and the 

optical property matching effect, the 10-nm SiO2-SiO2 gap sample is expected to exhibit the 

largest value of ℎ௚௔௣. Fig.3.9-(a) shows the illustrative difference in sample configurations 

between the 10 nm Au-SiO2 and SiO2-SiO2 gap samples. Fig. 3.9-(b) shows the difference in the 

experimental phase lag data as a function of heating frequency between the 10-nm SiO2-SiO2 and 
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Au-SiO2 gap samples in high vacuum (5 × 10ିହ Torr) and in the ambient environment with 

their fits to the analytically calculated phase lag values.  

 

(b) 

 

 

Fig.3.9. (a) Illustrations of where the measurements are performed (b) Experimentally obtained 

phase lag data as a function of frequency for 10 nm SiO2-SiO2 and Au-SiO2 gap cases in vacuum 

and in the ambient air with their fits to the analytically calculated phase lag  
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The fitted values of ℎ௚௔௣ are negative in the 10 nm Au-SiO2 gap case in vacuum, similar 

to the 50 nm SiO2-SiO2 gap case in vacuum. This again suggests that the actual value cannot be 

clearly identified within our uncertainty. ℎ௚௔௣ of 3.23 ± 9.73 × 10ସ W/m2K in vacuum is 

obtained for the 10 nm SiO2-SiO2 case in vacuum. Even though it is promising that the fitted 

value is not negative and is close to what we predicted in Table 3.2, the large uncertainty in our 

fitting analysis does not help us to accurately report a final value. In the ambient environment, 

the 10 nm Au-SiO2 sample showed ℎ௚௔௣ of 4.27 ± 9.12 × 10ସ, while the 10 nm SiO2-SiO2 case 

showed that of 1.43 ± 1.51 × 10ହ W/m2K. Here, we again have an issue of large uncertainties for 

all the fitted values, which prevents us from claiming that we accurately measure the near-field 

radiative effect via FDTR. However, we are at least able to confirm good contact with intended 

gap thicknesses between the top and bottom structures based on the different phase lag behaviors 

on the pillar and the gap regions. Moreover, the fact that the phase lags shown in Fig.3.9 differ 

from one another despite of large uncertainties in the fitted values holds promise that the 

different fitting analysis can yield better results. 

 

3.7 Differential analysis for phase lags 

As explained previously, even though we obtain the fitted ℎ௚௔௣ both in vacuum and in the 

air that are close to the analytically calculated ℎ௚௔௣, the uncertainties in the fitted values are very 

high. Based on the uncertainty analysis, this could be primarily attributed to high sensitivity to 

the spot sizes of our lasers in our measurements. As shown in Fig.3.10-(a), when the spot size 

changes by 5% from 3.2 𝜇m, the fits do not change very significantly with ~ 0.5-degree change 

in phase lags. On the other hand, the fitted ℎ௚௔௣ values change significantly at least by an order 
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of magnitude. Given this issue of high sensitivities in our data sets, we can fit for the differences 

in the phase lags between two data sets instead of fitting for the experimental phase lags in each 

data set. 

(a)
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Fig.3.10. (a) The experimentally obtained phase lag values of the 10 nm SiO2-SiO2 gap sample 

in vacuum and in the ambient environment shown with the analytically calculated ones. The 

analytically calculated phase lags and the corresponding fitted values change when the spot size 

change between 3.05 𝜇m and 3.35 𝜇m with 0.15 𝜇m increment. (b) An illustrative description of 

the phase lag differential analysis for two different data sets with associated uncertainties. 

 

Let us imagine a data set A containing a set of phase lag values that relatively stay 

constant as a function of frequency for simplicity, and another data set B that behaves the same 

way. Both A and B will have associated uncertainties, ΔA and ΔB. If ΔA and ΔB are sufficiently 

small, the difference in phase lags between A and B will not vary no matter how sensitive each 

data set is. An illustrative description is shown in Fig.3.10-(b). Because we observed that the 

differences in experimentally obtained phase lags between the air and the vacuum data are 

existent, fitting for the difference in phase lags between the air and vacuum data to obtain 

ℎ௚௔௣ can be attempted to reduce large uncertainties.  
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Fig.3.11. The degree of change in phase lags, Ω, due to 0.1% change in fitting parameters (spot 

size, 𝜅஺௨, ℎ௚௔௣) plotted as a function of heating frequency for two different fitting processes; 

non-differential and differential fitting for phase lags. 

 

Fig.3.11 shows the degree of change in analytically predicted phase lags when some of 

the fitting parameters (spot size, 𝜅஺௨, ℎ௚௔௣) change by 0.1 % as a function of heating frequency. 

The analysis is performed for two situations when the regular phase lag fitting process (non-diff.) 

is performed or when the phase lag differential fitting process (diff.) is performed. This analysis 

follows the same analytic methods reported in Refs. [22,23]. Ω in Fig.3.11 represents the degree 

of change and can be mathematically represented as 
ௗ(phase lag)

ௗ ln (fitting parameters)
. If the absolute value of 

Ω is high, it means that we have a high sensitivity to that particular parameter. While it is good to 

have high Ω for ℎ௚௔௣ because we want to be sensitive to it to differentiate a near-field radiative 

effect, high Ω in other parameters such as 𝜅஺௨ or spot size is not ideal as our fitting result will be 

highly dependent on it. From Fig.3.11, it is apparent that the change in spot size will have the 
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most significant influence on fitting based on the highest Ω involved. However, Ω due to the spot 

size change decreases when we use the differential fitting process. The same happens in 𝜅୅୳. 

Moreover, Ω due to the ℎ௚௔௣ change increases when the differential fitting is used. This shows a 

possibility that our large uncertainties in the fitted values may decrease when we fit for the 

difference in phase lags between the vacuum and the ambient data sets. 

