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ABSTRACT

Thermal diodes and switches are systems that enable us to control thermal transport,
preferentially in one direction, and switch “on”/“off” on demand. The main challenges of existing
thermal diodes and switches are poor steady-state performance, limited operation conditions, slow
transient response, and/or extremely difficult manufacturing. In this study, adsorption-controlled
and capillary-controlled thermal diodes and switches are examined by employing argon gas-filled
heterogeneous nanostructures using molecular simulations. For the adsorption-controlled
mechanism, asymmetric adsorption onto the heterogeneous nanogap with respect to the different
temperature gradient direction results in the asymmetric gas pressure and thermal accommodation
coefficients (TACs), giving a maximum degree of diode, Rmax ~ 7. For a thermal switch, Ar-filled
nanogaps with two heterogeneous surfaces are designed to demonstrate a fast thermal switch
mechanism without having extra mechanical controlling system with the maximum degree of
thermal switch, Smax ~ 13. In order to achieve higher magnitudes of R and S, the adsorption and
capillary transition on the heterogeneous nanostructures are elucidated using Ar-filled Pt-based
nanogaps with one surface having nanoposts using Grand Canonical Monte Carlo Simulation
(GCMC). The study shows that the nanoposts decrease capillary transition pressure at given
temperature (or increase temperature at given pressure). The large thermal conductivity contrast
between the controlled adsorption and capillary states using the structural and/or material
heterogeneity is shown to allow for Rmax ~ 140 in a demonstrated thermal diode with operating
temperatures -40 K < ΔT < +40 K. It also leads to a new nanoscale thermal switch mechanism
providing Smax ~ 45 and ~ 170 for ΔT = 10 K and 60 K, respectively, for a nanogap size of 5 nm.
These results provide new insights into the design of advanced thermal management systems such
as thermal transistors, thermal logic gates, and computers.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW1

1.1 Introduction
The United States consumes 97.1 quadrillion Btu of energy annually (~ 776 billion gallons of
gasoline) [1]; however, nearly 59% of this energy is being wasted in the form of thermal energy
[2], which negatively impacts climate and the environment. Thus, it is imperative to find an
innovative solution to improve the efficiency of energy transport/conversion, minimize
degradation, and develop new applications using waste heat, with the goal of mitigating
climate/environmental impacts. Novel thermal management systems (thermal diode and switch)
are crucial to recycling waste heat energy [3-5], using building energy efficiently [6], and
developing new energy-saving applications, i.e., thermal computers [7-11]. High-efficiency
thermal diodes and switches are critical components to control thermal energy transport,
conversion, and storage efficiency as basic building blocks aimed at developing thermal energysaving/scavenging and thermal circuit/computing systems [8-10]. Recently, rigorous advances in
theory and experimental demonstrations have been achieved using multiscale thermal transport
phenomena. Especially, recent emerging micro- and nanotechnologies have led to the realization
of experiments demonstrating such suggested theoretical mechanisms.

1



Sections 1.1 to 1.4 of this chapter have been published in the following source:
Hwang, G. and Avanessian, T., Multiscale Thermal Diode and Switch for Advanced Thermal Management
Systems, in Multiscale Thermal Transport in Energy Systems, H. Y.-L. and Y. Zhang, Editors. 2016, Nova
Science Publisher Inc.: New York.

1

Thermal diode and switch mechanisms have been explored via various nonlinear, tailored
thermal transport mechanisms for desired functionalities. Extensive reviews can be found for the
thermal diode [10, 12] and switch [13]; however, the former primarily focus on atomic-scale
phononics, while the later mainly discuss macro-scale phononics, especially in spacecraft
applications.
This chapter reviews the various multiscale nonlinear thermal transport mechanisms based on
the principal energy carriers (for thermal conduction, convection, and radiation) for the thermal
diode and thermal transport control mechanisms for the thermal switch. This chapter also includes
an up-to-date literature survey and outlook for future research opportunities.
1.2 Thermal diode
The thermal diode (or rectifier) is a system used to control the transfer of heat, preferentially
in one direction. This system has drawn considerable interest, since it has the tremendous potential
to open up new avenues for thermal management systems for desired functionalities [8, 9].
Considering the significant impact of electron signal control devices such as diodes, switches, and
transistors on modern industry, the invention of a similar counterpart is an essential pathway to
improve the efficiency of existing thermal systems for sustainable energy and the environment as
well as to lead to new thermal energy-utilization/scavenging systems like the thermal
circuit/computer. The thermal diode is crucial to significantly enhancing thermal energy transport,
conversion, and storage in many applications, such as sustainable energy scavenging (solarthermal, geo-thermal, thermoelectric, and various waste-heat recovery systems), heat engine,
electronic cooling, automotive, aerospace, smart building, and biomedical systems. The thermal
diode helps to easily access available thermal energy from heat sources and resists transferring
heat when the temperature gradient is reversed.
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Heat transfer occurs through a combination of temperature gradient and thermal conductivity
between hot and cold junctions, i.e., Fourier’s law,

q  k T ,

(1.1)

where q is the heat flux vector, k is the thermal conductivity, and T is the temperature. The
thermal diode refers to nonlinear heat transfer, favorably in one direction (see Figure 1.1).
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Figure 1.1. Schematic of thermal diode principle showing heat flux, where q+ is large when the
temperature gradient is positive, and the reverse heat flux, q-, is minimal when the temperature
gradient is reversed. Insert shows concept of thermal diode qualitatively.
The degree of the thermal diode (or rectification) is defined as the relative heat transfer
difference between the favorable (positive) and unfavorable (negative) heat flux compared to the
negative heat flux, given as
R

q  q
,
q

(1.2)

where R is the degree of the diode (or rectification), q+ is the positive (right) heat-flux direction,
and q– is the negative (left) heat-flux direction. In the thermal diode, the positive-direction heat
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flux is greater than the negative-direction heat flux, which in turn results in R > 0, where a high R
is desirable for efficient thermal rectification systems.
Thermal diodes employ nonlinear thermal transport properties across the heat source/sink via
thermal conduction, radiation, and convection. In fact, an extensive review on phononics, such as
a phonon-driven thermal diode, logic gate, transistor, and memory for an eventual thermal
computer design, is found in the literature [10]. Here, the thermal diode mechanisms are reviewed
based on the working principles as summarized below.
1.2.1 Nonlinear thermal conduction
Nonlinear thermal conduction is probably the first and most popular approach to demonstrate
the thermal diode. Asymmetric thermal conduction has been demonstrated through the tailored
thermal transport of principal energy carriers such as phonons and electrons, and main approaches
include asymmetric electrical thermal conductivity, mass distribution across heterogeneous
material junctions (both solid/solid and solid/liquid interfaces), asymmetric geometries in
homogeneous materials, temperature-dependent thermal conductivity, defects, and the asymmetric
quantum system.
1.2.2 Electronic thermal conduction
Free electrons are one of the principal thermal energy carriers, and their transport could be
tailored through heterogeneous (conducting/insulating) materials. Also, electron transport could
be nonlinear because it is manipulated in a quantum state. The former has been achieved via a
macro-scale approach, while the latter has been demonstrated via an atomic-scale approach. Starr
[14] experimentally observed the thermal diode for the first time at the interface between Cu2O
and Cu throughout a symmetric thermal conductance (mainly electrical thermal conductance) via
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tailored electron transport across the interface as shown in Figure 1.2, reporting Rmax = 1.67
(maximum degree of thermal diode).

Figure 1.2. Experimental setup for the thermal diode using Cu/CuO2 interface [14].
Recently, Ruokola and Ojanen [15] have examined a single-electron thermal diode using
“metallic islands with a continuous spectrum” or “quantum dots with discrete states” connecting
two electronic reservoirs at different temperatures using the quantum theory. Heat flow in the
favorable direction is enabled by a four-step sequential tunneling cycle, while in the unfavorable
direction, this process is suppressed due to Coulomb blockade effects. In order to achieve R ~ 10,
a TH/TC of 3 or greater is required. In addition, this model should be used at temperatures near 1
K. For a realistic set up, TC = 100 mK and TH = 250 mK are proposed. Ren and Zhu [16] have
shown that Kapiza resistance across a topological insulator/ superconductor junction is able to
provide the thermal diode effect, R ~ 1 at T = 70 K. Operating temperatures lower or higher than
T = 70 K may result in lower degrees of rectification, R. Both d- and s-wave superconductors can
be used for this setup. The Kapiza resistance here results from the different temperature responses
of the topological insulator and the superconductor. Martínez-Pérez and Giazotto [17] have
examined a theoretical approach to design the thermal diode using the Josephson tunneling
junction. This junction potentially could be designed like an electronic transistor such as an
insulating barrier sandwiched by two different superconducting electrodes. The key approach is to
employ the temperature-dependent superconducting density of state (DOS), although this requires
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a very large temperature gradient across the junction for the thermal diode. Predicted results have
shown that the thermal diode allows for Rmax ~ 8.
1.2.3 Phononic thermal conduction
1.2.3.1 Heterogeneous material junctions: solid/solid
Segal and Nitzan [18] have shown that the manipulation of spin-boson nano-junctions result
in the thermal diode effect. This is caused by a combination of the system’s inherent anharmonicity
and its structural asymmetry, and it is studied in a simple anharmonic system, i.e., a spin-boson
nano-junction (N-atom chain). It employs two modeling approaches: a linear separable model and
a nonseparable model (analytical solutions), depending on the coupling between the system and
the heat bath. The first model shows that asymmetry is induced by considering different boson
creation and annihilation operators for the phonon modes of the harmonic bath, resulting in R ~
0.1. In the second model, asymmetry stems from the nonseparable system-bath coupling on hot
and cold sides, causing R ~ 0.5. The sink and source temperatures here are T = 300 K and 400 K,
respectively. Hu et al. [19] studied the feasibility of the thermal diode caused by the asymmetric
heat transfer stemming from the asymmetric phonon-phonon coupling of the atomic chain with
the thermal bath, and elaborated on this using a two-segment Frenkel-Kontorova (FK) model.
Considering an FK chain including two segments each containing half of the system size, N/2
particles, connected by a harmonic spring, they have reached degrees of rectification as high as
1.5. However, a main technical challenge for this experimental demonstration is that the thermal
diode effect is strongly dependent on the number of particles and the spring constant, which may
not be straightforward to control in the experimental setup. Roberts and Walker [5, 20] have
demonstrated the asymmetric thermal transport at the Ar/Kr interface using molecular dynamics
simulation (MDS) as shown in Figure 1.3. They observed that the phonon scattering at the
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structured, heterogeneous interface results in a thermal diode showing Rmax ~ 0.06 at T ~ 50 K and
device length scale of ~ 50 nm.

Figure 1.3. Various interfacial structures between Ar/Kr materials for thermal diode using
molecular dynamics simulations [5].
Chen et al. [21] have examined the thermal transport across the graphene/hexagonal-boron
nitride (h-BN) nanoribbon interface using nonequilibrium molecular dynamics simulation
(NEMD) and found that the favorable heat flux direction is from the h-BN to graphene, resulting
in Rmax ~ 1.45. In this heterogeneous structure, the temperature drop across the interface is related
to the Kapiza interfacial resistance, which is asymmetric due to the different phonon scatterings
from different directions. The different interfacial structure leads to the different level of R, i.e.,
the armchair interface provides a higher R than the zigzag interface, due to the beneficial effect of
the delocalized modes there. They have also found that the large ΔT, low temperature, short length,
and small number of interfaces allow for the large R.
Carlomagno et al. [22] have designed a thermal diode using a composition-graded system with
theoretical materials, where the composition changes along the length of the system, considering
the size effect, i.e., from a macro- to nanoscale system. For a macroscale system, a quadratic
composition profile along the length of the system allows for R ~ 0.3, while a minimal R is
observed for the linear concentration distribution. As the system size becomes small, i.e., from
micro- to nanoscale (L = 10-6 and 10-9 m), R becomes independent of the composition distribution,
which allows for 1.3 and 1.25, respectively.
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1.2.3.2 Heterogeneous junctions: solid/liquid
Hu et al. [23] have theoretically analyzed the potential thermal diode design using water in
self-assembled monolayer (SAM, (CH2)nOH) interface chemically bonded to a silica surface using
molecular dynamics simulation. They found that the temperature-dependent, nonlinear phonon
scattering near the interface between the water and solid interface results in the thermal diode
effect, showing that Rmax ~ 0.54 can be achieved. This thermal diode effect increases with
increasing heat flux and temperature. Murad and Puri [24] have achieved the thermal diode using
the water-filled heterogeneous water-wetting gap. The working principle here is to create a density
gradient across the gap to manipulate the water-wetting-driven temperature-dependent heat
transfer, and this can be achieved by manipulating charges of the water molecules near Si solid
walls to mimic a polar surface. Predicted results show that the thermal diode effect is maximized
when the cold side becomes highly hydrophilic, and a further diode effect could be achieved using
an external force applied to the flow. Yuan and Xin-Gang [25] have demonstrated a nano thermal
diode using temperature-dependent phonon scattering at the argon/face-centered cubic (Ar/FCC)
solid interface. With variations in the potential well depth (surface energy) and FCC solid mass
NEMD, they determined the asymmetric thermal conductance across the interface and observed
the maximum rectification to be Rmax = 1.14 at an average temperature of 120 K.
1.2.3.3 Homogeneous junctions: asymmetric geometry
Asymmetric geometry or energy transport mechanism control (atomic-structural defect, mass
graded, diameter, nonlinear chain, temperature-dependent phase-change) within the homogeneous
materials has been explored to demonstrate the thermal diode, due to asymmetric phonon
scattering and transport from different directions of the temperature gradient. Casati [9], Li et al.
[26], and Terraneo et al. [27] have simulated a nonlinear atomic chain (artificial system) and
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calculated a difference in conduction between the two directions, finding that the maximum
thermal diode could be achieved at Rmax ~ 100. Chang et al. [8] have demonstrated experimentally
a thermal diode using carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs) with a tilted
junction as a first measurement in the nanostructure for a thermal diode. They used CNTs and
BNNTs, due to their high thermal conductivity dominated by phonons [28, 29], and a nonuniform
axial mass distribution has been added on the outer wall of the nanotubes by deposing amorphous
C9H16Pt for a diameter of 30 to 40 nm for BNNTs and 10 to 33 nm for CNTs with a length of 10
μm. They have found that the thermal conductance is higher when the heat transfer direction is
from the high-mass to low-mass region for the thermal diode, Rmax ~ 0.02 (CNT) Rmax ~ 0.07 at
ambient temperature, and they have concluded that the stronger ionic nature results in higher
nonlinear thermal transport in BNNTs compared to CNTs. Tian et al. [30] have employed the
tapered reduced graphene oxide (rGO), experimentally showing Rmax ~ 0.25 using nonlinear
thermal conduction via asymmetric geometries. Hu et al. [31] have demonstrated the thermal diode
through tapered graphene nanoribbons (GNRs) and have found that the magnitude of R depends
on the chirality of the bottom base and its vertex angle. Although the thermal conductivity of
zigzag GNR is 20–50% higher than the armchair GNR, a higher magnitude of Rmax ~1.2 (at 180
K) is predicted for the armchair-based triangular GNR. The different phonon scatterings is the
main reason for having different values of R, and the positive direction is from the wider to
narrower edge of the triangle. The largest thermal rectification is found in the triangular GNR with
armchair bottom edge and vertex angle of 30°. Structural defects such as circular vacancies and
edge roughness decrease thermal conductivity as well as the degree of rectification. Trapezoidshaped GNRs also provide the thermal diode effect but to a smaller degree than triangular-shaped
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GNRs. Ni et al. [32] have designed heterogeneous CNTs, so-called partially-unzipped carbon
nanotubes (PUCNTs) using MDS for the thermal diode as shown in Figure 1.4.