(a) 

 
(b) 

 

(c) 



80 

 
(d)

 

Fig.3.12. (a) The experimentally obtained phase lags in vacuum and air on the 10 nm Au-SiO2 

gap sample and (b) their difference with the analytical fit. (c) and (d) represent the same analysis 

results on the 10 nm SiO2-SiO2 gap sample. Some of the outliers are excluded in fitting. 
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The results of the differential analysis of the 10 nm Au-SiO2 and 10 nm SiO2-SiO2 gap 

samples when they are exposed to air are shown in Fig. 3.12. The minuends (a quantity from 

which another is to be subtracted) for both cases are the phase lags when the gap samples are in 

high vacuum (1 × 10-5 Torr), while the subtrahends (a quantity to be subtracted from another) 

are the phase lags in the ambient air atmosphere. The minuends are obtained by assuming that 

ℎ௚௔௣ will be the same as expected values shown in Table 3.2; 1 W/m2K and 2.6 × 104 W/m2K 

for the Au-SiO2 and SiO2-SiO2 cases, respectively. As a result of the differential fitting process, 

the 10 nm Au-SiO2 shows ℎ௚௔௣ of 1.15 ± 0.34 × 105 W/m2K and the 10 nm SiO2-SiO2 shows 

1.65 ± 0.49 × 105 W/m2K. As expected, the large uncertainties decrease significantly for both 

cases. Moreover, the resultant fitted ℎ௚௔௣ are very close to the expected values shown in Table 

3.2. From this, it can be concluded that we were able to observe enhancement in ℎ௚௔௣ with a 

decreasing gap size and with matching SiO2 materials, which could be attributed to the near-field 

radiative effect. Fig.3.13 shows overall experimental results of the non-differential and 

differential analysis for different gap samples.  
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Fig.3.13. Overall analysis results for different gap samples. Both non-differential and differential 

analysis results are shown in squares and circles, respectively. The open symbols represent the 

air case and the filled symbols represent the vacuum case. The expect values for the air and 

vacuum cases are shown for each case. 
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3.8 Conclusions 

In this study, we fabricate a thermomechanically stable nanostructured gap to enable 

measurements of the near-field radiative effect via the optical FDTR technique. By mechanically 

pressing the top and bottom patterned structures, we are able to construct a 10 nm and 50 nm gap 

structure that is sandwiched either between Au and SiO2 or SiO2 and SiO2 layers. The existence 

of nanostructured gap with the intended thicknesses is confirmed by the measurement results of 

ℎ௚௔௣ in the air and in vacuum that match reasonably well with the analytically calculated values 

despite of large uncertainties. For the 10 nm gaps where the near-field radiative effect is 

supposed to be strongly present, we measure ℎ௚௔௣ of 4.09 ± 9.73 × 10ସ W/m2K and 1.43 ± 1.51 

× 10ହ W/m2K in the vacuum and ambient environment for the SiO2-SiO2 case. For the Au-SiO2 

case, -1.38 ± 8.95 × 10ସ W/m2K and 4.27 ± 9.12 × 10ସ are measured in the vacuum and the 

ambient environment, respectively. However, there are large uncertainties in these fitted values. 

This issue was resolved by fitting for the difference in the phase lags between the vacuum and air 

data sets; through this differential analysis, ℎ௚௔௣ for the 10 nm Au-SiO2 gap sample is 1.15 ± 

0.34 W/m2K and 1.65 ± 0.49 W/m2K for the 10 nm SiO2-SiO2 gap sample in the ambient air 

environment. We confirm that the large uncertainties decrease significantly with the fitted values 

matching very close with the expected ones.  

 

3.9 Supporting information 

3.9.1 Stress analysis 

Under a uniform pressure load over the top surface, a cantilever beam fixed at both ends 

as shown in Fig.3.S1 can deflect by 𝛿௠௔௫. at maximum according to Equation (3.S1) as follows : 
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Fig. 3.S1. A cantilever beam fixed at both ends with uniform pressure load applied over top 

surface. Adapted and used with permission from T. Ganapathy 

δ௠௔௫ =
௉௅ఱ

ଷ଼ସாబூ
  ,                                            (3.S1) 

 

where 𝑃 is the uniform pressure load, 𝐿 is the total length of the beam, 𝐸଴ is the elastic modulus 

of the material, and 𝐼 is the moment of inertia of the beam defined by Equation 3.8.2 as : 

𝐼 =
௅௧య

ଵଶ
   ,                               (3.S2) 

where 𝑡 is the thickness of the beam. The width of the beam is assumed to be equal to its 

length. These equations are used to plot Fig.3.1-(b) in the main text. 

 

3.9.2 Annular fin model 

The annular fin model can explain how far the heat spreads radially on top of the gap 

when heating is induced by the laser within the sample as shown in Fig.3.S2.  
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Fig. 3.S2. A schematic of a sample assumed in annular fin analysis with effective properties 

used to describe radial spreading of heat. Here, R represents the material radius; r0, the laser 

spot size; and t, the material thickness. The material’s outer surface is assumed to be adiabatic 

with the air assumed at the bottom. Adapted and used with permission from T. Ganapathy. 

 

To explain the radiative heat exchange between the two parallel plates across the gap, 

two SiO2 layers in our case, a heat transfer coefficient boundary condition is applied to the 

bottom-most side of the control volume. In addition, because we use the modulated heating with 

the laser, sinusoidal time dependence of temperature was assumed. Then, the following Equation 

3.S3 can be established as : 

ௗమఏ

ௗோమ
+

ௗఏ

ோௗோ
− ൬

௛೟೚೟ೌ೗

఑೐೑೑∙௧
+

௜ఠ

ఈ೐೑೑ 
൰ 𝜃 = 0                                ,       (3.S3) 
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where 𝜃 is the difference between local and ambient temperatures, r is the material radius, 

ℎ௧௢௧௔௟ is the total heat transfer coefficient which captures both conductive and radiative effects 

across the air gap, 𝑘௘௙௙ is the effective thermal conductivity of the material, 𝑡 is the material 

thickness, 𝜔 is the laser modulation frequency, and 𝛼௘௙௙ is the effective thermal diffusivity of 

the material. For our study, the material is chosen to be 80 nm thick Au only.  This is a 

conservative approximation because heat will also travel axially into the substrate with a 

penetration depth of ඥ2 ∙ 𝛼௘௙௙/𝜔 where 𝛼௘௙௙ will now be dependent on the SiO2 plate’s 

properties. Accordingly, the fin decay length, 𝑚ିଵ, which describes how far the heat will travel 

radially before it decays to 1/e of the original heating amplitude can be identified from Equation 

3.S3 and is given by Equation 3.S4.  

                                  mିଵ =

⎣
⎢
⎢
⎢
⎡ඨቆ

೓೟೚೟.
೟∙ഉ೐೑೑

ቇ

మ

ା൫ଶగ௙ఈ೐೑೑൯
మ

ା
೓೟೚೟ೌ೗.
೟∙ഉ೐೑೑

ଶ

⎦
⎥
⎥
⎥
⎤

ିଵ/ଶ

                                      (3.S4) 

 

If we plot the normalized temperature rise, 𝜃, for different heating frequencies 𝑓 (0.1 

MHz, 1 MHz and 10 MHz) as a function of radial position away from the laser spot, r, at given 

heat transfer coefficients ℎ௧௢௧௔௟ of 1.0 × 10ହ W/m2K in the air gap, the corresponding results in 

Fig.3.S3 can be obtained.  
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Fig.3.S3. Normalized temperature rise on the 80 nm Au layer due to modulated laser 

heating, 𝜃, as a function of radial position away from the laser spot, r, for different 

frequencies, f (0.1 MHz, 1 MHz, 10 MHz) when the air gap has a total heat transfer coefficient 

of 1.0 × 10ହ W/m2K. 

 

According to Fig.3.S3, 𝜃 drops to 0 when the radial position r reaches ~40 𝜇m away from 

the laser when the heating frequency is the lowest. This shows that when the supporting pillars 

are separated at least by ~40 𝜇m away from each other with the think top membrane, the heat 

will not reach the pillars, making us wholly sensitive to the gap thermal properties. We used this 

number as a guideline for the pillar structure fabrication. 

 

3.9.3 Mask configuration 
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To create an array of supporting pillars to support the gap structure, optical 

photolithography is used. To expose only certain areas to the ultraviolet (UV) light, a chromium 

mask that has a configuration as shown in Fig.3.S4 is used. The shaded squares define the pillars 

where the positive photoresist will stay. The white, clear space defines a channel where the 

positive photoresist will be exposed to the UV light and disappear. This cleared channel is 

needed to let the air in and out through the structure for vacuum measurements. The first column 

“I” in Fig.3.S4 had a spacing of 15 𝜇m. The pillar spacing thereafter increases with a 5 𝜇m 

spacing and goes up to 60 𝜇m in column “9”. Even though we identify 40 𝜇m as the minimum 

pillar spacing in Section 3.9.2, we decide to go as small as 15 𝜇m for better mechanical stability.       

 



89 

Fig.3.S4. A layout of the mask that is used in the photolithography process to construct 

supporting pillars 

3.9.4 Thickness analysis 

The X-ray reflectivity (XRR) fit agreed very well with the original data as presented in 

Fig.3.S5. The fitted result indicated the initial SiO2 layer thickness of 10.3 nm, Au thickness of 

66 nm and the final SiO2 layer thickness of 14.1 nm. When these thicknesses changed by 2 nm, 

the quality of fit worsened appreciably. 

 

Fig.3.S5. The X-ray reflectivity (XRR) thickness analysis data for the 10 nm SiO2-SiO2 gap 

sample. The “-2 thickness” and “+2 thickness” lines represent when the fit is attempted with the 

intentionally wrong SiO2 thickness with the 2 nm deviation. 

 

3.9.5 Fitting parameters 
Because the structure the heat travels differs when the measurements are made on the 

pillar region or the gap region, this needs to be considered when fitting the experimental data to 

the analytical solution. In the gap measurement case, the heat path also differs when the gap 
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exists between two parallel SiO2 plates or Au and SiO2 plates. How the fitting parameters are 

defined for each different case is represented in Table 3.S1. 

Table 3.S1. Fitting parameters for each different measurement case 

Gap (3.15 𝜇m spot size) 

SiO2-SiO2 case Top SiO2 
Au/SiO2 
interface 

Au 
Au/SiO2 
interface 

Deposited 
SiO2 

Gap 
Bottom 

SiO2 
Thermal 

conductivity 
(W/m∙K) 

1.38 0.0060 145 0.0060 1.4 Fitting 1.38 

Density 
(kg/m3) 

2210 1 19,300 1 2210 
1.2* 

Pressure 
2210 

Heat capacity 
(J/kgK) 

670 1 129 1 750 710 670 

Length 
(nm) 

10଺ 0.1 68 0.1 15 or 50 10 or 50 2 × 10ହ 

Au-SiO2 case Top SiO2 
Au/SiO2 
interface 

Au 
Au/SiO2 
interface 

Deposited 
SiO2 

Gap 
Bottom 

SiO2 
Thermal 

conductivity 
(W/m∙K) 

1.4 0.0055 145 N/A N/A Fitting 1.4 

Density 
(kg/m3) 

2210 1 19,300 N/A N/A 
1.2* 

Pressure 
2210 

Heat capacity 
(J/kgK) 

670 1 129 N/A N/A 710 670 

Length 
(nm) 

10଺ 0.1 66 N/A N/A 10 or 50 2 × 10ହ 

Pillar (3.2 𝜇m spot size) 

Au-SiO2 case Top SiO2 
Deposited 

SiO2 
Au/SiO2 
interface 

Au 
Au/SiO2 
interface 

Bottom 
SiO2 

Thermal 
conductivity 

(W/m∙K) 
1.4 1.4 0.0060 145 Fitting 1.4 

Density 
(kg/m3) 

2210 2210 1 19,300 1 2210 

Heat capacity 
(J/kgK) 

670 750 1 129 1 670 

Length 
(nm) 

10଺ 0.1 68 N/A 0.1 2 × 10ହ 
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In Table 3.S1, “Top SiO2” is the thick quartz slide that is exposed to the laser and the 

“Bottom SiO2” is the thin quartz coverslip that is pushed by the holder screw. “Fitting” indicates 

that it is a fitting parameter. The “15 or 50” or “10 or 50” indicates different thicknesses that are 

intended for the 10 nm gap or 50 nm gap samples. The “Pressure” means that the density 

changed accordingly as the measurement pressure changes. The thermal conductivity of the Au 

layer is measured using the four-point probe measurements where the measured resistivity would 

be used to calculate the corresponding thermal conductivity based on the Wiedemann Franz law. 