Figure 1.4. Asymmetric nanostructure for the thermal diode using partially-unzipped carbon
nanotube (PUCNTs) [32].
They found that the nonlinear thermal conductivity is caused by the higher localization modes
on the boundary induced by junction scattering. The degree of thermal rectification is higher for
the armchair (3,3) PUCNTs compared with zigzag ones (5,0) and increases with temperature. The
degree of thermal rectification is related to the relative length of the preserved CNT to the entire
PUCNT length, r, showing that it increases with decreasing r. An increasing length of the entire
structure with the constant r leads to a lower R as the effect of the junction interface is intensified.
Wang et al. [33] have shown that Rmax ~ 0.7 (at <T> = 200 K) through defect engineering in the
graphene nanoribbon.
Alaghemandi et al. [34] predicted Rmax ~ 0.42 in the mass-graded, single-wall carbon nanotube
(SWCNT), and Pal and Puri [35] have shown the thermal diode effect at the functionalized
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SWCNT with polyacetylene (PA) in only one end using MDS, which resulted in Rmax = 2.04 at T
= 30 - 40 K. The predicted results have shown that the thermal diode effects have been generated
when the PA is adjacent to the hot side, i.e., phonon transverse scattering between PA and CNT
molecules, and also the coupling of the phonon scattering with their longitudinal transport is
different than the case when the PA structure is closer to the cold side. This is caused by the fact
that phonon scattering is temperature dependent, in other words, the spectral mismatch is greater
during the negative direction because of increased phonon-phonon scattering. Because the longer
distance of PA functionalization from the center of the CNT increases asymmetry, the degree of
rectification also increases. Increasing the length and diameter of the CNT increases thermal
conductivity in a negative direction and thus decreases R. The proposed PA functionalization could
be fabricated by existing nanotechnologies based on previous work [36-38]. Several groups have
successfully predicted the thermal diode effect using a diameter-mismatched nanotube [39] using
asymmetric nanostructures by a nanocone [40] as well as a nanoribbon (Rmax ~ 3.5) [41]. Jiang et
al. [42] have studied Rmax ~ 1.2 for Möbius graphene strips (MGSs) with zigzag edges, as a function
of the position of the heat baths (within the MGS) using NEMD. In the case where heat baths are
located symmetrically (at θ = 0 and θ = π), they found R ~ 0.35, which does not change dramatically
with the change in temperature and strip length. For MGSs with armchair edges, completely
different magnitudes of R are obtained (~ 0.6 for the case with symmetrically located heat baths).
Zhang and Zhang [43] have examined the thermal diode in graphene Y junctions, with the
favorable direction being from the branches to the stem using molecular dynamics simulation.
Layer-layer interaction increases R from ~ 0.4 to ~ 0.65 for a double-layer structure. The
match/mismatch of the vibration Density of State (vDOS) spectra between the two ends results in
thermal rectification. The authors claim that the graphene Y junction gives a higher R compared
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to the carbon nanotube Y junction. Lee et al. [44] have observed thermal rectification in a 3D
single crystalline diamond nanostructure using molecular dynamics simulation. The selected
asymmetric nanostructure is a pyramid with a flat tip, and R increases (Rmax ~1.5) because there is
a higher temperature gradient and narrower edge of the flat pyramid (higher degree of asymmetry).
At the large temperature gradient, the degree of rectification increases with the degree of mismatch
of the vDOS on the narrow side. They considered different heat bath-diode interface lengths and
concluded that the R can be maximized when the contact area becomes as wide as the flat pyramid.
Tian et al. [30] achieved Rmax ~ 0.21–0.28 using a reduced graphene oxide triangle and rectangle.
Wang et al. [45] have also observed a possible thermal diode mechanism from the lateral phonon
confinement in the graphene nanoribbon, with Rmax = 0.4 at 100/300 K. This principle utilizes the
asymmetric phonon scattering from the narrow-to-wide cross section compared to the wide-tonarrow cross section.
Zhu et al. [46] have experimentally studied a thermal diode using a tapered vanadium dioxide
beam (asymmetric geometry). Platinum coils were used both as heaters and resistive thermometers
for the test at T = 250 and 340 K. The temperature range was chosen to maximize the electronphonon scattering for the metal-insulator interface for VO2, resulting in Rmax ~ 0.28. Cartoixà et
al. [47] have observed Rmax ~ 0.5 using silicon nanowires (SiNWs) with a significant change in
diameter at the junction using NEMD. The thermal diode effect is caused by the asymmetric
phonon scattering near the interface. A thermal diode effect requires a large temperature gradient,
at least 0.93 K/nm or greater, under a noise-free heat current condition. Using NEMD, Liu et al.
[48] have examined the effect of the standing wave on the thermal diode in the asymmetric InAs
and Si nanowires. They found that the asymmetric heat transfer originates from the tailored phonon
vibrational density of state due to phonon scattering from the asymmetric geometries, which occurs
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when there is a coincidence of the natural frequencies along the two directions. This is the primary
reason why R in graded InAs nanowires is higher than in Si nanowires (1.63 vs. 0.25). Pan et al.
[49] have analyzed the unsteady heat flux (heat pulse) phenomenon in graphene Y junctions, which
occurs as the result of different longitudinal vibrational modes due to the heat pulse in positive and
negative directions. More interestingly, the favorable direction is different for two different Y
junctions, namely (A8-A4-A4, 120˚) and (A8-Z5-Z5, 60˚), being armchair- and zigzag-edged
graphene nanoribbons, respectively. Higher rectification, R ~ 1, is achieved by the first Y junction,
with the positive direction being from the stem to the branches.
1.2.3.4 Heterogeneous junctions: quantum system
The thermal diode has been observed in quantum systems (atomic-scale). Eckmann and MejíaMonasterio [50] have shown the thermal diode effect at the heterogeneous junction (nonlinear
billiard-like collision). The billiard-like system with interacting particles induces a local dynamic
response of the billiard to an external thermodynamic gradient, which leads to a steady-state,
asymmetric billiard in terms of particle and energy-reflection coefficients. The thermal diode
phenomena between two electrical conductors have been found through a nonlinear electron-gasdispersion relation transport [51, 52]; a quantum dot structure [4, 53, 54], a nonlinear quantum
circuit [55], and a quantum system [56]. Although these previous studies have shown the
interesting scientific phenomena and approaches, the thermal diode effect in quantum systems
remains as theory, without experimental demonstrations so far.
1.2.3.5 Homogeneous junction: asymmetric mass distribution
Another way to design the thermal diode is to utilize nonuniform atom mass distribution from
the heat source to the heat sink. Alaghemandi et al. [34] have employed the mass-graded nanotube
and calculated the degree of the thermal diode using the reverse nonequilibrium molecular
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dynamics simulation (RNEMD). They have shown that the favorable heat transfer direction is from
light atoms to heavy atoms, and the diode effect increases with increasing length, diameter, or
mass gradient of the nanotube, with Rmax ~ 0.12 at T = 200 K. The reason why heat is transferred
from lighter to heavier atoms is that the lighter atoms transfer energy more efficiently from the
transverse to longitudinal vibration. The larger tube diameter increases the number of transverse
modes, which in turn enhances the heat transfer. The increasing nanotube length with increased
number of heavier atoms leads to the enhanced anharmonic character of the lattice, and the lighter
atoms carry higher thermal energy, which leads to a higher degree of thermal rectification. The
increasing temperature lowers the degree of rectification. Balasubramanian et al. [57] have
demonstrated the thermal diode effect using thermal conductivity reduction due to mass disorder
in nanomaterials (carbon nanotubes) from the isotope, i.e., C12–C14, which in turn results in a
relatively small R.
1.2.3.6 Other approaches: assisted by external controller
The nonlinear phonon transport (scattering and/or coupling) can be manipulated by external
forces such as an external magnetic field or acoustic noise in the thermal diode design. Casati et
al. [58] have demonstrated the asymmetric heat transport in chaotic billiard chains, when half of
the chain particles are under a strong, perpendicular, uniform magnetic field, or the entire chain of
particles is under a strong magnetic field gradient along the chain. Under the magnetic field, the
energy carriers are charged particles moving freely inside a closed two-dimensional billiard region,
and the nonlinear thermal transport stems from the difference between the size of the kinetic energy
profile gap for the favorable and unfavorable directions. The main technical challenge for this
system is that the thermal diode requires a high temperature, which disappears when it reaches a
thermodynamic limit.
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Murad and Puri [59] have utilized water (density graded) in a silicon nanogap and calculated
the thermal diode. They have shown the maximum thermal diode to be Rmax ~ 1. Here, water is
distributed in the reservoir using an external force, usually an order of magnitude smaller than the
intermolecular forces of each water molecule, in order to create a density gradient. In experimental
work, this force can be applied by employing electric or magnetic fields. This density gradient
provides an asymmetric axial thermal conductance, i.e., thermal diode in a way that the positive
direction is the direction of decreasing mass density.
Bagchi [60] has predicted the thermal diode effect in a two segment classical Heisenberg spin
chain with the spatial asymmetry under an external magnetic field. The nonlinear thermal transport
is found by the dissimilar spin-spin coupling strengths, under the temperature difference between
the two baths, interaction strength, segment size, and the magnitude of the magnetic field. The key
to the diode effect is the interface (Kapiza) resistance, where the degree of rectification, R,
increases as the temperature decreases, the system size becomes smaller, and the strength of the
magnetic field is higher, i.e., the ballistic regime. Guimarães et al. [61] have designed a thermal
diode using classical harmonic, Frenkel-Kontorova, and Fermi-Pasta-Ulam chains under an
energy-conserving noise through self-consistent reservoirs for random particle velocity
manipulation. The primary focus of this study was to maintain the degree of thermal rectification
assisted by the energy-conserving noise, even though it is close to the thermodynamic limit. Note
that the previous study shows that the thermal diode effect disappears near the thermodynamics
limit [58]. Using a considerably large temperature gradient, the authors have shown that with
increasing randomness of the particle velocity profiles, R reaches the asymptotic value, 0.73,
independent of chain size. They have concluded that the highly chaotic behavior with the energyconserving noise results in an ergodic system, as studied by Landi and de Oliveira [62].
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Suwunnarat et al. [63] have employed the asymmetric heat transfer rate induced by the Coriolis
force from the rotating platform in the harmonic chain (lattice) to design a controllable thermal
diode. The angular velocity results in changing the heat flux direction, which in turn leads to a
controllable thermal diode. Three co-rotating heat baths are coupled with the chain, each of which
are connected to particular atoms in the lattice, and two of these reservoirs behave as the heat
source and heat sink, and the third one is asymmetrically coupled with the setup to block any
spatial symmetry. This system leads to Rmax ~ 0.006, without a classical limit for the thermal diode,
i.e., high operating average temperatures. Tso and Chao [64] have explored the fact that the degree
of rectification, Rmax ~ 90, can be achieved in a passive shape memory alloy (SMA)-based
macroscopic thermal diode (dimensions about 10 cm). SMAs assist in making a large difference
between the effective thermal conductivity in favorable and unfavorable directions (281 W/m-K
and 3 W/m-K, respectively). The main challenge here is that this design is not applicable when the
inlet temperature is lower than the SMA activating temperature.
1.2.4 Nonlinear thermal convection
To the best of the authors’ knowledge, the experimentally demonstrated degree of rectification
using asymmetric thermal convection is the largest among other approaches. For the first time,
Globe and Dropkin have studied a gravity-driven asymmetric heat transfer in a confined liquid
with two solid plates using nonlinear thermal convection [12, 65]. Their key approach is to employ
the favorable flow direction by gravity. The typical setup is two liquid-filled solid plates under the
temperature gradient, and when the temperature gradient direction is against the gravity (upward
heat transfer), it favors the heat transfer because the buoyancy assists the natural convection, while
when the temperature gradient is reversed, the heat transfer occurs only via thermal conduction
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through the liquid (no significant natural convection). This asymmetry allows for a thermal diode
with Rmax ~ 9.
To further improve the low R, Groll et al. [66, 67] and Alario [66, 67] have employed capillaryassisted, nonlinear thermal convection, i.e., heat pipes, where heat transfers from the evaporator to
the condenser via vapor, while the liquid returns to the evaporator via the capillary pressure
gradient. Typically, the evaporator is designed for the smaller liquid pressure (large capillary
pressure), in order to enhance the liquid supply from the condenser (characteristic geometry ~ 10100 μm), whereas the condenser has a relatively large capillary meniscus radius (characteristic
geometry ~ 1 mm). When the temperature gradient is from the evaporator, the heat transfer is
favorable, while the reverse temperature gradient leads to a nearly negligibly small heat transfer,
which in turn results in the thermal diode, Rmax ~ 200 [66] and Rmax ~ 1,000 [67].
Boreyko et al. [68] and Hirayanagi et al. [69] have designed a thermal diode using
heterogeneous water wettings, i.e., hydrophilic and hydrophobic surfaces as shown in Figure 1.5.

Figure 1.5 A schematic drawing of water-filled heterogeneous wetting surfaces for thermal
diode, Rmax ~ 100 [68].
Here, the heat transfer favors when the temperature gradient direction is from the hydrophilic
to hydrophobic surfaces due to the favorable water supply to the heat source (hydrophilic surface),
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whereas the reverse temperature gradient limits the liquid supply (i.e., hydrophobic surface). These
designs lead to Rmax ~ 100 and Rmax ~ 0.46, respectively.
1.2.5 Nonlinear thermal radiation
The thermal diode has also been observed using temperature-dependent radiative heat transfer
(photon) in tailored micro/nanostructures. In general, the operating temperature is relatively higher
than other mechanisms. Otey et al. [70] demonstrated photon-mediated thermal diodes through
temperature-dependent optical resonances for Rmax = 0.41 at Tc = 300 and Th = 600 K in the
nanogap of 100 nm using SiC as base material. The key approach here is that the surface phonon
polariton frequencies of SiC-3C and SiC-6H become nonlinear, where the spectral emissivities are
different from the temperature gradient. For favorable heat flux direction, the spectral emissivities
of the two bodies become similar, whereas the reverse temperature gradient direction leads to
different spectral emissivities, thus causing the unfavorable heat flux direction.
Similarly, the thermal diode has been improved to Rmax = 0.7 using dielectric coating [71].
Basu and Francoeur [72] have examined the thermal diode effect between a film and a half-space
of doped silicon with different doping concentrations, achieving a maximum thermal rectification
of 0.51 with a 10 nm vacuum gap at temperatures of 350 K. Ben-Abdallah and Biehs [73] have
predicted the phase-change-driven radiative diode, Rmax = 0.9. This phase-change stems from a
sudden change in optical properties of insulator metal transition (IMT) materials like VO2 due to
a small change in temperature around the critical temperature. They have considered a system
composed of VO2 on one side and SiO2 on the other side, with a vacuum gap of a certain thickness
considerably larger than their thermal wavelengths in between (far-field regime). In the favorable
direction, TVO2 is greater than its critical temperature (340 K) and is in a metallic phase. For the
unfavorable direction, the VO2 temperature is lower than 340 K and is in a crystalline phase.
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Results show R ~ 0.7, which could be enhanced to Rmax ~ 0.94 by increasing the temperature
gradient to about 200 K.
Yang et al. [74] have designed a nanogap using SiO2 and VO2 filled with a vacuum with a 10–
1,000 nm gap size, and this phase change of VO2 resulted in Rmax ~ 3.2. Zhu et al. [75] have
calculated Rmax ~ 13 in bi-modal-size nanoparticles using tuned optimal resonance. Wang and
Zhang [76] have observed the thermal diode between intrinsic silicon and various materials
including doped Si/SiO2/Au, predicting Rmax = 9.9. at 300/1000 K with a 5 nm gap size. The
thermal diode could also be achieved in asymmetric thermal radiation at the blackbody sandwiched
by two surfaces having different emissivities, resulting in Rmax ~ 0.21 at surfaces temperatures of
1,000/500 K [12, 77].

Figure 1.6 A schematic drawing of asymmetric photon scattering through pyramid collimator
[11].
Chen et al. [11] have experimentally achieved a thermal diode of ~ 0.1, based on the
asymmetric scattering of ballistic energy carriers (photon-based diode) by means of pyramidal
reflectors and an inelastic collimator, as shown in Figure 1.6. The geometrical asymmetry stems
from a taper of pyramidal mirrors, where photons of near-normal incidence angles are more easily
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transmitted from the peak of the pyramids, and the photons with incidence angles near zero enter
the test section better from the base of the pyramid. The required nonlinearity is caused by using
an inelastic thermal collimator distorting the angle-dependent emission. Experimental results show
that no diode effect is observed without the collimator, and by using an inelastic collimator with a
pore aspect ratio of H/D = 1, a thermal diode of R ~ 0.1 is achieved.
Increasing the aspect ratio or decreasing the hot-side temperature decreases the magnitude of
the diode effect. Mascarenhas et al. [78] have theoretically examined 2D spatially nonreciprocal
devices, which allow unidirectional propagation of a single or a few energy quanta at a fixed signal
frequency and amplitude. This is based on the fact that a transmitted intensity at a fixed-incident
amplitude and at the same frequency should be significantly different in the two opposite
propagation directions. The system includes a nonlinear-linear junction. Because the energy
transport is towards the linear section, the diode efficiency is higher, whereas when the junction
receives a quantum state instead of a coherent field as input, the large diode effect for the linearto-nonlinear transport is obtained when resonance occurs. The diode effect is also observed on the
opposite side when detuning is compensated by nonlinearity. The proposed thermal diode design
could be potentially demonstrated using the experimental setup having superconducting
microwave circuits and semiconducting optical circuits. Keidar et al. [79] have designed a thermal
diode based on a difference in electron emission current densities from the electrodes with different
work functions and surface temperatures using a vacuum between the electrodes. They have found
that this approach leads to Rmax ~ 9; however, this design requires very high temperature > 1400 K
and a large temperature gradient as high as 100 K across a small gap (order of 1 μm) for the thermal
radiation wavelength manipulation.
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Mascarenhas et al. [80] have shown that the thermal diode could be potentially achieved with
a manipulated radiation field by using a quantum approach for classical driving under external
noise and a single-photon pulsed excitation. This system has a one-dimensional channel with a
pair of two-level quantum systems and different ground-to-excited-state transition resonances,
under a classical continuous wave and a quantum photon pulse. Results show that the thermal
diode enables the blocking of noise through the positive direction, while still transmitting through
the negative direction. Schaller et al. [81] have observed that the stationary heat current from the
hot dissipative reservoir to the cold pure dephasing reservoir is much larger compared to the one
in the reverse direction. This can be achieved by using an ensemble of N-identical two-level
systems asymmetrically coupled with two different thermal reservoirs—dissipative (transversal)
coupling with one and pure dephasing (longitudinal) coupling with the other—under a
nonequilibrium state. Results show a considerable increase in the thermal diode with quadratic
scaling of the current due to supertransmittance.
In conclusion, the maximum degree of rectification, Rmax, for various theoretical/experimental
approaches are summarized as a function of the operating temperature as shown in Figure 1.7. The
number of studies using these experimental approaches is smaller than those using the theoretical
approach. The convective, nonlinear (macro- to micro-scale) thermal transport leads to the larger
Rmax, compared to the conduction and radiation mechanisms. Also, note that the thermal diode
using the radiation requires relatively higher operating temperatures compared to the convection
and conduction. The current, multiscale theoretical approach primarily supports only the limited
degree of thermal rectification Rmax < 10, although a few atomic-scale, quantum-mechanics-based
theories have predicted Rmax > 100. For practical implementations to the large-scale applications,
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both theory/experiment need to be advanced to address the few technical challenges as given
below.

Figure 1.7. Summary of previously reported degree of thermal rectification, R, using both
experimental and theoretical/computational approaches in nonlinear conduction, convection, and
radiation heat transfer mechanisms. Variations of thermal diode (or rectification) with respect to
operating temperature range (average temperature) and target thermal rectification (present
study) are also shown.
1.2.6 Outlook for future research
As reviewed above, extensive efforts have been made in both fundamental theoretical working
principles as well as applications to experimental demonstrations; however, implementations to
the practical applications have been limited due to a few technical challenges as discussed below:

a) Poor steady-state R and/or slow transient response
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For the first time, the thermal diode has been experimentally demonstrated in a solid state, Rmax
~ 1.7 [14], but the steady-state performance still remains lower than desired, e.g., using an
asymmetric carbon nanotube, Rmax ~ 0.07 [8], asymmetric graphene oxide, Rmax ~ 0.25 [30],
electrochemically tuned thermal diode material, Rmax ~ 0.5 [82], and asymmetric photon transport,
Rmax ~ 0.11 [11]. To improve the low R, the liquid-based system has been employed for the
nonlinear convection for the thermal diode, e.g., using heat pipes, Rmax ~ 200 [66] and Rmax ~ 1,000
[67], and heterogeneous water wettings, Rmax ~ 100 [68] and Rmax ~ 0.46 [69]. However, the liquidbased systems result in a poor transient response of ~ 10 min, which may significantly limit the
thermal computing speed.
b) Expensive manufacturing and poor scalability
Thus far, numerous theoretical frameworks for efficient thermal diode mechanisms [4, 5, 9,
12, 23, 25-27, 31, 33-35, 39-41, 45, 50-57, 59, 70-77] have not been proven in experiments,
perhaps due to the required very-expensive or challenging atomic-level manufacturing
technologies. These mechanisms include nonlinear quantum systems [4, 50-56], which should be
a long-term approach for such experiments.
c) Limited operation conditions
Some of the efficient radiative thermal diode mechanisms require relatively high temperatures
[75, 76], and a natural convection mechanism requires gravity-favorable orientation (limited
device/system installation) [12]. This may in turn result in limited impact, especially for near or
subambient temperature operation applications.
1.3 Thermal switch
Thermal switches, also known as heat switches, are systems that enable us to control the
amount of heat transfer rate, while switching roles between good thermal conductors and insulators
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using active and/or passive control systems. Typically, when a thermal switch is in the “On” mode,
it becomes a good thermal conductor, whereas when the switch is in the “Off” mode, it serves as
a good thermal insulator. The thermal switch is a crucial component in the design of various
spacecraft/automotive applications [13], power production [83], and cryogenic thermal
management systems [84], in order to enhance the steady-state performance and transient
response.
The thermal switch is typically installed between the heat source/sink and the target system to
maintain the target system temperature, and the typical system consists of three components: heat
source, heat sink, and thermal delivery component. The thermal delivery component can be
operated using either an active or passive control system. The active system utilizes external power
sources (typically mechanical and electrical control systems), whereas the passive control system
employs a self-regulated thermal control system (generally mechanical- and/or thermal-actuatordriven switching mechanisms). The good thermal switch requires a large contrast ratio of the
thermal conduction to insulation at the steady state and fast enough to switch between the “On”
and “Off” modes, yet sufficiently well damped by the thermal capacitance and mechanical
characteristics to avoid overshooting desired target temperatures. The degree of the thermal switch,
S, is defined using the ratio of the heat transfer in its “On” mode to “Off” mode, given as
S  qon / qoff

(1.3)

where qon and qoff are the heat fluxes when they are in “On” and “Off” modes, respectively.
The typical degree of the thermal switch varies from 100 to 1,000, and the transient response time
is in the order of 1 s to 1 min.
This chapter provides a review of various types of thermal switches, including mechanicalmovement-based and thermal-expansion in macro- to nanoscale working principles. Also, this
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chapter discusses the outlook on future research directions for the efficient thermal switch and new
applications, such as a thermal computer for energy-saving applications.
1.3.1 Micro- to macro-scale, mechanical-based thermal switch
1.3.1.1 Differential thermal expansion thermal switches
A typical approach to thermal transport switching control is to employ physical movement for
the thermal “On/Off” switch [85]. One popular way is to employ the differential thermal expansion
coefficient (TEC) of two different (solid) materials in order to have control over the thermal
contact at the “On/Off” interface. The TEC is typically a function of temperature, and the
difference between the two materials could be different from the different operating temperatures.
In general, the two different materials are placed next to each other, and at a given temperature,
the materials lead to different thermal expansions, resulting in the desired physical bending/torsion
for the thermal switch. This approach enables a reliable and robust design, which leads to a popular
approach. However, one challenge is that the differential TEC is typically very small, i.e., ~ μm/K,
and for a large mechanical movement, it requires a large coefficient difference or large temperature
change. Since this approach requires physical movement of the thermal switching actuator, it needs
the additional physical system space, and it may not be an ideal solution for small-scale
applications. The switching time is relatively fast and it usually takes on the order of 10 s. This
time is typically the heating/cooling time of the differential TEC materials.
Although this approach has the aforementioned technical challenges, it has been adopted as
one of the most popular options for cryogenic thermal switch design due to the reliable and
relatively flexible operating temperature (especially cryogenic temperature, i.e., no freezing or
phase change). A typical mechanical cryogenic thermal switch controls heat transfer through two
metallic or nonmetallic materials, enabling the moving or bending for the thermal conductance
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and/or insulation [85]. Vanoost et al. [85] have experimentally demonstrated an efficient cryogenic
thermal switch utilizing an amplified differential thermal stress between two dissimilar materials
using metal-metal contact and a flexible coupling, which shows a thermal conductance of 0.27
W/K for the “On” mode and 5 × 10-4 W/K for the “Off” mode, under operating temperatures
between 80 and 150 K, resulting in Smax ~ 549.5. Wang et al. [86] have created a cryogenic thermal
switch using lightweight differential thermal expansion, allowing for a thermal conductance of
0.23 W/K for the “On” mode and a thermal conductance of 7.14 × 10-4 W/K for the “Off” mode,
resulting in Smax ~ 322.
1.3.1.2 Gas-filled microgap
A gas-filled microgap has been employed to design the thermal switch [85, 87, 88]. This
approach utilizes a controllable, thermal conduction using gas as a heat carrier. During the “On”
mode, the heat transfer primarily goes through gas thermal conductivity, especially at high gas
pressures, i.e., dense fluid particles as a primary heat carrier, while in the “Off” mode, the heat
transfer becomes negligibly small at low gas pressures, i.e., a vacuum. To operate this type of
thermal switch requires a mechanical or sorption pump to control the gas pressures of the microor nanogaps [84, 88]. These additional systems result in extra cost, additional system design
complexity, and increased system weight, which in turn leads to significant design limitations.
Using He-filled micro-size gaps, at T = 1.7 K, the thermal conductance of 0.1 W/K is obtained for
the “On” mode (viscous regime) and ~ 0.06 mW/K for the “Off” mode, by changing the gas
pressure using a sorption pump [88]. At T = 4.2 K, a similar thermal conductance for the “Off”
mode is seen, whereas ~ 0.2 W/K was observed for the “On” mode. The “On” mode conductance
for both charging pressures is very similar at each temperature, which indicates that the viscous
regime was indeed achieved even with 5 kPa of gas.
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1.3.1.3 Paraffin-based (phase change material) thermal switch
A phase-change-driven mechanical movement for a mechanical actuator leads to a reliable
mechanism to design the thermal switch [85]. The paraffin-based, phase-change materials allow
for a significant volume (or density) change during the freezing/melting process (upon melting,
paraffin expands approximately 15%), and the volume change could provide a hydraulic force to
actuate the thermal switch. The operating temperature varies depending on the melting temperature
of the phase-change material, and carbon-based materials are one of the most popular approaches.
The significant volume expansion during the phase change is also employed for the high-powermechanical “actuators,” which have been a crucial component to controlling the motions of the
hinges, latches, launch-caging mechanism, and other components, especially in spacecraft. In other
words, the phase-change-driven volume expansion “powers” the mechanical actuators.
For the thermal switch operation, the volume expansion favorably moves the thermally
conducting material to physically bridge the two heat baths in order to turn on the switch, and
when it is released, it serves as an “Off” mode as it disconnects the two heat baths. Although this
approach is very efficient and straightforward, there are a few technical challenges. When the
temperature approaches close to the phase-change temperature, the phase-change material either
partially freezes or melts, which results in releasing a significant amount of heat from the latent
heat (or absorbing significant heat as a latent heat) without changing the temperature. Near the
phase-change temperature, significant heat energy is needed to control the desired temperatures
due to the relatively large latent heat, which causes a low transient response on the order of one
minute. A key component of this technology is an engineered phase-change material for the desired
functionalities,

including

melting/freezing

temperature,
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specific

heat,

density,

and

chemical/mechanical stabilities. This can be tailored using composite technology and
nanotechnology such as molecular-level chemical engineering in paraffin.
1.3.1.4 Heat pipe
A heat pipe has been known to be a thermal super conductor with a minimal temperature
gradient between the heat source and the sink. It utilizes the phase-change-based heat transfer
mechanism from the evaporator and condenser, and the condensed working fluid returns to the
evaporator to continue to deliver heat. However, under a certain condition, the heat transfer can be
minimized by shutting the fluid motion off, i.e., “On/Off” mode, and no fluid motion will result in
the thermal switch.
Overall, there are two types of heat pipes—traditional and loop—depending on the fluid
motion control. The traditional heat pipe controls the fluid using the capillary pressure gradient
between the condenser and the evaporator (passive fluid motion control), and the loop heat pipe
controls the fluid motion using the active fluid controller (active fluid motion control). Both heat
pipes could be employed as the thermal switch. The former controls the fluid motion using the
asymmetric condenser and evaporator design to manipulate the capillary pressure (capillary
pressure is related to the capillary meniscus radius), while the latter controls the heat transfer rate
using the mechanical pump-driven fluid motion. During operation, the heat source and sink
temperature are reversed, and the latter is controlled by the active fluid motion control: switch
mode “On” for fluid motion looping and switch mode “Off” for fluid motion shut off. In the “On”
mode, the vapor delivers heat from the evaporator to the condenser, while in the “Off” mode, the
condenser is hotter than the evaporator, resulting in a drier condenser than the evaporator [89].
Typically, the size of the porous structures in the condenser is larger than those in the evaporator,
which in turn results in relatively larger liquid pressure in the condenser. This leads to a limited
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liquid supply to the condenser from the evaporator, and in turn results in a limited heat transfer.
This asymmetric heat transfer provides the fluid-motion-controlled thermal switch. The
advantages to this approach are that it can be easily scaled up, is flexible to install, and has very
low thermal resistance in the “On” mode. The disadvantages are the low “Off” resistance due to
the high thermal conductivity of the metallic heat pipe tube, and the fact that it requires a relatively
long transient response. Also, the system is limited to a relatively high operating temperature
because the fluid needs to be maintained as a liquid (low temperature solidifies the fluid, which
shuts off the heat transfer).
1.3.2 Atomic-scale phononics-based thermal switch, transistors, and computers
A key component of advanced thermal management systems is the thermal transistor, knowing
that the electrical transistor has made a tremendous impact on modern industries such as radio,
calculator, and computers [90, 91]. At the atomic scale, the thermal transistor can be designed by
the nonlinear, phononic or quantum thermal transport, and the typical setup has three legs
contacted to three heat baths, as shown in Figure 1.8. In general, two legs are subjected to a
temperature gradient for the heat transfer, i.e., between TS and TD, and the switching mechanism
operates by controlling the temperature at TG, as similarly performed in the electrical transistor,
i.e., the electrical potential is biased across the two terminals, while the current between the two
terminals is controlled by the other terminal’s voltage. Li et al. [92] have explored the theoretical
framework for the working principle using nonlinear phonon transport driven by different atomicinteraction coefficients. The possible negative differential thermal resistance could result in the
thermal switch, Smax ~ 100, and thermal transistor, and potentially lead to the thermal logic gate
for advanced thermal management system [7]. Joulain et al. [93] have designed the thermal
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transistor using the thermally-driven, nonlinear, quantum spin couplings among the three thermal
baths.