The SiO2 properties are obtained from the manufacturer and assumed to be the same for the 

deposited SiO2 layers. The thicknesses of each layer are confirmed using the X-ray reflectivity 

technique except the gap thicknesses. When calculating uncertainties, 5% deviations in each 

parameter in Table 3.S1 are assumed and propagated through the calculations. 
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Experimental measurements of thermal conductivity of 
HKUST-1 Metal-organic framework under different 
chemical loading conditions 

 

4.1 Abstract 

In this chapter, we present how 𝜅 of the HKUST-1 metal-organic framework (MOF) 

single crystal sample changes when it adsorbs different liquids (methanol, ethanol and water) via 

FDTR technique. 𝜅 of the thermally activated, pristine HKUST-1 sample yielded a value 

matches well with the simulated value. After full liquid adsorption, apparent changes in the 

crystal surfaces are observed in all cases as well as in 𝜅. 𝜅 reduced significantly in all adsorption 

cases, nearly by 70% at maximum in ethanol adsorption, suggesting that the phonons are 

scattered more with the liquid molecules filled inside the HKUST-1 pores. Moreover, the sharp 

point contact between the liquid molecules may explain why 𝜅 reduces even though it seems 

more reasonable to increase based on the effective medium theory. 

 

4.2 Introduction 

Adsorption is a process where molecules in a multi-component fluid, such as a gas or a 

liquid are attached to a solid adsorbent (the solid that adsorbs the incoming gas or liquid) surface 

via the formulation of weak physical or strong chemical bonds [1,2]. Due to the possibility of 

developing simplest and most economically viable approaches to solve pollution, heath, and 

energy issues, adsorption has attracted a great deal of attention [1,3].  Ideal solid adsorbents will 

have large surface area and high porosity to capture as many molecules as possible. Of all the 

currently studied adsorbents, metal-organic frameworks (MOFs) have been actively considered 
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for their ultra-high porosity, large surface area, controllable properties, and uniform 

structure [4,5]. MOFs are organic-inorganic hybrid materials that are composed of metal ions 

and organic ligands linked together by coordination bonds [6,7]. There are numerous 

opportunities to use MOFs for chemical separations, hydrogen storage, drug delivery, water 

treatment and sensing [5,8,9]. Yet, before MOFs can be practically applied, a more sophisticated 

understanding of their thermal properties is needed due to the heat released by exothermic 

adsorption processes. 

When an atom or a molecule is located on the surface, it has higher free energy than 

when it is inside the bulk material. Therefore, the unbonded atoms on the surface want to lower 

their free energy by forming bonds, making them readily accept atoms or molecules from gases 

or liquids that permeate the solid. This surface attraction governs overall gas-solid or liquid-solid 

adsorption processes [2]. Thermodynamically, the entropy of freely moving atoms or molecules 

in gases or liquids also decrease when they are adsorbed to solid surface. Based on the 

fundamental Gibbs free energy equation, ∆𝐻 = ∆𝐺̇ + 𝑇∆𝑆, the decrease in both free energy, 𝐺̇, 

(∆𝐺̇ < 0) and entropy 𝑆 (∆S < 0) will entail a decrease in enthalpy, 𝐻, (∆𝐻 < 0) meaning that 

the adsorption process is typically exothermic. Consequently, the desorption process will be 

endothermic [2]. Therefore, it is obvious that effective heat exchange in the solid adsorbent is 

needed to control temperature and enhance adsorption and desorption processes for practical 

applications. Thus, developing higher thermal conductivity solid adsorbents including MOFs, is 

very important. Unfortunately, accurate analysis, specifically experimental measurements of 

MOF thermal conductivity is lacking as there are only a limited number of reports [10–12]. 

Huang et al., measured MOF-5’s 𝜅 in a single crystal form at 300K and showed temperature-

dependent data in 2007 [11]. In 2012, Liu et al. reported the thermal conductivity of a composite 
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made from MOF-5 and expanded natural graphite (ENG) at 300K, followed by Gunatilleke et 

al.’s work on the MOF-1 thermal conductivity measured as a function of temperature from 12K 

to 300K in 2017 [10]. Sun et al. reported 𝜅 of Ni3(HITP)2 MOF in a pressed-pellet form along 

with other thermoelectric properties in 2017 [13]. In 2017, another group reported cross-plane 𝜅 

of ZIF-8 MOF thin films loaded with perfluorohexane (C6F14) using 3-omega method [14]. 

These previously reported results are shown in Fig.4.1. As yet, HKUST-1 has only been 

measured by two groups; the first article reported 𝜅 of 0.26 ± 0.02 W/m∙K for HKUST-1 

microcrystals that were deposited via printing technique on a zinc selenide (ZnSe) prism and 

stored in methanol until the measurements [15]. The other article reported 𝜅 of the HKUST-1 

thin-film sample deposited by solution-based method before and after it was loaded with 

tetracyanoquinodimethane (TCNQ) molecules; 0.58 ± 0.04 W/m∙K and 3.84 ± 0.27 W/m∙K 

before and after loading, respecctivley [16]. Other interesting aspects such as the effect of pore 

size and shape on MOF thermal conductivity were reported where the increase in the effective 

pore size decreases the thermal conductivity on molecular dynamics (MD) simulations, but 

experimental results are needed to verify such claim [17]. 
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Fig.4.1. The reported 𝜅 as a function of density for various MOFs in different conditions. Error 

bars are not shown when the associated uncertainties are not reported. The “Not reported” values 

represent those values reported without any reported densities [10–16].  

 

Moreover, there are ongoing debates and conflicting results regarding the change in MOF 

thermal conductivity under gas loading [18,19]. The authors of Ref.  [18] performed MD 

simulations for idealized porous crystal structures to analyze how the thermal conductivity would 

change as carbon dioxide (CO2) permeates the pores. They found that because of the increased 

phonon scattering as a function of the gas density the thermal conductivity drops from 0.75 ± 
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0.08 W/m∙K down to 0.5 ± 0.05 W/m∙K with the gas density of 8 CO2 molecules per nm3. 

However, another group reported a contradictory simulation result where they claimed an 

increase of thermal conductivity of MOF-5 as a function of hydrogen or deuterium gas density. 

Thus, it becomes our objective to conduct accurate thermal conductivity measurements for high-

quality single crystal MOFs under different adsorption conditions.  