Figure 1.8. Schematic diagram of atomic-scale thermal transistor with thermal bath for thermal
transport/control [92].
Using the aforementioned advanced thermal management components, the development of the
thermal computer has long been an attractive science and engineering problem. Although the
computer needs a combination of basic building blocks, such as thermal diode, switch, transistors,
and thermal memory, due to technical challenges, to the best of the authors’ knowledge, there are
no commercially available thermal computers yet. However, a few significant efforts have been
made in the design of practical thermal computers. One approach is to employ the spiral, multilayered composite approach, and a thermal inversion material has been designed and demonstrated
by manipulating the diffusive thermal transport [94]. The structure and material allow for heat
concentration and heat current inversion, which control the desired direction of the heat current.
This structure could serve as a basic building block for advanced thermal management or new
applications such as the thermal computer. For the practical thermal computer, advancements in
the other components are required, including thermal memory and its integration into the thermal
computing system; however, this advancement is important to demonstrate the possibility of the
advanced thermal management system.
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1.3.3 Outlook for future research
As reviewed above, numerous approaches have been explored using the fundamental “On/Off”
theoretical working principles to develop the multiscale thermal switch, and some of the devices
have been actively used in applications, including thermal management systems in
spacecraft/automobiles and smart building applications. However, these systems have been
primarily developed as macroscale systems, and viable solutions to micro-/nanoscale thermal
management systems are rare. Also, some of the existing thermal switch systems have limitations
relative to the installation/operation/compatibility with other existing thermal management
systems, as discussed below.
a) Limited operating temperature (cryogenic temperature)
The majority of thermal switch systems operate only at very low (cryogenic) temperatures [84,
87, 88, 95-97]. This is considered a significant bottleneck to designing a thermal switch for higher
operating temperature windows (0–500°C), where typical thermal-energy-driven renewable
energy systems operate and waste heat needs to be recovered.
b) Expensive installation/operating cost
Efficient thermal switches have typically employed additional, complex, active control
systems to provide “On/Off” modes such as mechanical (pressure) [84, 87, 88, 95, 96],
electromechanical [98-102], magnetomechanical [103-105], and others [106, 107]. Indeed, there
is a thermally driven mechanical switch mechanism (passive), but it is limited to operating only at
cryogenic temperatures [97].
c) Poor compatibility with other existing thermal control systems (diode and switch)
The current thermal switch mechanisms cannot be easily implemented to design desired
advanced thermal control systems. This is one of the significant bottlenecks to advanced thermal
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signal control systems design for new applications, e.g., thermal logic gates/computing [8-10, 26,
108, 109].
1.4 Conclusion
Thermal diodes and switches are crucial components for thermal energy savings, scavenging,
and thermal management systems. Various approaches have been explored using both theoretical
and experimental approaches for nonlinear thermal transport mechanisms. For the thermal diode,
macro- to atomic scale thermal energy carriers have been tailored through nonlinear conduction,
convection, and radiation mechanisms. Nonlinear thermal conduction has been theoretically
explored through micro-/nanoscale asymmetric geometries, heterogeneous interfaces, and
asymmetric quantum energy transport, where a few approaches have been experimentally shown
using the emerging micro-/nanotechnologies, while the nonlinear convection heat transfer has been
experimentally demonstrated for the very efficient degree of rectification in macroscale such as
heat pipe or gravity-driven thermal diode. However, the commercialized or practical systems are
still far from being implemented since they still remain in the laboratory-level demonstration, poor
steady-state performance for micro-/nanoscale systems, or slow transient response.
The development of the thermal switch has been primarily motivated by the cryogenic thermal
management system, especially for the thermal management system in NASA spacecraft. Typical
approaches have been the mechanical-based thermal switching to control the heat transfer rate
between the highly conductive and insulated states, i.e., “On/Off” switching, both in theory and in
experimentation. The key is to provide a good degree of the thermal switch, i.e., large contrast
ratio of thermal conduction to insulation at steady state, fast enough switching between “On/Off”
modes, and slow enough to minimize the overshoot for temperature control. These thermal
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switching mechanisms have been explored using the active/passive thermal controlling
mechanisms, i.e., gas pressure-driven, differential thermal expansion, and shape-memory alloy.
Some of the developed, thermal diode/switch mechanisms have also been implemented in
advanced thermal energy control, i.e., thermal transistor/logic gates, although those primarily
remain in theoretical approaches including an atomic-scale approach, i.e., nonlinear,
atomic/quantum thermal transport. This approach implies that it could serve as a basic building
block for new applications including the thermal computer. Achieving a practical thermal
computer has a long way to go and involves the development of basic working principles and
practical demonstrations using multiscale thermal transport approaches.
1.5 Statement of objective and scope of proposal
The primary objective of this study is to develop nanoscale thermal management devices for
renewable energy engineering, waste heat recovery systems, and completely new energymanagement applications, i.e., thermal computers. Nonequilibrium molecular dynamics (NEMD)
and Grand Canonical Monte Carlo (GCMC) simulations are used to investigate the potential of the
proposed designs in reaching required degrees of thermal diode, R, and thermal switch, S. The
following chapters are divided based on the proposed models and the physical phenomena for
thermal diode or switch.
Chapter 2 examines a novel thermal diode employing gas-filled nanogap (in Knudsen regime)
with heterogeneous materials, i.e., heterogeneous nanostructures, so called adsorption-controlled
thermal diode. The degree of the thermal diode is studied using nonequilibrium molecular
dynamics simulation for Ar gas confined in Pt-based nanogap materials. The asymmetric
adsorption and adsorption-controlled thermal accommodation coefficients on the heterogeneous
nanogap surfaces result in nonlinear heat flux across the gas-filled nanogap with respect to the
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different temperature gradient direction. This in turn leads to the thermal diode with high degree
of the thermal diode (or rectification).
Chapter 3 studies a passive thermal switch using adsorption-controlled nanoscale thermal
switch mechanism in heterogeneous nanostructures. Nonequilibrium molecular dynamics
simulations are used to model Ar-filled two nanogaps with a middle surface having a weaker fluidsolid interaction for a thermal switch valve. The switchable nanoscale thermal transport at the
fluid-solid interface through the adsorption-controlled thermal accommodation coefficient of the
middle surface leads to the thermal switch “on” and “off”.
Chapter 4 fundamentally investigates the roles of the locally-heterogeneous structures on the
adsorption and adsorption-capillary transition in Ar-filled Pt-based nanogaps with various solidgas surface interactions with/without having nanoposts on one surface only, using GCMC
simulations. The adsorption and adsorption-capillary transition are predicted as a function of the
gas pressure at given temperature and the surface temperature at given gas pressure. This chapter
also examines the effects of the nanopost distance, height, surface interactions as well as the
nanogap size on the adsorption and capillary transition. The hysteresis in nanogaps with and
without nanoposts is also studied. The outcome of this study provides a key working principle for
capillary-controlled thermal diodes and switches using condensable gas-filled heterogeneous
nanostructures.
Chapter 5 examines a new class of the thermal diode by employing a large thermal conductivity
contrast between gas (adsorption) and liquid (capillary) states in heterogeneous nanostructures, so
called, capillary-controlled thermal diode. The effects of the structural and material heterogeneities
including the coupled structural-material heterogeneity on the thermal diode are explored using
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Ar-filled Pt-based nanogap and Grand Canonical Monte Carlo (GCMC) simulation combined with
Non-Equilibrium Molecular Dynamics (NEMD) simulation.
Chapter 6 investigates a new class of thermal switch by using capillary-controlled large thermal
conductivity contrast in a nanogap with movable nanopost structures. The switch performance is
demonstrated with controlled nanopost height on one surface only, using GCMC simulation
combined with NEMD simulations. The heat fluxes across the gas-filled nanostructures and degree
of thermal switch are predicted as functions of operating temperature, nanostructure geometries,
and solid-fluid interaction parameters. Optimal nanopost geometries and operating conditions are
also discussed. The capillary-controlled thermal switch achieves Smax ~ 170 in an order of 10 ns.
Chapters 7 summarizes the adsorption-/capillary-controlled thermal diode and switch in
condensable gas-filled heterogeneous nanostructures, and discusses the direction for future
research on the fundamentals of the tailored nanoscale transport mechanism in heterogeneous
nanostructures and their practical applications to the advanced thermal management systems. Also,
some experimental studies are proposed to validate the simulation results.
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CHAPTER 2
ADSORPTION-CONTROLLED THERMAL DIODE IN HETEROGENEOUS
NANOSTRUCTURES1

2.1 Introduction
A thermal diode (or rectifier) transfers heat only in the favorable direction, which is strongly
needed to recycle the waste heat energy [3-5], efficiently use the building energy [6], and
completely open new energy-saving applications, i.e., thermal computers [7-11]. However, the
main challenges of such systems lie in the extremely difficult manufacturing, poor steady-state
efficiency, slow transient response, limited operation conditions, and/or required expensive
external thermal control systems [8, 12, 87, 95, 110, 111].
Various designs employing nonlinear heat transfer characteristics, both experimentally and
theoretically, have been explored [10, 12, 111]. The first thermal diode has been experimentally
demonstrated in the solid state, i.e., Cu/CuO interface, Rmax ~ 1.7 [14]. The recent emergence of
nanotechnology has led to experiments involving the use of asymmetric carbon nanotube, Rmax ~
0.07 [8]; asymmetric graphene oxide, Rmax ~ 0.25 [30]; electrochemically tuned thermal diode
material, Rmax ~ 0.5 [82]; and asymmetric radiative thermal transport, Rmax ~ 0.11 [11]. To improve
the relatively low R, liquid-based systems have been employed using nonlinear convection in heat
pipes, Rmax ~ 200 [66] and 1,000 [67] or heterogeneous water wettings, Rmax ~ 100 [68] and 0.46
[69]. However, liquid-based systems result in a relatively slow transient response ~ 10 min, which

1
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may limit their performance in some applications. Numerous theoretical frameworks for efficient
thermal diode mechanisms have been explored in the literature [4, 5, 9, 12, 23, 25-27, 31, 33-35,
39-41, 45, 50-57, 59, 70-77, 111, 112], but those have not been demonstrated in experiments, due
to the necessary expensive or challenging, atomic-level manufacturing technologies. These
mechanisms also include nonlinear quantum systems [4, 50-56] which should be a long-term
approach for the experiments. Further experimental improvement in steady-state and transient
performance requires an innovative approach using a viable theoretical framework for the
experimental realization.
2.2 Adsorption-controlled thermal diode
In this chapter, a thermal diode is examined using a gas-filled nanogap with heterogeneous
gas-solid surface interactions as shown in Figure 2.1.

Figure 2.1. A schematic of the adsorption-controlled thermal diode using gas-filled nanogap. (a)
<q+> >> 0 for T1 > T2, and (b) <q-> ~ 0 for T1 < T2 due to the adsorption-controlled asymmetric
isotherm and thermal accommodation coefficient (TAC). The surface temperatures, T1 and T2,
heat fluxes, <q+>, and <q->, gas-solid interactions, εsf,1 and εsf,2, nanogap size, Lz, and the
adsorbed particles are also shown.
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This aims at developing a new class of thermal diode mechanism via nonlinear gas conduction
for efficient steady-state performance and fast transient response.
The thermal conductivity in the gas-filled nanogap (Knudsen regime) is well understood using
kinetic theory [113, 114]. In Knudsen regime (KnL = λf /Lz), where the characteristic length of the
nanogap, Lz, is similar to the mean free path, λf , the effective thermal conductivity across the gasfilled nanogap is related to the thermal accommodation coefficients (TACs) of both surfaces and
the ballistic thermal transport through the gas molecules. In 0.1 < KnL < 10 (transition regime), the
effective thermal conductivity of gas confined in the nanostructure is given as [113, 114]
 k f ,t  k f , fm  (1 
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where <kf,fm> is the effective thermal conductivity in free molecular regime (KnL > 10), and
aT,1 and aT,2 are the TACs at surfaces 1 and 2, respectively. TAC is defined as
aT 
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where <qf,z> and <qf,z>ꞌ are the heat flux of the impinging and reflecting gas molecules to/from
the solid surface, respectively, and <qf,z(Ts)> is the heat flux between the solid and gas molecules.
The demonstration of the thermal diode in the gas-filled nanogap requires either asymmetric
ballistic thermal transport via gas atoms, and/or controlled interfacial thermal transport via TACs
with respect to a temperature gradient direction. To control such thermal transport, an Ar gas-filled
nanogap with heterogeneous materials is employed having Pt for the lower surface (T1) and an
artificial material for the upper surface (T2) that has a weaker gas-solid interaction compared to the
lower surface. At an equilibrium state, i.e., T1 = T2, gas atoms are more attractive to the solid
surface due to the stronger gas-solid interaction than fluid-fluid interaction, so called adsorption,
but the amount of adsorption onto the Pt surface is larger than that of the weaker gas-solid
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interacting surface due to smaller attraction, i.e., heterogeneous adsorption. At a nonequilibrium
state, T1 ≠ T2, the amount of the adsorption is different from that of the equilibrium state, since the
local thermal equilibrium of each surface changes from the different surface temperatures. In fact,
the amount of adsorption is determined by the combination of the gas-solid interaction energy and
the surface temperature; the stronger the surface energy, the greater is the amount of the adsorption
[115]. When the temperature gradient is upward (T1 > T2), both surfaces have moderate number of
adsorbed particles, because the higher temperature of the Pt surface (strong interaction) desorbs
Ar atoms, while the lower temperature of the upper surface (weak interaction) adsorbs them. This
moderate adsorption on both surfaces leads to large amounts of TAC on both surfaces, resulting
in a significant heat transfer across the interfaces. On the other hand, when the temperature gradient
is in opposite direction, the high temperature with small gas-solid interaction results in a poor
adsorption on surface 2, which leads to a low TAC, whereas the lower temperature with large gassolid interaction causes a significant adsorption on surface 1 and resulting high TAC. The poor
interfacial heat transfer across surface 2 in turn results in a poor overall heat transfer, and this leads
to the asymmetric heat transfer, i.e., thermal diode (or rectification). A key heat transfer control
mechanism is to control TAC, which requires a nanogap size of the same order of the gas mean
free path.
2.3 Methodology
The thermal diode is calculated using nonequilibrium molecular dynamics simulation
(NEMD). 576 argon atoms are filled in a nanogap of Lz = 20 nm with Lx = 8.864 nm and Ly = 7.676
nm. The upper and lower surfaces of the nanogap consist of three layered FCC (111) plane solid.
One Fixed layer is added as the outermost layer of the upper and lower surfaces in order to keep
the particles within the nanogap. Periodic boundary conditions are used for x and y directions,
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while non-periodic boundary condition is used for z direction. The interaction among neighboring
atoms, i.e., between Ar-Ar and Ar-solid atoms, are modeled using the Lennard-Jones potential,
given as
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(2.3)

where εff = 0.2403 kcal/mol for Ar-Ar [116], and εsf = 0.1573 kcal/mol for Ar-Pt [117], and the
cut-off distance, rc = 1.2 nm, is used [117]. The σ is the distance with no repulsive or attractive
potentials between the particles. Here, σAr-Ar = 3.405 Å and σPt-Pt = 2.5346 Å [118] are used, and
σAr-Pt = 2.938 Å is used employing geometric mixing rule. The Pt-Pt potential interaction is
modeled by harmonic potential, given as

1
2

ij (rij )  (rij  ro )2 ,

(2.4)

where the spring constant,  = 67.360 kcal/mol-Å2, and the equilibrium displacement, ro = 2.77
Å are used [116]. The gas pressure is calculated using the ideal gas law, given as
 pg  

N f k BTg
Vg

,

(2.5)

where Nf is the number of Ar atoms in the ideal gas region (only 18 nm in the central region
excluding 1 nm from each surface), kB is the Boltzmann constant, and Tg is the gas temperature
estimated by the simulation. The ratio of εsf,2 to εsf,1 is shown with ε*, and it is used to compare the
strength of gas-solid interaction between the lower and upper surfaces.
Initially, Ar atoms are randomly distributed, and to reach an equilibrium state, NVT ensemble
is used for 6 ns with the each time step 2 fs for desired temperature. Then, the simulation is
followed by the NEMD, to calculate the ensemble-averaged heat flux, qz under a temperature
difference of ΔT = 20 K across the nanogap controlled by Langevin thermostat [119] for additional
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14 ns. The various simulations are run for different average temperatures, Tave, [= (T1 + T2)/2] from
80 K to 130 K at ε* = 1.0, 0.75, and 0.5. For each set of Tave and ε*, the temperature gradient is
reversed in order to examine the thermal diode, i.e., calculate both <q+> and <q->. Each simulation
is repeated three times using different initial velocity distribution and positions of Ar atoms, to
provide error bars.
To validate our approach, the predicted heat flux for ε* = 1.0 (homogeneous surfaces) using
NEMD reasonably agrees to that using the kinetic theory, Eq. (2.1) as shown in Figure 2.2. Note
that the thermal accommodation coefficients (TACs) used in Eq. (2.1) are the predicted from the
NEMD (Figure 2.6).