 

 

Fig. 4.2. An atomic structure of HKUST-1 MOF with green, blue, red and black spheres 

representing H, Cu, O and C atoms, respectively created on VESTA 3. The structural 

information (*.cif file) is obtained from Crystallography Open Database [20–23].   
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In this study, HKUST-1 is selected for thermal conductivity measurements because it can 

be synthesized as high-quality single crystals of large size. HKUST-1, also called 3D-

{[Cu3(BTC)2(H2O)3]·~10H2O} (BTC = benzene-1,3,5-tricarboxylate) as shown in Fig. 4.2 is 

composed of a periodic array of metal−organic complexes made by combining the BTC linker 

molecule with Cu2
+ ions [24–27]. It is well known for its relatively simple synthesis that can be 

achieved with readily available reagents, large surface area and high chemical stability [28]. 

Because of simplicity in fabrication and distinguishable adsorption properties, HKUST-1 has 

become a reference MOF material as shown by nearly 3,000 related scientific articles based on 

Google Scholar search until June 2018 [28]. 

 

4.3 Experimental procedures 

High-quality HKUST-1 single crystals are obtained from the Farha group at 

Northwestern University. The average crystal size is approximately 150 microns based on optical 

microscope images. Because it is important to have large, flat and smooth surfaces for laser-

based frequency domain thermoreflectance (FDTR) measurements, good candidate crystals are 

carefully selected under the optical microscope. The detailed information about FDTR is 

provided in Chapter 1.6. FDTR is a non-contact optical technique where continuous wave pump 

and probe lasers are used to measure thermal transport. The pump laser beam (488 nm) is 

intensity modulated by an electro-optic modulator at different frequencies and acts as a periodic 

heat source when it is absorbed at the sample surface. This periodic heating causes oscillations of 

the temperature on the surface at the same frequency as the pump beam, but with a phase lag due 

to the sample’s inherent thermal impedance. The probe laser (532 nm) is co-aligned with the 
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pump beam and measures the change in optical signal which is directly related to the temperature 

change of the sample based on thermoreflectance [29–31]. The temperature change of the sample 

is affected by the sample’s thermal properties and is denoted in the phase-lag between the 

incoming pump and reflected probe lasers. The experimental phase-lag, as a function of pump 

modulation frequency, are fitted by an analytical solution to the three-dimensional dimensional 

heat diffusion equation for periodic surface heating of a layered solid by a radially Gaussian 

source [29]. The best-fit is achieved where the only fitting parameter is the desired sample 

thermal property – in this case, the HKUST-1 thermal conductivity. 

 
(a) 
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 (b) 

 
Fig. 4.3. (a) Illustrative descriptions of HKUST-1 MOF sample fabrication steps (b) 10X optical 

microscope image of the HKUST-1 MOF sample partially covered with Au-Pt layer. 
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In FDTR measurements, optical lasers are converted to a thermal source by the 

transducer layer. Typically, a gold (Au) layer of ~60 nm thick is used for this purpose, but our 

sensitivity analysis indicated that we gain more sensitivity on the change in thermal conductivity 

of MOF crystals when we have a lower thermal conductivity transducer layer. Therefore, we 

attempted to lower the thermal conductivity of the transducer by layering Au with platinum (Pt) 

due to Pt’s low thermal conductivity and we specifically used a 30 nm Au (top) - 20 nm Pt 

(bottom) stacked transducer layer. The Au-Pt layer is sputtered on top of the HKUST-1 crystals 

at 1×10-5 Torr base pressure with an argon flow of 5×10-3 pressure and 25 sccm flow rate at 

room temperature. To ensure liquid adsorbates can enter the inner HKUST-1 crystal structure 

during later adsorption measurements, a portion of the crystal is covered with a strip of Kapton 

tape under the optical microscope for exposure to incoming liquids before sputtering. Fig.4.3 – 

(a) shows the illustration of overall experimental sample fabrication steps and Fig.4.3 – (b) 

shows the optical microscope image of the HKUST-1 crystal that is partially covered with the 

Au-Pt layer. The HKUST-1 MOF has an octahedron crystal structure. Because we observe the 

facet of such octahedral structure that is normal to the surface, we can conclude that the (111) 

face of HKUST-1 is exposed [47].  

The thermal conductivity of pristine HKUST-1 crystals are measured by FDTR after 

activating them by vacuum thermal annealing at 150 ℃ for 12 hours and cooling back to room 

temperature, to remove adsorbed moisture. To measure how the thermal conductivity of 

HKUST-1 changes with liquid adsorption, three liquids (99% J.T Baker methanol, 99% Sigma 

Aldrich ethanol and deionized water) are considered. Methanol and ethanol are specifically 

chosen because of potential methanol and ethanol storage for bio-fuel purification technology; 

water adsorption is also an interesting subject for water filtration or separation applications [32–
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34]. For adsorption, the partially coated HKUST-1 single crystal is immersed in methanol or 

ethanol for 1 hour, or 20 minutes for water, immediately following the thermal activation 

process. Full liquid adsorption in HKUST-1 is assumed as these times are already verified to 

yield full adsorption in a prior study [8]. After taking each crystal sample out of the liquids and 

briefly drying their surface with N2, FDTR measurements are conducted at room temperature to 

determine their thermal conductivities. 

 

4.4 Results and Discussion 

The fits between the experimentally obtained phase lag values and the analytically 

calculated values for each adsorption case are shown in Fig. 4.3-(a) for selected FDTR 

measurements. 

(a) 
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(b) 

 

Fig. 4.4. The experimental phase lag values obtained via FDTR plotted as a function of heating 

frequency along with the analytically calculated phase lag values for (a) each adsorption case in 

different colors where “exp.” and “ana.” represent experimentally obtained phase lag value and 

analytical fits, respectively. (b) The methanol adsorption case (green) with the yellow line 

showing the analytically calculated phase lag values when the “Activated” vs. “Methanol” 

HKUST-1 MOF properties from Table 4.S1 in Supporting Information are used.  

 

 

Only those data sets that showed relatively similar 𝜅 in the Au – Pt layer (± 5%) in 

fitting with the reference Au – Pt layer sample deposited on a glass substrate are chosen. For 

fabrication of the reference Au-Pt layer, the glass substrate is placed inside the deposition 

chamber along with each crystal sample to ensure that the same Au-Pt layer material properties 

can be shared between the reference and the actual samples. The comprehensive material 

parameters that are used in fitting are included in Supporting Information.  
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As shown in Fig.4.4-(a), the experimentally obtained phase lag values and the 

analytically calculated values agreed very well with good fits for each case. Also, appreciable 

differences in phase lags are resulted when the HKUST-1 crystal adsorbs different liquids. This 

confirms that the liquid adsorption affects thermal properties of HKUST-1 crystal. Moreover, we 

could not achieve a good fit when the fitting is attempted with the properties of the pristine 

HKUST-1. For example, the experimental phase lags obtained for the methanol adsorption case 

(green dots in Fig. 4.4-(b)) did not yield a good fit when the fitting is attempted with using the 

activated HKUST thermal properties (yellow line in Fig. 4.4-(b)) as the MSE in fitting increased 

from 0.02 to 0.10. This provides an additional evidence that liquid adsorption occurred and 

shows that our obtained phase lag values for each adsorption case are unique.  
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Fig. 4.5. Thermal conductivities of each adsorption case plotted with standard deviation error 

bars where the red error bars are for the standard deviations in each different thermal 

conductivity value and the black error bars are for the effective standard deviations of the whole 

set of data points resulted from propagation of uncertainties in fitting parameters. The stars 

represent effective thermal conductivity, 𝜅௘௙௙, for each liquid adsorption case computed based 

on the effective medium theory. 

 

Fig.4.5 shows that as the HKUST-1 crystal sample adsorbs liquid molecules, its thermal 

conductivity decreases significantly. Each thermal conductivity value represents an average of 

fitted values of the FDTR data sets selected with the selection process mentioned earlier with 

standard deviations shown as error bars. The red error bars in Fig.4.4 represent standard 

deviations in different values of thermal conductivity in each case. On the other hand, the black 

error bars indicate the standard deviations resulted from propagation of uncertainties in fitting 

parameters in Table 1. These standard deviations are now the “effective” standard deviations that 

represent the standard deviations of multiple number of data points, accounting for a standard 

deviation of each independent measurement based on the uncertainty in a single measurement. 

Such effective standard deviations are calculated by first obtaining an average of the final 

reported value, 𝑥̅, as follows : 

𝑥̅ =
ଵ

ே
∑ 𝑥௜

ே
௜ୀଵ   ,                                                           (4.1) 

where 𝑁 is the total number of independent measurements 𝑥௜. Then, the effective standard 

deviation, 𝜎തଶ, is : 

𝜎തଶ = [
ଵ

ே
∑ (𝜎௜

ଶ + 𝑥௜
ଶ)] − 𝑥̅ଶே

௜ୀଵ    ,                                        (4.2) 
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where the 𝜎௜ represent the uncertainty of each independent measurement 𝑥௜. The uncertainties in 

fitting parameters relied on variations in reported material properties, sensitivity in XRR 

thickness measurements and the spot size variations based on a knife-edge technique [22,35–38]. 

The FDTR measurement values with uncertainties are given in Supporting Information. 

The decreasing trend in thermal conductivity as adsorption occurs is consistent with 

published simulation data on carbon dioxide (CO2) gas adsorption, where the drop in thermal 

conductivity is attributed to increased phonon scattering as the vacant HKUST-1 crystal pores 

are filled with the adsorbate molecules [18]. The most significant decrease is observed in the 

ethanol adsorption cases although water and methanol both showed similar drops in thermal 

conductivity. This indicates that the heat-carrying phonons in the HKUST-1 MOF crystal are 

more scattered as the liquid molecules fill in the crystal pores, and this affects any benefit of 

parallel conduction through the liquid alone. The effective thermal conductivity (𝜅௘௙௙), assuming 

that the HKUST-1 MOF and permeated liquid are parallel conduction channels, is calculated and 

is plotted in Fig.4.5. For the effective thermal conductivity calculations, the following 

relationship,  𝜅௘௙௙ = 𝜅ெைி + 𝜅௔ௗ௦௢௥௕௔௧௘ ∙ 𝐹௩௢௜ௗ, is used where 𝐹௩௢௜ௗ is the volume fraction of the 

pores and 𝜅௔ௗ௦௢௥௕௔௧௘ is the bulk thermal conductivity of each liquid. For HKUST-1, 𝜅ெைி and 

𝐹௩௢௜ௗ are estimated at 0.7 W/m∙K and 70 %, respectively [18,39]. For liquid ethanol, water and 

methanol, 𝜅௔ௗ௦௢௥௕௔௧௘ is assumed as 0.17, 0.60 and 0.20 W/m∙K, respectively [40,41]. The 

measured thermal conductivities are lower than these estimates, which is only partly explained 

by liquid molecules scattering phonons in the HKUST-1. In addition, conduction through the 

liquid is lower than expected, possibly because although the liquids form a continuous network, 

there are constrictions that inhibit the flow of heat. One of the possibilities is when the liquid 

molecules are connected via sharp point contacts as explained in Ref. [42].  As shown in Fig.4.5-
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(b), the authors described that when the molecules have a less contact area between each 

molecule during heat conduction (lower contact size ratio), the effective 𝜅 of the system in 

various crystal structures is lower than when they have a higher contact size ratio. The contact 

size ratio was defined by the authors as the ratio of the length of the contacted region (2∙ A) to the 

diameter of each molecule (2∙ 𝑅) as described in Fig.4.5-(a). 
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Fig.4.6. (a) An illustration of spherical molecules with a radius of R forming a neck with a 

contact length of 2A when connected together (b) The effective 𝜅 of different crystal structures 

(FCC : face-centered cubic, BCC : body-centered cubic, SC : simple cubic) as a function of 

contact size ratio (=A/𝑅)  [42]. Reprinted and adapted from, Vol. 46 (6) , A.V. Gusarov et al., 

“Contact thermal conductivity of a powder bed in selective laser sintering, 1103-1109, 

Copyright 2003, with permission from Elsevier. 