Figure 2.2. Variations of heat flux through the nanogap as a function of average surface
temperature both in <q+> (solid symbols) and <q-> (empty symbols) directions, for ε* = 1.0,
0.75, and 0.5. The error bars and insets for the simulation setup are also shown.
Note that the thermal diode is achieved by the control of thermal accommodation coefficient,
which requires the nanostructure size to have the same order of the mean free path of the gas. Here,
Lz = 20 nm for the gas pressure of 10 to 800 kPa and the temperature of 80 to 130 K.
The resulting ensemble-averaged heat flux across the gas-filled nanogap is calculated using
the given relation [119, 120],
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where V is the volume, mi is the mass of the argon particle, ui is the particle velocity, φi is the
potential energy, rij is the displacement separation vector between ith and jth atoms, and Fi is the
interactive force vector. The key design parameter for the thermal diode is the asymmetric gassolid interaction in surfaces 1 and 2. Here, the degree of the asymmetric interaction parameter is
given as ε* = εsf,2/εsf,1. We used εsf,1 = 0.1573 kcal/mol with ε* = 0.75 and 0.5 to have heterogeneous
surface.
2.4 Results and discussion

The predicted heat fluxes [Eq. (2.6)] are shown in Figure 2.3 as a function of the average
nanogap temperature, i.e., 80 ≤ <T> ≤ 130, for ε* = 1.0, 0.75, and 0.5.

Figure 2.3. Variations of heat flux through the nanogap as a function of average surface
temperature both in <q+> (solid symbols) and <q-> (empty symbols) directions, for ε* = 1.0,
0.75, and 0.5. The error bars and insets for the simulation setup are also shown.
For ε* = 1.0, the heat flux increases with increasing average nanogap temperature. A higher
surface temperature desorbs the Ar particles (under the fixed number of Ar atoms), resulting in a
higher gas pressure and heat flux. In fact, although the high surface temperature results in a lower
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TAC (lower heat flux), the heat flux enhancement by the increased pressure outweighs the heat
flux decrease by the lower TAC. No significant difference between <q+> and <q-> is found due to
the symmetric heat transfer for both temperature gradient directions, i.e., no diode effect, R ~ 0.
However, for ε* = 0.75 and 0.5 (asymmetric surface interaction), the heat flux when T1 > T2 is
much higher than when T1 < T2. This asymmetric heat flux is more pronounced in low
temperatures, due to significant asymmetric adsorptions onto the nanogap surfaces and resulting
gas pressure variation when the direction of temperature gradient changes. Note that there are
peaks in <q+> at 100 K and 110 K for ε* = 0.75 and 0.5, respectively. These deflection points are
related to the combined effect of gas pressure-TACs on the heat flux; for lower temperatures, the
heat flux increases by increasing the gas pressure without decreasing TACs, whereas for higher
temperatures, the heat flux begins to decrease due to the poor TACs.
Using the obtained heat fluxes, the variations of R [Eq. (1.2)] for ε* = 1.0, 0.75, and 0.5 are
calculated as shown in Figure 2.4. For ε* = 1.0, R ~ 0 due to the symmetric heat flux through the
homogeneous nanogap. For ε* = 0.75 and 0.5, the maximum degrees of the rectification are Rmax
= 6.7 and 5.6 at T = 80 K, respectively, due to the adsorption-controlled, gas pressure and TAC.
The thermal diode effect decreases down to R ~ 0.1, at high temperatures, i.e., T = 130 K, due to
no significant adsorption-controlled gas pressure and TAC, i.e., almost identical nanogap pressure
for heat flux in positive and negative directions.

43

Figure 2.4. Variation of the degree of thermal diode (rectification) using the adsorptioncontrolled heat flux as a function of average nanogap temperature, for ε* = 1.0, 0.75, and 0.75
[Eq. (1.2)]. Some error bars are smaller than the size of their corresponding symbols.
To further understand the asymmetric heat flux, the number density of adsorbed Ar atoms near
the surfaces, nf, are calculated as a function of surface temperature, and the results are shown in
Figure 2.5.
In Figure 2.5(a), for ε* = 1.0 (homogeneous surfaces), the number density of adsorbed particles
on the cold temperature surface is higher than that on the hot surface, but it is lower than the liquid
Ar. As the surface temperature increases, the number density on the cold surface decreases due to
desorption (or higher kinetic energy of Ar particles), while the number density on the hot surface
increases due to the adsorption by increased gas pressure. More importantly, when the temperature
gradient direction changes, the same number densities are determined near both cold and hot
surfaces, i.e., no thermal diode effect. In case of ε* = 0.75, for <q+>, both surfaces have similar
number densities, decreasing with increasing surface temperature, whereas for <q->, the number
densities of both surfaces are significantly different due to the heterogeneous gas-solid interactions
[Figure 2.5(a)]. This in turn results in asymmetric heat flux, i.e., thermal diode. In case of ε* = 0.5,
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for <q+>, the number density near the cold surface is considerably higher than that near the hot
surface, i.e. the difference between them is greater than that for ε* = 0.75 due to the large surface
interaction heterogeneity, and this difference is more pronounced at low temperatures.

Figure 2.5. The number density of adsorbed particles in the lower and upper surfaces for
<q+> (solid symbols) and <q-> (empty symbols), (a) ε* = 0.75, and (b) ε* = 0.5. The insets with
the adsorbed Ar particles are also shown. Error bars are shown, but those are smaller than the
size of their symbols. The number density of liquid Ar is also shown.
The origin of the thermal diode effect is further articulated by calculating the asymmetric TAC
on the heterogeneous gas-solid interactions, ε* = 0.75 and 0.5, as shown in Figure 2.6. For ε* = 1.0,
the TAC is high, aT ~ 0.9, at low surface temperatures due to the significant adsorption and it
decreases down to aT ~ 0.5 as the surface temperature increases up to T = 140 K. The predicted
TACs reasonably agree to that of the previous studies [121-123]. Moreover, the TAC does not
change when reversing the temperature gradient direction. However, for ε* = 0.75 [Figure 2.6 (a)],
in <q+>, the TAC for the strong surface is significantly higher than that for the weak surface, and
TACs for both surfaces decrease with increasing surface temperatures. In <q->, the TAC on the
strong surface is similar to that for <q+>, whereas the TAC on the weak surface is lower than that
for <q+>, especially at low temperatures. This asymmetric TAC causes the thermal diode. For ε*
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= 0.5 [Figure 2.6 (b)], the difference between the TACs in <q+> and <q-> is much larger than the
case for ε* = 0.75, but the TACs are symmetric between <q+> and <q->. Even though the TACs
are symmetric, we observe the significant thermal diode effect as shown in Figure 2.4.

Figure 2.6. Variations of the thermal accommodation coefficient, aT, for (a) ε* = 1.0, 0.75 and (b)
ε* = 1.0, 0.5 as a function of surface temperature both in <q+> (solid symbols) and <q-> (empty
symbols) directions. Error bars and insets with adsorbed particles are also shown.
To further elucidate the origin of the thermal diode effect, the gas pressure of the nanogap is
calculated as shown in Figure 2.7 as a function of average nanogap temperature. For ε* = 1.0, the
gas pressure is symmetric, however, for ε* = 0.5, the gas pressure for <q+> is much higher than
that for <q-> due to large desorption from the strong surface for <q+> and significant adsorption
onto the strong surface for <q->.
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Figure 2.7. Average pressure within the nanogap far from the effect of gas-surface interaction
both in <q+> (solid symbols) and <q-> (empty symbols) directions for ε* = 1.0, 0.75, and 0.5.
Error bars are smaller than symbol size.
This indicates the dominant source of the thermal diode effect for reversed temperature
gradient direction where TACs are symmetric, as shown in Figure 2.6(b). For ε* = 0.75, this gas
pressure change is less pronounced compared to ε* = 0.5, i.e., by a factor of 2 (<pg,+>/ <pg,-> ~ 9
for ε* = 0.5 and <pg,+>/ <pg,-> ~ 5.5 for ε* = 0.75 at <T> = 80 K), showing that the change in gas
pressure combined with the asymmetric TAC causes the thermal diode.
2.5 Conclusion

In this study, the adsorption-controlled thermal diode is examined using the Ar-gas-filled
heterogeneous nanogap. The thermal diode effect is caused by the asymmetric gas pressure
combined with TACs under different strengths of solid-gas interaction, showing the maximum
degree of rectification, Rmax ~ 7 for ε* = 0.75 at T = 80 K. For ε* = 0.75, the thermal diode is
originated by the combination of the adsorption-controlled asymmetric gas pressure and TACs,
while for ε* = 0.5, it is dominantly controlled by the asymmetric gas pressure. The obtained results
for the Ar-filled Pt-based nanogap with the tailored materials provides a design guideline for the
thermal diode using real materials. ε* = 0.75 and 0.5 can be designed using Pt/Ni and Pt/Al as
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strong/weak surfaces based on the LJ potential in literature, respectively.[124] The developed
thermal diode can serve as a basic building block to design advanced thermal systems such as
thermal switches and thermal computing systems.
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CHAPTER 3
ADSORPTION-CONTROLLED THERMAL SWITCH IN HETEROGENEOUS
NANOSTRUCTURES1

3.1 Introduction
A thermal switch is a system designed to switch the heat current “on” and “off” between a heat
source and a heat sink. For a desired switch operation, a thermal control component using either
active or passive methods is required. For active control, external (mechanical, electrical, etc.)
power sources are used, while the passive control is applied by thermally self-regulated
phenomena such as mechanical-/thermal-actuator driven switching mechanisms.
An efficient thermal switch should be able to act like a good conductor for the “on” mode and
a good insulator in the “off” mode when the same temperature gradient is maintained between the
source and the sink. In addition, this should be done abruptly and yet appropriately damped by
thermal capacitance and mechanical characteristics to avoid overshooting the desired target
temperatures. Degrees of thermal switch varying from 100 to 1000 with transient response time
from 1 to 60 seconds have been reported in literature [111]. A common approach for thermal
switching is to apply a physical movement [125]. This can be designed using the difference
between the thermal expansion coefficients (TEC) of two solid materials. However, this approach
has limitations such as the small differential TEC (~ 1 μm/K) and the need for a large coefficient

1
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difference or temperature gradient as well as an extra space for the required mechanical movement.
Vanoost et al. [125] as well as Wang et al. [86] have shown cryogenic thermal switching with Smax
= 550 and 322, respectively. Another thermal switching method is using gas-filled micro-/nanogaps [87, 88, 126]. In such systems, the heat flux is controlled by the gas-pressure inside the gap
and the pressure change is applied using sorption pumps [91]. A Smax ~ 3.5 is achieved by these
systems in very low temperatures (~ 4 K). In paraffin-based thermal switches, the mechanical
movement is applied by the aid of volume change during the freezing/melting process which
supplies the required force to activate the thermal switch [90]. The main disadvantage of this
system is its low transient response (~ 1 minute). The asymmetric heat transfer in heat pipes as
well can be used to design fluid-motion controlled thermal switches [7], although they have
relatively low S, long transient response, and their use is limited to high operating temperatures.
In atomic scale, phononic-/quantum-based thermal switches and transistors are proposed for
applications such as advanced thermal management systems and degrees of thermal switch as high
as ~ 100 are reported [7, 90, 114].
This study examines an adsorption-controlled setup consisting of two adjacent gas-filled
nanogaps with heterogeneous solid-gas interactions as a completely new class of thermal switches.
In Knudsen regime, the heat transfer across the gas-filled nanogap is related to the thermal
accommodation coefficient (TAC) [113, 119]. When the temperature gradient is from the stronger
surface to the weaker surface (surface with weaker solid-gas interaction), gas particles will be
adsorbed on both sides due to the local thermal equilibrium. This leads to a good thermal
accommodation coefficient [119, 127] and consequently a good heat flux from the stronger to the
weaker surface. On the other hand, when the temperature gradient is in reverse direction, the hotter
surface with the weak surface interaction results in poor adsorption, which in turn leads to a small
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thermal accommodation coefficient and minimal heat transfer. It is already shown in chapter 2 that
this asymmetric heat transfer provides the thermal diode. The same approach is used here to design
a thermal switch as shown in Figure 3.1, where surfaces 1 and 2 have a stronger gas-solid
interaction than that of surface 3. For the “on” mode (no active temperature control for surface 3),
the heat transfer is expected to occur along with the temperature gradient from T1 to T2 (Fourier’s
law), while the middle surface serves as a “heat carrying” surface sandwitched by the gas with the
two different temperatures. For the “off” mode (active temperature control of surface 3), the higher
temperature of surface 3 (compared to T1 and T2) with weaker surface gas-solid interaction result
in the larger desorption of gas particles from the surface 3 (no significant adsorption), which causes
the poor heat transfer from the surface 3 to the other surfaces (“off” mode). One of the main
advantages of the adsorption-controlled thermal switch is the fact that the thermal switching
mechanism is controlled by the temperature of the switching lead without any mechanical moving
parts or active controllers (passive control). This working principle leads to a smaller and more
reliable system, and incorporates into other existing thermal management systems, e.g., thermal
diode [128] in order to design advanced thermal management systems, i.e., logic gate [91].
3.2 Non-equilibrium molecular dynamics simulation (NEMD)

To examine the thermal switch, we employed two adjacent, same size of nanogaps with
dimensions of Lx = 4.432 nm, Ly = 3.838 nm, and Lz,1 = Lz,2 = 20 nm (the entire simulation size is
Lz = 41.81 nm). Each nanogap is filled with 144 argon atoms to transfer heat among them. The
bottom (T1) and top (T2) surfaces serve as a heat source and a heat sink, respectively, while the
middle surface (T3) is a control lead for the thermal switch by changing the temperature. The
periodic boundary conditions were used for x- and y- axes, while the fixed non-periodic boundary
was used for z-axis to create the temperature gradient between the bottom and top surfaces
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(nonequilibrium state). We chose the operating temperature of T1 = 100 K, T2 = 80 K, and 90 ≤ T3
≤ 120 K, and for the “on” mode, T3 was not controlled (allowing the simulation to determine it by
T1 and T2), while for the “off” mode, T3 is controlled from 100 to 120 K, to study the thermal
switch.