 

Furthermore, the possible existence of thermal interface resistance between the adsorbate 

molecules and the MOF structure can explain why our experimental values are lower than the 

parallel channel-based effective medium theory values. If we use Hasselman-Johnson model 
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[46], a different effective medium theory-based model that considers the filler particle size and 

thermal interface resistance (1/G) between the filler and the matrix in a composite material, 

relevant G can be estimated to match with our experimental values. The corresponding G is 0.5 ± 

0.4 ,800 ± 150 and 80 ± 20 MW/m2K for ethanol, methanol and water respectively. While these 

values provide some insights, they may not represent accurate interfacial resistances because 

Hasselman-Johnson model is not a bicontinuous . Moreover, the adsorbed molecules are likely to 

affect the inherent 𝜅 of the MOF. 

Because it is well known that HKUST-1 is very susceptible to moisture, the change in 

surface morphology in the water adsorption case shown in a red circled area in Fig. 4.7-(a) is not 

surprising [36,43–45]. However, complete disintegration of the HKUST-1 crystal is not 

observed. The methanol adsorbed HKUST-1 crystal, shown in Fig. 4.7-(b), did not show a 

change in surface features as HKUST-1 has been reported to be relatively stable in alcohols 

[37,38], but more surface damage than the water adsorption case such as cracks could be 

observed on the Au-Pt covered surface. The ethanol adsorbed crystal, shown in Fig. 4.7-(c), 

exhibited the most significant degree of change in surface features, much more appreciable than 

the methanol adsorption case, even though it was previously reported to be benign to the 

HKUST-1 crystal structure [38]. Hence, while the crystals’ surface morphology is influenced 

significantly by the liquid alcohols, the structural-integrity has not changed as the previous report 

already confirmed structural integrity preserved before and after ethanol and methanol 

adsorption through X-ray diffraction (XRD) analysis [8].  

 

 
(a) 
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(b) 
 

 

 
(c) 
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Fig. 4.7. Optical microscope images taken before and after (a) water adsorption (10X & 20X) (b) 

methanol adsorption (20X) and (c) ethanol adsorption (20X) occurred in HKUST-1 crystal 

samples. The red circle in (a) is for a visual aid. 

 

The reason the ethanol and methanol adsorption cases exhibited lower 𝜅 than water 

adsorption case could be attributed to the lower 𝜅 in intrinsic ethanol and methanol liquids; 0.17 

and 0.20 W/m∙K in ethanol and methanol, respectively, as opposed to 0.60 W/m∙K of 

water [40,41]. Moreover, the kinetic diameters of ethanol liquid molecules are the largest (4.7 Å), 

followed by methanol (3.6 Å) and water (2.7 Å) [43,44]. Being the largest, the ethanol molecules 

in HKUST-1 pores may scatter phonons more effectively than other smaller molecules. From 

these kinetic diameters, we can also estimate how many molecules would fit in the HKUST-1 

pores. The average pore volume for the HKUST-1 has been reported as approximately 0.71 

cc/g [48]. If we assume perfectly spherical liquid molecules for simplicity, there can be 

approximately 1.3× 1022, 2.9 × 1022, and 6.89 × 1022 molecules per a gram of HKUST-1 for 
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ethanol, methanol and water, respectively. These different numbers of adsorbate molecules 

inside the MOF structure also could provide insights about the thermal behaviors of the MOF as 

more molecules may lead to more interfaces and sharp contacts between them. 

 

4.5 Conclusions 

In this study we experimentally measured thermal conductivity of the thermally activated 

pristine HKUST-1 MOF single crystal by using a non-contact optical FDTR technique. Then, a 

change in thermal conductivity as the crystal adsorbs different liquids (ethanol, methanol and 

water) is measured. We confirmed a significant decrease in thermal conductivity with full liquid 

adsorption, which suggests that phonons are more scattered by the liquid molecules occupying 

the crystal pores. The highest thermal conductivity reduction of 70 ± 9% is seen in the ethanol 

adsorbed sample, which can be attributed to the lowest thermal conductivity of intrinsic liquid 

ethanol and its largest kinetic diameter. 

 

4.6 Supporting Information 

4.6.1 Table 4.S1 below shows fitting parameters that are used for fitting the experimental phase 

lags to the analytically calculated values. “Fitting” indicates that they are the unknown fitting 

parameters. 
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Table 4.S1. Material properties used for fitting in each case 

Layer  
materials 

Thermal 
conductivity 

(W/m∙K) 

Heat capacity 
(J/kg∙K) 

Density 
(g/cm3) 

Length 
(m) 

Au (top) Fitting 126 ± 3 19.3 ± 0.4 (30 ± 2) E -9 

Pt Fitting 133 ± 2  21.4 ± 0.1 (20 ± 2) E -9 

Activated (crystal) Fitting 720 ± 7 1 ± 0.1 (150 ± 10) E -6 

Ethanol (crystal) Fitting 1,430 ± 140 1.43 ± 0.1 (150 ± 10) E -6 

Methanol (crystal) Fitting 1,430 ± 140 1.44 ± 0.1 (150 ± 10) E -6 

Water (crystal) Fitting 2,290 ± 230 1.58 ± 0.1 (150 ± 10) E -6 

 

Only those data sets that show relatively similar 𝜅 in the Au – Pt layer (± 5%) in fitting 

with the reference Au – Pt layer sample deposited on a glass substrate are chosen. The reference 

sample’s 𝜅 is measured by using Wiedemann Franz law. For Au-Pt layer, the same thermal 

conductivity is assumed between Au and Pt as both are highly conductivity metals yet very thin. 

The actual thickness of the transducer layer is measured using X-ray reflectivity (XRR) 

technique and that of the crystal is assumed from the average crystal size from optical 

microscope images. For the density and heat capacity values of the activated HKUST-1 crystal 

before liquid adsorption, published experimental values are used [39] while theoretically 

calculated values are used for each liquid adsorption case. The uncertainties in heat capacity and 

density in HKUST crystal are set conservatively at 10% due to a lack of experimental data 

available for these properties. 
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4.6.2 Thickness analysis 

 The X-ray reflectivity (XRR) fit agreed very well with the original data as presented in 

Fig.4.S1. The fitted result indicated that the Pt thickness is 21 nm and Au thickness is 30 nm. 

When these thicknesses changed by 2 nm, the quality of fit worsened appreciably. 