Figure 3.1. A schematic of the adsorption-controlled thermal switch. (a) Large heat flux for “on”
mode by the high thermal accommodation coefficients and (b) small heat flux for “off” mode by
poor thermal accommodation coefficients (adsorption-free surface on the middle surface).
The adsorption-controlled TAC requires the Knudsen regime. The pressure and temperature
ranges within those of the condensable gas, i.e., temperature is greater than the triple phase
temperature, Ttr = 84 K (ptr = 68.9 kPa) yet lower than the critical temperature, Tc = 151 K. The
higher, middle, and lower surfaces of the setup consist of three layers of Face Centered Cubic
(FCC, 111 plane) solid (568 Pt atoms). One fixed layer is added as the outermost layers to the
highest and lowest surfaces in order to prevent the setup from moving freely, i.e., fixed atoms for
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T1 and T2. Argon gas atoms are uniformly distributed through the upper and lower nanogaps as an
initial setup. The velocity-Verlet algorithm is used for the time integration over time steps of 2 fs
[129]. To achieve equilibrium state, the simulation was run for 6 ns using Nose-Hoover thermostat
at T = 90 K, for the entire system [130, 131]. Then, the temperature gradient is created by
controlling the upper/lower surface temperatures using Langevin thermostat [132] for 14 ns, while
the kinetic energy (temperature) of the solid atoms is maintained using the random force input as
well as the appropriate “damping”. For the “on” mode, the middle surface was simulated using
NVE ensemble, while for the “off” mode, the middle surface temperature was controlled using
Langevin thermostat 100 K < T3 < 120 K (NVT). It should be noted that the middle surface has
three fixed atoms in the center and two corners of its central layer to avoid free movement. Note
that for the “on” mode, there is an expected heat leakage through the three fixed atoms, however,
this heat leakage is negligibly small, only ~ 1 % (estimated by the ratio of the number of fix, 3, to
the number of the entire middle surface atoms, 256). For “off” mode as the thermostat actively
controls the middle surface temperature, the heat leakage does not influence the simulation results
since it is “compensated” by the thermostat. During the non-equilibrium MD, the ensembleaveraged heat flux in z direction, <qg,z>, is calculated for both the “on” and “off” modes.
The interactions between Ar-Ar and Ar-solid particles are modeled by the Lennard-Jones
potential given as


ij (r )  4 ij [( )12  ( )6 ], rij  rcut off ,
rij

rij

(3.1)

where εff = 0.2403 kcal/mol for Ar-Ar [133], εsf = 0.1573 kcal/mol for Ar-Pt, rcut-off = 1.2 nm
[117], and σ indicates the distance for which no repulsive or attractive potential exists between
particles. For Ar – Ar interaction σAr-Ar = 3.405 Å and for Ar – Pt interactions the geometric mixing
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rule is used to determine σAr-Pt = 2.938 Å based on σAr-Ar and σPt-Pt = 2.5346 Å [118]. The Pt-Pt
particle interactions are modeled by harmonic potential given as
1
2

ij ( rij )   ( rij  ro ) 2 ,

(3.2)

where Γ = 67.360 kcal/mol-Å2, and ro = 2.77 Å [133]. The pressure within the nanogaps can
be calculated using the ideal gas law given as
p 

N f kBTg
Vg

,

(3.3)

where Nf is the number of fluid particles in the gas region defined as the region excluding 1
nm far from each surface due to the significant adsorption within it, i.e., 18 nm only in the nanogap
regions, kB is the Boltzmann constant, Tg is the gas temperature calculated by the NEMD, and Vg
is the volume of the gas region. To run the simulations, the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) was used [134, 135].
The surface interaction ratio, ε* = εsf/εsf,Ar-Pt, is used to represent the degree of the gas-solid
interactions for the upper, lower, and middle surfaces. For the surface 3, ε* = 0.4 and 0.5 are used,
where ε* = 0.4 can be designed by the Pb (compared to Pt) [118].
3.3 Validation of NEMD results with kinetic theory

To validate the NEMD approach and results, the heat flux calculations using NEMD for the
case of ε3* = 1.0 with T1 = 100 K, T2 = 80 K, and 100 < T3 < 120 K (“off” mode) are compared
with those calculated by the kinetic theory as shown in Figure 3.2, showing a reasonable
agreement.
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Figure 3.2. Comparison of the heat flux calculated for the “off” mode using NEMD and kinetic
theory (KT) where ε1* = ε2* = ε3* = 1.0 (T1 = 100 K, T2 = 80 K, and T3 = 100 to 120 K). Error
bars are also shown.
Figure 3.3 shows the variation of the Kn number for different temperatures of the middle plate
(T3) and ε3* = 0.4, 0.5, and 1.0 in “off” mode, indicating that all the simulations take place in
transition regime.

Figure 3.3. Variation of the Knudsen number, Kn, in the lower and upper nanogaps for ε3* = 0.4,
0.5, and 1.0, and T3 from 100 to 120 K. Error bars are also shown.
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3.4 Results and discussion

For the adsorption-controlled thermal switch, we use ε1* = 1, ε2* = 1, and ε3* = 0.4, 0.5, and
1.0. During the simulation, the bottom surface, T1, and top surface, T2, serve as a heat source and
heat sink respectively, while T1 = 100 K and T2 = 80 K are maintained both for “on” and “off”
modes. The middle surface, T3, serves as a switch surface. For the “on” mode, there is no need to
control T3, while in the “off” mode, T3 is increased by the external heat bath to reduce the thermal
conductance. A key idea is to decrease the gas-solid interaction, i.e., low thermal accommodation
coefficient, at relatively high temperature on the weak gas-solid interaction [119, 128], which
results in low overall thermal conductance across the nanostructure, i.e., “off” mode. We use T2 =
80 K since this is close to the triple phase temperature of argon, i.e., significant adsorption on the
upper surface. Table 3.1 summarizes the MDS results for the heat flux <q32> from the middle
surface, T3, to the upper surface, T2, and the heat flux <q13> from the bottom surface, T1, to the
middle surface, T3, during the “on” mode at T1 = 100 K and T2 = 80 K and ε3* = 0.4, 0.5, and 1.0.
Note that the overall heat flux for the “on” mode, <qon> is calculated using the average between
<q32> and <q13>.
Table 3.1 Heat flux through the thermal switch in “on” mode (T1 = 100 K and T2 = 80 K)
ε3*
0.4
0.5
1.0

T3, K
(predicted)
92.23
89.81
89.16

<q13>,
W/cm2
91.169
31.694
82.206

<q32>,
W/cm2
43.913
81.012
81.447

<qon>,
W/cm2
67.541
56.353
81.827

Figure 3.4 shows the “off” mode simulation results for the three cases of ε3* = 0.4, 0.5, and 1.0,
while T3 is controlled from 100 to 120 K at T1 = 100 K and T2 = 80 K. Note that the smaller
absolute magnitude of the heat flux between <q32> and <q13> is used for <qoff> in Eq. (1.3) for the
degree of thermal switch, S. For ε3* = 1.0, at T3 = 100 K, the heat flux in the upper nanogap, <q32>,
56

is larger than that of the lower nanogap, <q13>, due to the smaller temperature gradient in the lower
nanogap. However, the increase of the absolute magnitude of <q13> becomes sharper than that of
<q32>, as T3 increases, although the temperature gradient between T3 and T2 is larger than that
between T1 and T3. This is because the T2 is lower than the triple phase temperature of Ar (Ttr = 84
K), which in turn results in a significant adsorption onto the surface 2 and resulting low pressure
in the upper nanogap regardless of T3 = 100 to 120 K.

Figure 3.4. Heat flux in the thermal switch in “off” mode (T1 = 100 K, T2 = 80 K) as a function
T3 from 100 K to 120 K for ε3* = 0.4, 0.5, and 1.0 (for both upper and lower nanogap). Error bars
are also shown.
For ε3* = 0.4 and 0.5, the <q13> and <q32> are smaller than those of ε3* = 1.0 for all the
temperatures, due to the weaker gas-solid interaction in the surface 3. This poor heat flux could
serve as the “off” mode. Note that for T3 < 110 K, the <q13> is smaller than <q32> since the
temperature gradient over the lower nanogap is smaller than that of the upper nanogap, while for
T3 > 110 K, the <q13> is larger than <q32> because the <q32> does not increase much (poor heat
transfer) since the surface 3 has large desorption resulting from a significant adsorption onto
surface 2 (low temperature). This large adsorption can be observed in the small gas pressure in the
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upper nanogap as shown in Figure 3.5, meaning that there are not many argon particles travelling
from the middle surface to the upper one to carry energy, i.e., poor heat flux. Thus, the “off” mode
heat flux, <qoff> can be represented by <q13> at T3 < 110 K, while <qoff> = <q32> at T3 > 110 K.
The degree of the thermal switch, S, is calculated using Eq. (1.3) based on the data given in
Table 3.1 and Figure 3.4, and the results are shown in Figure 3.6 as a function of the middle plate
temperature T3 from 100 to 120 K for ε3* = 0.4, 0.5, and 1.0. Note that the S is calculated based on
the average heat flux at ε3* and T3 from the 3 different simulations with different initial velocity
profiles. For ε3* = 1.0, there is no significant switching effect, S < 3, for all the temperatures, due
to a symmetric heat transfer with the homogeneous gas-solid interactions for all the surfaces.
However, for ε3* = 0.4 and 0.5, the <q13> and <q32> shows nonlinear heat flux (see Figure 3.4) as
the T3 increases, due to the heterogeneous gas-solid interaction and nonlinear TAC, especially at
high T3 [119, 128].

Figure 3.5. Variations of the gas pressure, <p> in the lower and upper nanogaps as a function of
T3 from 100 to 120 K for ε3* = 0.4, 0.5, and 1.0. Error bars are also shown.
Interestingly, for ε3* = 0.4, it shows Smax ~ 13 at T3 = 110 K. Although this is an interesting,
reproducible result, the exact origin is currently under study including the adsorption-controlled
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TAC, similarly performed in the previous work [119, 128]. Note that at T3 = 100 K, there is no
significant temperature gradient across the lower nanogap, which the thermal switching effect is
not caused by the adsorption-controlled nonlinear heat transfer but by the small temperature
gradient.

Figure 3.6. Variations of the degree of the thermal switch, S, in the lower and upper nanogaps for
ε3* = 0.4, 0.5, and 1.0, and T3 = 100 to 120 K. Average heat fluxes are used for S (no error bars).
Indeed, the adsorption-controlled TAC is related to both the pressure (or KnL) and temperature
[119, 128]. As a first step, the Knudsen number for the upper and lower nanogaps are reported
with respect to the middle plate temperature as shown in Figure 3.3. The maximum Knudsen
number found at T3 = 110 K for ε3* = 0.4 may be resulted from the relatively poor TAC near the
middle surface as a result of low solid-gas interaction. For the future work, we work on the
adsorption-controlled TAC on the middle surface, including the adsorption isotherm in the
nanogap with the heterogeneous surface interactions.
For further improvement, the optimal material selection, i.e., optimal combination of ε* for all
the three surfaces and optimal nanostructure including the gap size and the surface structure are
the factors having the biggest impact on increasing S. Also, the optimal operating conditions need
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to be explored including the surface temperatures and pressure for the desired adsorptioncontrolled TAC aimed at high S.
3.5 Conclusion

In this chapter, the adsorption-controlled thermal switch is examined using Ar gas-filled
nanostructures (two nanogaps) with heterogeneous solid-gas interactions, using NEMD. Results
show that the maximum degree of the thermal switch, Smax ~ 13, can be achieved at T3 = 110 K
under T1 = 100 K and T2 = 80 K, which is controlled by a weak surface interaction plate (ε* = 0.4)
between two stronger plates (ε* = 1.0). The efficiency of the thermal switch can be further
improved by using optimal material selections and nanostructure geometries to further decrease
the TAC. This work provides a deep insight into designing advanced thermal management systems
such as adsorption-controlled thermal transistors and thermal computing systems.
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CHAPTER 4
ADSORPTION-CAPILLARY TRANSITION IN HETEROGENEOUS
NANOSTRUCTURES1

4.1 Introduction
Understanding adsorption and capillary transition in nano-/meso-scale porous media is crucial
for the characterizations of the pore-size distribution and surface areas, and efficient operations in
various energy and phase-separation processes [136, 137]. In low gas pressures, the gas molecules
adhere to the solid surfaces, i.e., adsorption, due to the stronger gas-solid interactions compared to
the gas-gas interactions, and as the gas pressure increases, the adsorption-capillary transition
occurs by filling the entire porous structures with gas particles below the saturation pressure [138,
139].
The adsorption isotherm has been understood via various theoretical framework, including
Freundlich model [140], Langmuir model [141], Brunauer, Emmet, Teller, i.e., BET model [142,
143], and Frenkel-Halsey-Hill (FHH) model [144-146] for high relative pressures. As the gas
pressure increases, the adsorbed layers grow, and when those layers become closer, the adsorbed
layers result in morphological transition to the capillary state, so called adsorption-capillary
transition. For homogeneous porous structures, the adsorption-capillary transition pressure at
given temperature is predicted using Kelvin-Cohan (KC) equation [147], given as

1
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RT ln( p / p o )  

 VL
rc  t

,

(4.1)

where σ is the surface tension, VL is the molar volume of the bulk liquid, and rc is the pore
radius. t is the thickness of the adsorbed layers on the verge of the capillary transition, which is
predicted using the following relation [139],
t(

n
)d m .
nm

(4.2)

dm is the effective thickness of the monolayer predicted by
dm 

VL
,
Am N A

(4.3)