 

Fig.4.S1. The XRR thickness analysis result. The -2 nm and +2 nm lines show the sensitivity in 

fits with ± 2 nm change in the Au layer. 
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4.6.3 Sensitivity analysis 

(a) 

 

(b)

 
Fig.4.S2. (a) Analytically calculated phase lags as a function of heating frequency for different 

𝜅௧௥௔௡௦ when the MOF thermal conductivity changed from 0.7 W/m∙K (solid lines) to 0.1 W/m∙K 
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(dashed lines). (b) The difference in phase lags represented with the solid and dashed lines as a 

function of heating frequency. 

 

The phase lags as a function of heating frequency are analytically calculated when the 

thermal conductivity of MOF crystal is assumed to be 0.7 W/m∙K and 0.1 W/m∙K for different 

top transducer layer thermal conductivities (𝜅௧௥௔௡௦). The calculation results are shown in 

Fig.4.S2-(a). The transducer layer thermal conductivity ranged between 10W/m∙K (Case 5) and 

200W/m∙K (Case 1) where the solid lines represent the 0.7 W/m∙K case and the dashed lines 

represent the 0.1 W/m∙K case. Fig.4.S2-(b) shows the difference in phase lags between the 

higher and lower MOF thermal conductivity cases for different 𝜅௧௥௔௡௦ as a function of heating 

frequency. It is clear that the lower 𝜅௧௥௔௡௦ yields a higher phase lag difference, which is 

equivalent to higher sensitivity for measuring the thermal properties of MOF crystals. 

 

4.6.4 Measurements data table 

While each crystal under the same loading conditions yielded thermal conductivity values 

that are not significantly deviated from one another, some of the best-fit yielding data sets that 

also meet our selection criteria described in the main text based on the fitted 𝜅௧௥௔௡௦. are chosen 

and presented in Table 4.S2. Different numbers in crystals and data points in the second and third 

columns mean that the data collection is performed on different crystals and multiple spots on 

the crystal. The uncertainties in each data point in the last column resulted from the propagation 

of uncertainties in material properties used for fitting. Fig.4.S3 shows a histogram of all the 

measurement results of the activated HKUST-1 crystal samples to show that the whole data sets 
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did not yield severely scattered 𝜅. This data set represents a total of 8 crystals and 21 

measurement spots. 

 

Table 4.S2. Selected measured 𝜅 of HKUST-1 crystals under different conditions 

Activated HKUST 
Crystal 1 

Data point 1 0.72 ± 0.27 W/m∙K 
Data point 2 0.69 ± 0.26 W/m∙K 
Data point 3 0.69 ± 0.27 W/m∙K 

Crystal 2 
Data point 1 0.75 ± 0.24 W/m∙K 
Data point 2 0.61 ± 0.25 W/m∙K 

Methanol Crystal 1 

Data point 1 0.31 ± 0.24 W/m∙K 
Data point 2 0.28 ± 0.26 W/m∙K 
Data point 3 0.25 ± 0.23 W/m∙K 
Data point 4 0.34 ± 0.33 W/m∙K 

Ethanol Crystal 1 
Data point 1 0.15 ± 0.08 W/m∙K 
Data point 2 0.16 ± 0.08 W/m∙K 

Water Crystal 1 
Data point 1 0.19 ± 0.09 W/m∙K  
Data point 2 0.24 ± 0.09 W/m∙K 

 

 

Fig.4.S3. A histogram of thermal conductivity measurements of HKUST-1 crystals after thermal 

activation. This data set represents a total of 8 crystals and 21 measurement spots. 
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Concluding remarks 

 
 We are able to accurately measure thermal properties of different material systems using 

the optical FDTR technique. In Chapter 2, we first present the measurement results of thermal 

conductance at the interface, G, between Au metal and Al2O3 dielectric layers, which reflects the 

actual HAMR NFT material system. By inserting metal adhesion layers to bridge dissimilar 

phonon properties between the Au and Al2O3, specifically to have better phonon density of states 

overlap with Al2O3, we attempt to enhance G. We use Cu and Cr layers in this study, which 

results in two-fold and four-fold enhancement in G. The thickness that is required to achieve 

such enhancement is approximately 1 nm, suggesting that only a little amount is necessary to 

enhance thermal properties. The interdiffusion effect between Au and the interested Cu is also 

studied to see how the Cu adhesion layer inserted between Au and Al2O3 could affect the G 

behavior. We find that at higher annealing temperatures, we get intermixing between Au and Cu 

due to promoted interduffison between them. This results in depletion of Cu atoms at the metal-

dielectric interface, which lowers G finally. 

 In Chapter 3, we present that the mechanical bonding approach is successful to create 

intended nano-gap structures to experimentally probe the near-field thermal radiative effect. To 

fabricate thermomehanically robust thin gap structures, we run design analysis to see how much 

of the top membrane will deflect when the top structure is subjected to certain pressure for 

various gap size configurations. Also, thermal sensitivity analysis to maximize our sensitivity to 

the near-field radiative effect is conducted. The samples created based on these design 

considerations show reasonable FDTR fitted values, but with very large uncertainties. These 

large uncertainties result from the high sensitivity of our data to variations in our fitting 
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parameters. Thus, we come up with a differential fitting analysis to fit for the phase lag 

differences in two data sets. This successfully reduces the large uncertainties, and the fitted 

values match well with the expected values. We also observe enhancement in ℎ௚௔௣ with the 

decreasing gap thickness and the matching material case, which clearly suggests that we have 

measured the near-field thermal radiative effect. 

 In Chapter 4, we present the reduction in 𝜅 in HKUST-1 MOF single crystals through 

liquid adsorption. The FDTR-obtained 𝜅 when the HKUST-1 is fully activated matches well 

with the reported calculated value. Following the full adsorption in ethanol, methanol and water 

liquids, we observe the reduction in 𝜅. This suggests that phonons are effectively scattered due to 

liquid adsorbate molecules inside the crystal structure. The experimental values are lower than 

the effective medium theory’s expected values, which assumes parallel heat channel with respect 

to heat flow. This could be due to liquid adsorbate molecules populating the HKUST-1 MOF 

pores by forming sharp point contacts or the possible existence of thermal interface resistance 

between the adsorbate-containing pores and the MOF structure.        

 