where NA is the Avogadro number and Am is the average occupying area of each molecule in
the adsorbed layer [139, 148]. However, Eq. (4.1) does not reasonably predict the adsorptioncapillary transition for pore sizes smaller than 20 nm [149, 150]. Derjaguin–Broekhoff-de Boer
[151] and Cole-Saam [152] have improved the theoretical models, especially for pore sizes larger
than 7 nm [149], considering the mechanism of pore transition, hysteresis, and the effect of the
curvature on the thickness of the adsorbed layers [138]. Nicholson [153] has applied mean-field
calculations to a gas-confined single cylindrical capillary with various pore radii. Based on the
work by Celestini [154], Pellenq et al. [155] have used a phenomenological method to describe
the hysteresis in the confinement of pure fluids in cylindrical mesopores. Adolphs has modified
Eq. (4.1) with the combination of the Excess Surface Work (ESW) and disjoining pressure
approach to improve the prediction accuracy on the sorption isotherm in cylindrical and slit-like
mesopores. However, the aforementioned theoretical approaches have poorly predicted the
capillary transition in narrow mesopores [149, 156], due to lacks of atomic-level descriptions on
the gas-solid interaction and oversimplified assumptions on the density of adsorbed layers [138].
Newly developed models such as zeta-isotherm have improved the accuracy to predict the
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adsorption isotherm [157-159], however these theoretical models primarily focus on homogeneous
porous structures, and those require articulated atomic-level descriptions to reasonably study the
heterogeneous porous structures.
To further improve the atomic-level understandings on the adsorption and capillary transitions,
various numerical approaches, such as Density Functional Theory (DFT) and the Grand Canonical
Monte Carlo simulation (GCMC) have been employed with the inclusion of articulated interatomic gas-solid interactions and various geometries (slit-like, cylinders etc.) at the expense of the
computational cost [139, 149]. Using the mean-field density functional approach originally
introduced between a fluid and a single wall [160, 161], Evans et al. have examined the adsorption
isotherm and capillary transition in both two-wall gaps [162] and cylinders [163]. Van Megan and
Snook [164] and Stroud et al. [165] have used GCMC calculations to examine the adsorption
isotherm and capillary transition of a Lennard-Jones fluid in a slit-like nanogap. Lane and Spurling
[166, 167] and Freasier and Nordholm [168] have investigated the effect of the nanogap size on
the adsorption isotherm, showing that the gas configuration is stable at larger nanogaps, and the
liquid configuration is stable at smaller ones. Coasne et al. [169] have examined the adsorption
isotherm of nitrogen onto silicon pores open at one or both ends, showing that unlike the
predictions by Cohan [147], the hysteresis is observed for both cases.
The experimental characterization technologies further articulate the adsorption and
adsorption-capillary transition in nano-/meso-scale porous structures [136, 137, 170], including
volumetric [171-175], gravimetric [176-179], and nuclear resonance [180]. Characterization
methods include X-ray diffraction (XRD) [171, 173-175, 177], X-ray fluorescence spectroscopy
(XRF) [179], positron annihilation spectroscopy [180], neutron scattering [172], and transmission
electron microscopy (TEM) [178, 181]. Employing GCMC combined with high-resolution
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volumetric adsorption measurements, Prasetyo et al. [182] have studied the krypton adsorption
isotherm on a highly graphitized carbon black, showing that the hysteresis is observed for nonporous surfaces, which is associated with the continuous densification and ordering of the
adsorbate on the adsorbent. He et al. [171] have studied the adsorption of pure ethane, pure carbon
dioxide, and their binary mixture on MCM-41using volumetric method and XRD characterization.
Grosman and Ortega [172] have investigated the hysteresis of N2 in ordered mesoporous silica
SBA-15 using volumetric methods and neutron scattering, showing that the hysteresis is type H1
in cylindrical pores open at both ends and unlike generally assumed, the capillary evaporation does
not take place at equilibrium. Morishige et al. [173] have employed volumetric methods and XRD
to measure the effect of temperature on the adsorption isotherms of Ar, N2, O2, C2H4, and CO2 on
MCM-41 with pore radius sizes varying from 1.2 nm to 2.1 nm, showing that the dimensionless
transition temperature increases linearly with dimensionless pore size. Morishige et al. [174] have
used volumetric methods and XRD to show that Ar and CO2 adsorption rather than desorption
onto MCM-41 with a pore radius of 4.1 nm takes place near a thermodynamic equilibrium
transition. Yun et al. [175] used a volumetric method and XRD to compare the experimental results
of methane, ethane, and their binary mixture adsorption on MCM-41 with ideal adsorption solution
theory and GCMC simulation expressing that both methods are accurate for the binary mixture
investigation, but GCMC can also accurately predict the pure-components adsorption. Morishige
et al. [176] gravimetrically measured water hysteresis on Ordered Mesoporous Carbons (OMC)
with and without micropores, concluding that the uptake of water decreases by temperature drop
just for the OMC without micropores. Qiao et al. [177] have studied the hexane adsorption on
MCM-41 for temperatures and pore diameters varying from 303 K to 323 K and 2.40 nm to 4.24
nm, respectively, using XRD. They have shown that the adsorption isotherms are of type V and
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the capillary transition pressure increases with the increase in temperature and pore size. Zandavi
and Ward [178] have used gravimetrical methods and TEM to consider the adsorption-desorption
cycles of water, heptane, and octane on MCM-41 and SBA-14, showing that the contact angle is
zero just before the pore-emptying. Using N2 and Ar gas mixtures on Vycor glass, Alam et al.
[180] have shown that the hysteresis cycle isotherm depends on the thermophysical state of the
mixture surrounding the cylindrical mesopore.
However, the previous theoretical, numerical, and experimental studies primarily focus on the
homogeneous nano-/meso-scale porous structures, i.e., uniform local structures. Although realistic
nano-/mesoporous materials are often locally heterogeneous, i.e., locally non-uniform structures
and materials, the roles of such local heterogeneities on the adsorption and capillary transition have
not been systematically studied so far.
In this study, we examine the roles of the locally-heterogeneous structures on the adsorption
and adsorption-capillary transition in Ar-filled Pt-based nanogaps with various solid-gas surface
interactions with/without having one surface covered with nanoposts, using GCMC simulations.
The adsorption and adsorption-capillary transition are predicted as a function of the gas pressure
at given temperature and the surface temperature at given gas pressure. This study also examines
the effects of the nanopost distance, height, surface interactions as well as the nanogap size on the
adsorption and capillary transition. The hysteresis in nanogaps with or without nanoposts is also
studied. The outcome of this study can be used to design capillary transition-based thermal
switches as discussed in chapter 6.
4.2 Simulation method

To understand the roles of heterogeneous materials and structures on the adsorption and
capillary transition, a gas-filled nanogap having one surface with nanoposts is employed as shown
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in Figure 4.1(a). The height of the nanoposts, lz, the width of the nanoposts, lx or ly, and the
nanopost pitch distance among the nanoposts, lp,x or lp,y, are given on one surface to examine the
geometric effects on the adsorption and capillary transition (structural heterogeneity), while
simulations with different gas-solid interatomic potentials are used to understand the effects of the
surface interaction. The predicted results are compared with the nanogap with both bare surfaces
as shown in Figure 4.1(b).

Figure 4.1. Schematic drawings of (a) nanogap with nanoposts on one surface and (b) nanogap
with bare surfaces. The dimensions for the nanogap and nanoposts are also shown.
The adsorption and capillary transition is calculated as a function of temperature at given gas
pressure, or gas pressure at given temperature, using GCMC simulations, i.e., μVT simulations
[183]. The nanogap sizes are Lz = 5 and 10 nm with Lx = 8.864 nm and Ly = 7.676 nm. Periodic
boundary conditions are used for the x and y directions, while non-periodic boundary condition is
used for z direction. The system temperature including gas particles and solid surfaces is controlled
during the simulation, using Nose-Hoover thermostat for the entire system [130, 131]. For the
adsorption (filling) curve, 80 Ar atoms are initially distributed randomly in the nanogap,
representing very low initial pressure (~13 kPa), and the number of Ar atoms increases to reach
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the given chemical potential (or desired pressure at given temperature) [146]. The simulation stops
where the number of Ar atoms do not change more than 1% over the last 100,000 atoms
insertion/removal attempts, considering it as convergence. The number density, nf, is calculated at
convergence, while taking an average number density over the last 100,000 atoms
insertion/removal attempts. For desorption (emptying curve), initially, the Ar atoms fully occupy
the nanogap, representing the saturated pressure (saturated liquid), and the number of Ar atoms
decrease, until it reaches the given chemical potential (desired pressure at given temperature). For
adsorption isotherm, 86.8 K is chosen for the different pressure, and 1.66 atm is chosen for the
different temperature. Nondimensional structural parameters, lp*, lz*, and ε* are used to examine
the effects of the distance among nanoposts, heights, and the fluid-solid interatomic potentials on
the adsorption isotherm for the specified temperature (90 K for the interaction effect and 86.8 K
for the rest) or the pressure (1.66 atm), as given
l *p 
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where lp is the distance among the nanoposts, with nanopost dimensions of lx = 1.108, ly =
0.960 nm, and lz varies from 1.15 nm to 4.05 nm. The same lp* are used for both x- and y-axes.
The interactions among Ar-Ar and Ar-solid particles are modeled by the Lennard-Jones
potential given as
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where εff = 0.2403 kcal/mol for Ar-Ar [133], εsf = 0.1573 kcal/mol for Ar-Pt, rcut-off = 1.2 nm
[184], and σAr-Ar = 3.405 Å and σPt-Pt = 2.5346 Å [118]. The Pt-Pt particle interactions are modeled
by harmonic potential given as
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where Γ = 67.360 kcal/mol-Å2 and ro = 2.77 Å [133]. To run the GCMC simulations, the Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is used [134, 185].
For the number density of Ar, the nanogap volume calculation is crucial, but it is challenging
to calculate the accurate, effective volume due to the occupying spaces near the solid surfaces
(repulsion forces). Here, for the volume of nanogap with bare surfaces, we used Lz = 5 or 10 nm,
whereas for the volume of nanogap with nanoposts, we subtract the volume of nanoposts from the
nanogap volume. The calculated number density from GCMC agrees to Ar number density for
bulk liquid, nf = 21.086 nm-3 [186] which is used for volume calculation validation.
The uncertainty of the number density calculations is estimated based on three separate
simulations with different initial conditions near the capillary transition, and the maximum
standard error is 0.15. The error bars are too small to be shown in the figures.
4.3 Simulation validation

To validate the simulation approaches, we calculated the adsorption isotherm at Lz = 5 nm with
both bare surfaces, at T = 87 K, as a function of the relative gas pressure, i.e., normalized gas
pressures by saturated pressure at given temperatures. The predicted results are compared to the
available experimental results for the adsorption isotherm of Ar on MCM-41 at T = 87 K, including
the adsorption-capillary transition [187]. In fact, the adsorbents used in the prediction and
experiment are different, although the adsorbate, i.e., Ar, is the same, and the nanostructure sizes,
i.e., nanogap with Lz = 5 nm and nanotube with dp = 5.1 nm, are similar. However, the experimental
study for Ar-MCM-41 is chosen for the validation, since there is no better alternative in literature.
In experiment, the adsorption isotherm has been originally reported as cm3 STP g-1, but here, it is
equivalently translated into the number density for the comparison with the GCMC simulation. In
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the experiment, the adsorption isotherm increases as the relative pressure increases, and it
completely fills the pores above the transition pressure. The predicted adsorption isotherm
underestimates the experimental results, since the gas-solid interaction in the simulation (Ar-Pt) is
lower than one used in experiment (Ar-MCM-41). However, as the adsorbed layers thicken, the
gas-solid interaction becomes less important, since the thick adsorbed layers serve as the solid
surface (adsorbent). Thus, the capillary transition pressure becomes independent of the adsorbent
material [188, 189]. The GCMC simulation predicts the measured capillary transition at p*tr = 0.55,
which reasonably validates the simulation.

Figure 4.2. Comparison of the predicted adsorption isotherm of Ar in a Pt-based nanogap, Lz = 5
nm, at T = 87 K using GCMC with the measured one for Ar in a MCM-41 with a 5.1 nm pore
diameter [187].
In fact, the modified Kelvin equation [Eq. (4.1)], does not agree GCMC simulation and
experimental results, due to the lack of the gas-solid interaction and oversimplified assumption
(adsorbed layer is considered as bulk liquid) in Eq. (4.1) [138].
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4.4 Results and discussion
4.4.1 Nanopost pitch distance (lp*) effect

Figure 4.3(a) shows the number density of Ar particles at T = 86.8 K as a function of relative
pressure. In the nanogap with bare surfaces, Lz = 5 nm and lp* = 1, the Ar particles begin to form
adsorbed layers near the solid surfaces, and Ar number density increases gradually by increasing
gas pressure up to <pg>/po = 0.55. At this pressure, the capillary transition occurs and Ar particles
fill the entire nanogap. By further increasing the gas pressure, the number density does not
significantly change due to liquid incompressibility. With the nanoposts having the height of lz* =
0.63 and the nanopost pitch distance of lp* = 0.67, the adsorption increases at low gas pressure and
the capillary transition pressure decreases compared to the bare surfaces, lz* = 0 and lp* = 1. These
changes are primarily caused by the increased, effective gas-solid interactions in presence of the
nanoposts, i.e., the increased surface forces due to the overlapping surface forces across the
nanopost gaps. In addition, the adsorption-capillary transition occurs in two steps, so called
bimodal transition; the first transition, <pg>/po = 0.4, occurs due to the filling of the gap among
the nanoposts, and the second transition, <pg>/po = 0.5, results from the filling of the entire
nanogap. As the pitch distance decreases, i.e., lp* = 0.5, the Ar number density further increases
and the bimodal transition becomes more pronounced with the increased pressure difference
between the two transition pressures. The difference between the two transition pressures increases
as the distance among the nanoposts decreases i.e., lp* = 0.33, with the second capillary transition
pressure of <pg>/po = 0.39. In fact, the height of nanoposts, lz* = 0.63, would be expected to
effectively reduce the gas space in nanogap, i.e., Lz = 2 nm. Note that the results for Lz = 2 nm with
the bare surfaces show only a single step capillary transition, at <pg>/po = 0.26 with relatively
lower adsorption, compared to the nanogap with one surface having nanoposts at similar gas space.
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Figure 4.3. Variation of Ar number density, nf, for lz* = 0.63, ε* = 1.0, and lp* = 0 (bare surface
with Lz ~ 2 nm), 0.33, 0.5, 0.67, and 1.0 (bare surface with Lz = 5 nm); a) as a function of relative
pressure, <pg>/po, at <T> = 86.8 K; b) as a function of temperature, <T> = 80 to 140 K in <pg> =
1.66 atm. The insets correspond to the nanogaps with bare surfaces and one surface with
nanoposts. (B) represents the bare surface. Error bars are too small to be observed.
This difference is caused by the fact that the capillary filling among the nanoposts increases
the adsorption in the low pressure and the nanopost structures (nanoscale surface roughness)
increases the capillary transition pressure.
Figure 4.3(b) shows the transition for the same structures in constant pressure (pg = 1.66 atm).
Increasing temperature decreases Argon number density gradually. At T = 95 K, the nanogap is
emptied as a result of capillary transition, and Ar number density continues to gradually decrease
to a very small number density at T = 140 K. Including nanoposts decreases the rate of Ar number
density change before the capillary transition and with decreasing lp* the transition happens at
temperatures as high as 100 K. No bimodal transition is found for lp* = 0.67, while it is observed
for lp* = 0.5. There is also an increase in Ar number density after the capillary transition. For the
nanoposts with lp* = 0.33, the number density difference before and after the capillary transition is
comparatively small and number density remains as high as 4 at T ~ 120 K. For temperatures
higher than 140 K (close to Tcr = 150.1 K), there is just gaseous state and as a result the values of
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nf are small. The simulations for a bare nanogap with Lz = 2 nm are also shown in Figure 4.3(a)
and (b) as a reference. The simulations generating the points before and after the capillary
transition shown in Figure 4.3(a) and (b) are each repeated three times with different initial
conditions and the error bars are so small that they do not appear in the Figures.
4.4.2 Nanopost height (lz*) effect

Figure 4.4(a) shows the number density of Ar particles at T = 86.8 K as a function of relative
pressure, 0 < <pg>/po < 1 at given nanopost heights, lz* = 0, 0.23, 0.41, 0.63, and 0.81, and pitch
distance, lp* = 0.5. A small nanopost height, lz* = 0.23, considerably increases Ar number density
below the capillary transition, compared to the bare surfaces, but it does not significantly change
the capillary transition pressure, p*tr ~ 0.55. A larger height, lz* = 0.41, results in a higher number
density below the capillary transition and a bimodal transition due to the smaller effective gas
space among nanoposts and larger effective gas space across the nanogap. However, it does not
significantly change the capillary transition pressure. Increasing the nanoposts height to lz* = 0.63,
results in an apparent bimodal transition, starting at <pg>/po = 0.22 and it also decreases the
bimodal capillary transition pressure to p*tr = 0.41. Eventually, a large height, lz* = 0.81, causes a
sharp increase in Ar number density, and a single-mode capillary transition in a small relative
pressure, i.e., p*tr ~ 0.2. The simulation results for the bare surfaces with Lz = 1 nm is shown in
Figure 4.4(a) to compare with the results of lz* = 0.81, since those have the same effective gas
space. Apparently, the results of lz* = 0.81 are significantly different from bare surfaces with Lz =
1 nm, showing smaller adsorption in low gas pressure and a higher capillary transition pressure,
p*tr ~ 0.2, compared to the bare surfaces. This is related to the fact that the smaller nanogap size,
Lz = 1 nm, with the bare surfaces provides a stronger surface force overlap across the nanogap than
the one surface having nanoposts (nano surface roughness) at similar gas space. For all the
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nanopost heights, the Ar number density approaches to the number density of liquid Ar, nf = 21.1
nm-3, at pressures above the capillary transition, representing the complete fillings of the nanogaps.
Similar results are observed, when the temperature changes in a given gas pressure, <pg> as shown
in Figure 4.4(b).

Figure 4.4. Variation of the Ar number density, nf, for lp* = 0.5, ε* = 1.0, and lz* = 0 (bare surface
with Lz = 5 nm), 0.23, 0.41, 0.63, 0.81, and bare surface with Lz ~ 1 nm; a) as a function of the
relative pressure, <pg>/po, at <T> = 86.8 K; b) as a function of the temperature, <T> = 80 to 140
K in <pg> = 1.66 atm. The insets correspond to the nanogaps with bare surfaces and one surface
with nanoposts. (B) represents the bare surface. Error bars are too small to be observed.
A small nanopost height, lz* = 0.23, slightly increases Ar number density before capillary
transition but it does not significantly change the capillary transition temperature, Ttr ~ 95 K. A
larger height, lz* = 0.41, does not change the capillary transition temperature, but it results in a
bimodal transition with a transition temperature difference of ΔTtr ~ 10 K. Increasing the nanoposts
height to lz* = 0.63 results in an apparent bimodal transition starting at Ttr = 99 K. Eventually, a
large height, lz* = 0.81, causes a sharp decrease in the Ar number density, and a single-mode
capillary transition at a higher transition temperature, i.e., Ttr ~ 105 K. Near the critical
temperature, the adsorbed Ar number density is very small, since it becomes non-condensable gas.
The results of lz* = 0.81 are significantly different from bare surfaces with Lz = 1 nm, showing a
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lower capillary transition temperature, Ttr ~ 105 K. This represents the nanoposts allow for early
emptying (evaporation) process at the similar gas space. The uncertainty analysis is done repeating
each simulation in the transition area for three times but the standard errors are smaller than the
symbols in Figure 4.4(a) and (b).
4.4.3 Surface interaction (*) effect

Figure 4.5(a) shows the predicted adsorption isotherm for the nanogaps with bare surfaces and
one surface having nanoposts with pitch distance of lp* = 0.5 and height lz* = 0.81 at given gassolid interatomic potentials, ε* = 0.5, 1, and 2. For the bare surfaces, the reduced interatomic
potential, ε* = 0.5, results in a significant increase in capillary transition pressure, p*tr ~ 1.3, and a
significant decrease in adsorption isotherm below p*tr, compared to ε* = 1.0. However, the
increased interatomic potential, ε* = 2, allows for the capillary transition similar to ε* = 1.0, p*tr ~
0.55, while the adsorption isotherm increases below the capillary transition pressure due to the
stronger gas-solid interaction. For the reduced gas-solid interaction, ε* = 0.5, the nanoposts
decrease the capillary transition pressure from p*tr ~ 1.3 to ~ 0.9 without changing adsorption
isotherm below the capillary transition pressure, while for ε* = 2.0, they reduce p*tr from ~ 0.55 to
0.05. No significant increase in Ar number density is observed for pressures above the capillary
transition pressure.
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Figure 4.5. Variations of Ar number density, nf, for nanogaps with bare surfaces and one surface
having nanoposts (lp* = 0.5 and lz* = 0.81) at gas-solid interactions, ε* = 0.5, 1.0, and 2.0; a) as a
function of the relative pressure, <pg>/po, at <T> = 90 K; b) as a function of the temperature, <T>
= 70 to 140 K in <pg> = 1.66 atm. The insets correspond to the nanogaps with bare surfaces and
one surface with nanoposts. (S) represents the one surface having nanoposts and (B) represents
the bare surface. Error bars are too small to be observed.
Figure 4.5(b) shows the simulation results as a function of the surface temperature, 80 < <T>
< 140 K, at given gas pressure, 1.66 atm. For the bare surfaces, the reduced gas-solid interaction,
ε* = 0.5, leads to the capillary transition temperature reduction from Ttr = 95 to 82 K, without
changing the adsorption isobar above the capillary transition temperature. The increased gas-solid
interaction, ε* = 2.0, shows the similar capillary transition temperature compared to ε* = 1.0, but
with a significant increase in adsorption isobar above the capillary transition temperature. For ε* =
0.5, the nanoposts increase the capillary transition temperature from Ttr = 82 K to 90 K without
changing the adsorption isotherm above the capillary transition temperature, while for ε* = 2, the
capillary transition temperature significantly increases, Ttr ~ 125 K, with a smooth transition and
Ar number density is as large as 7 nm-3 for Ttr = 140 K. The uncertainty analysis is performed by
repeating three simulations with different initial conditions at the capillary transition state, but the
standard errors are too small to be found in Figure 4.5(a) and (b).
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4.4.4 Nanogap size (Lz) effect
Figure 4.6(a) shows the predicted adsorption isotherm in the nanogaps with bare surfaces with
nanogap sizes of Lz = 5 nm and 10 nm, as a function of relative pressure at given temperature, <T>
= 86.8 K. These results are also compared with the ones with one surface having nanoposts with
pitch distance and height of lp* = 0.5 and lz* = 0.63, respectively.

Figure 4.6. Predicted Ar number density, nf, in nanogaps with bare surfaces and one surface
having nanoposts (lp* = 0.5 and lz* = 0.63); a) as a function of the relative pressure, <pg>/po, at
<T> = 86.8 K; b) as a function of the temperature, <T> = 70 to 140 K in <pg> = 1.66 atm. The
insets correspond to the nanogaps with bare surfaces and one surface with nanoposts. (S)
represents the nanogap with nanoposts on one surface, and (B) represents the bare surface. Error
bars are too small to be observed.
For the bare surfaces, the capillary transition pressures are similar, p*tr = 0.55 and 0.57,
respectively for the small and large nanogaps. Below the capillary transition pressures, the
adsorption isotherm in the smaller nanogap, Lz = 5 nm, is larger than Lz = 10 nm, due to the
overlapping surface force across the nanogap. However, the presence of the nanoposts
significantly increases the adsorption in low pressures including bimodal capillary transitions for
both nanogap sizes, compared to the bare surfaces. The number densities in adsorption are similar
in both nanogap sizes, but for the larger nanogap size, Lz = 10 nm, the second capillary transition
76

occurs at a higher relative pressure, <pg>/po = 0.56, compared to that of smaller nanogap size, Lz
= 5 nm, <pg>/po = 0.41. This increased capillary transition pressure is caused by the larger effective
nanogap size (larger gas space excluding nanoposts, ~ 4 nm) for Lz = 10 nm, compared to ~2 nm
for Lz = 5 nm, i.e., the smaller effective nanogap size results in early capillary transition, Eq. (4.1).
Figure 4.6(b) shows the predicted adsorption as a function of nanogap surface temperature, 80
< <T> < 140 K, at given gas pressure, <pg> = 1.66 atm, both for nanogaps with bare surfaces and
one surface having nanoposts. For the bare surfaces, the adsorption is similar below the capillary
transition temperature, Ttr ~ 95 K for both nanogap sizes, while for Lz = 5 nm, a larger adsorption
is predicted above the transition temperature, due to the overlapping surface force across the
nanogap. With the nanoposts on one surface, both nanogap sizes show similar results except the
first capillary transition temperature for Lz = 10 nm decreases to 95 K compared to 99 K for Lz =
5 nm, since it requires a lower temperature for larger effective nanogap size (~ 4 nm). Ar number
density above the capillary transition temperature is slightly larger for the smaller nanogap size,
and this difference disappears with a further increase in temperature (close to the critical
temperature, Tc = 151 K). The error bars are calculated using three separate simulation results with
different initial conditions, which are too small to be observed.
4.4.5 Hysteresis

Figure 4.7(a) reveals a hysteresis for adsorption in the Ar-filled Pt-based nanogaps at given
temperature <T> = 86.8 K. For bare surfaces, the capillary transition pressure in desorption occurs
at p*tr = 0.15, which is considerably smaller than that in adsorption, p*tr = 0.55, having only one
capillary transition for each. With nanoposts on one surface having lp* = 0.5 and lz* = 0.63, only
one capillary transition is predicted at p*tr = 0.2 in desorption, whereas the bimodal adsorption
capillary transition is observed at p*tr = 0.22 and 0.4. Note that only one capillary transition in the
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desorption represents a single step evaporation, whereas the bimodal capillary transition in the
adsorption means two-step condensations, i.e., the first condensation is caused by filling the space
between the nanoposts and the second one results from fillings of the nanogap. The capillary
transition pressure in desorption is similar to the first transition pressure in the adsorption. Here,
as well the number densities from the GCMC simulations before capillary evaporation and after
the second jump in adsorption isotherm are equal in adsorption and desorption isotherms.
Similarly, the hysteresis is observed at given gas pressure as a function of temperature, <pg> =
1.66 atm, as shown in Figure 4.7(b). For the bare surfaces, the capillary transition in desorption
occurs at a higher temperature, Ttr = 104 K compared to the adsorption, Ttr = 95 K. Note that for
the bare surfaces, both the adsorption and desorption capillary transition processes are single step.
However, with the nanoposts, a bimodal transition occurs in the adsorption, whereas only a single
step capillary transition occurs in desorption. The capillary evaporation temperature is similar to
the temperature related to the second transition temperature, Ttr = 105 K. Note that only one
capillary transition temperature in the desorption means a single step evaporation, whereas the
bimodal capillary transition temperatures in the adsorption represent the two-step condensations,
i.e., the first condensation is caused by filling the nanoposts and the second one results from the
filling of the nanogap. The predicted number densities are average values of three individual
simulations with different initial conditions before and after the capillary transition pressure or
temperature, but the error bars are too small to be found in Figure 4.7(a) and (b).
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Figure 4.7. Hysteresis in nanogaps with bare surfaces and one surface with nanoposts (lp* = 0.5
and lz* = 0.63); a) as a function of the relative pressure, <pg>/po, at <T> = 86.8 K; b) as a
function of the temperature, <T> = 70 to 140 K at <pg> = 1.66 atm. The insets for the nanogaps
with bare surfaces and one surface with nanoposts are also shown. (S) represents the one surface
with nanoposts, and (B) represents the bare surface. Error bars are too small to be observed.
4.5 Conclusion
In this chapter, the adsorption and adsorption-capillary transition for Ar-filled Pt-based
nanogaps having one surface with nanoposts, are examined using the GCMC simulations. Results
show that the adsorption-capillary transition pressure decreases at given temperature (or the
transition temperature increases at given pressure), by increasing the nanopost height, lz,
decreasing the nanopost gap size, lp, and increasing the solid-fluid interatomic potential, εsf. The
bimodal adsorption-capillary transition is also observed, and this is more pronounced when the
two characteristic sizes are similar, i.e., one for the nanoposts at lower gas pressure and the other
for the nanogap at higher gas pressure. Also, it is observed that as the distance between the
nanoposts decreases, the difference between the bimodal capillary transition pressures become
larger, especially at lower relative pressures. The small nanoposts (lz* < 0.4) do not change the
capillary transition pressure, p*tr, but they increase the adsorption, due to the increased effective
surface force below p*tr. The bimodal capillary transition is also observed in presence of the
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nanoposts with moderate heights (0.4 < lz* < 0.8), which reduce the second capillary transition
pressure. For large nanoposts, only one capillary transition occurs at a very low relative gas
pressure, <pg>/po < 0.05, since it significantly reduces the effective nanogap size. It is also
observed that the stronger gas-solid interaction effectively reduces the capillary transition pressure
and increases the adsorption isotherm with the inclusion of nanoposts. For the bare surfaces, the
doubled nanogap size shows no apparent size-effect, whereas for the nanogaps with nanoposts, the
second capillary transition pressure increases. The nanoposts reduce the hysteresis compared to
the bare surfaces, and they show no apparent bimodal capillary transition in the desorption curve.
The difference found between the adsorption isotherm in nanogaps with both bare surfaces and
one surface with nanopost can be used to design thermal switches with high degrees of thermal
switching, S. This will be discussed in chapter 6.
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CHAPTER 5
CAPILLARY-CONTROLLED THERMAL DIODE IN HETEROGENEOUS
NANOSTRUCTURES1

5.1 Introduction
A thermal diode is a key component to substantially improve the operating energy efficiency
in waste heat recovery [3-5], smart building [6] systems, and even open brand new applications
including thermal logic gates and computers [7-11]. The thermal diode (rectifier) allows for an
asymmetric heat flux, i.e., favorable heat flux in only one direction of the temperature gradient.
Various diode designs have employed nonlinear heat transfer characteristics, both
experimentally and theoretically, and detailed literature review is available in recent studies [10,
12, 111]. Thermal diode has been predominantly explored in nonlinear thermal conduction
mechanisms, as the first thermal diode mechanism has been demonstrated in the asymmetric
thermal conductivity through Cu/CuO interface [14]. The nonlinear conduction-based thermal
diodes have employed the asymmetric phononic thermal transport through heterogeneous solidsolid junctions [5, 18-22, 35, 190, 191], heterogeneous solid-liquid junctions [23-25],
heterogeneity in asymmetric geometries [8, 9, 26-41, 43-49, 192], heterogeneity with asymmetric
mass distribution [34, 57, 193, 194] without the external energy control. The thermal diode has
also been explored with the assistance from the external energy controlling [58-64]. Asymmetric
free electron thermal transport across heterogeneous interfaces has been also explored and thermal

1
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diodicity is demonstrated due to tailored electron transport through conducting/insulating materials
(macroscale) or in quantum state (atomic-scale) [15-17]. Other conduction-based designs include
electrochemically tuned thermal conductivity change during delithiation of LiCoO2 [82], shape
memory alloy-based passive solid state diode [195], and liquid-state thermal expansion-based
thermal diode [196]. A thermal diode has been also achieved through the asymmetric liquid-solid
or gas-solid thermal conductivity near the rough surface [197].
The thermal diode has been also achieved by capillary-assisted nonlinear heat transfer in heat
pipes [66, 67], heterogeneous water wetting using hydrophobic and hydrophilic surfaces [68, 69],
or gravity-driven asymmetric natural convection between solid plates [12, 65]. The primary
working principle is to utilize the asymmetric thermofluid transport, which in turn allows for the
efficient thermal diodicity. However, those have been demonstrated at macro-scale system.
The nonlinear radiation-based thermal diode has utilized photon transport in tailored
micro/nanostructures using temperature-dependent optical resonance [70, 75], dielectric coating
[71], different doping concentration [72, 76], phase-change radiation [73, 74], blackbody
sandwiched by plates with different emissivities [12, 77], or by near-field nanothermomechanical
rectification [198].
Several studies have demonstrated the thermal diode effect in quantum (atomic-scale) systems
such as heterogeneous junctions [50], nonlinear electron-gas-dispersion relation transport [51, 52],
quantum dot structure [4, 53, 54], or nonlinear quantum circuits [55]. Despite interesting scientific
phenomena and approaches, the thermal diode effect in quantum systems primarily remains in
theoretical approaches.
Although various theoretical approaches have been explored for the thermal diode, the thermal
diode efficiency in the experiments remains poor, especially at nano-/microscale [8, 11, 14, 30,
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82, 198], primarily due to challenging manufacturing and expensive operations [8, 12, 87, 95, 110].
Indeed, the efficient thermal diode has been experimentally demonstrated in nonlinear convection
mechanisms [12, 65-69, 199, 200], but it requires bulky system, which limits the system mobility
and leads to slow transient response. Also, the radiation-based thermal diodes require very high
operating temperatures, which may limit the practical applications.
To overcome aforementioned challenges, a new class of thermal diode is examined by
employing a larger thermal conductivity contrast between gas (adsorption) and liquid (capillary)
states in heterogeneous nanopores, so called capillary-controlled thermal diode. The effects of the
structural/material heterogeneity on the thermal diode have been explored using Ar-filled Pt-based
nanogap and Grand Canonical Monte Carlo (GCMC) simulation combined with Non-Equilibrium
Molecular Dynamics (NEMD) simulation.
5.2 Working principle

The key working principle of the capillary-controlled-based thermal diode is to employ the
large contrast in thermal conductivity between the gas (adsorption) and liquid (capillary) states in
nanopores. In fact, the capillary transition inherently brings hysteresis for the capillary
condensation/evaporation under the cyclic operations [138, 139], which in turn results in poor
controllability in the thermal diode operation. To improve the operational controllability, the
structural heterogeneity, i.e., nanopillars on one surface only is employed as shown in Figure 5.1.
Ar particles fill the nanogap with the size Lz as a thermal energy carrier between the surfaces and
Ar physical state, i.e., adsorption or capillary, regulates the heat flux magnitude. The adsorption
and capillary states are related to the surface temperature, gas pressure, and nanogap size [138,
139]. Here the upper surface temperature, T2, is controlled, while the lower surface temperature,
T1, remains the same during the operation. For the adsorption-capillary transition, the upper surface
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temperature, T2, operates above and below the capillary transition temperature, Ttr, at given gas
pressure, pg, and nanogap size, Lz, whereas the bottom temperature is maintained above the
capillary transition temperature but below the critical temperature, Tc, i.e., Ttr < T1 < Tc.

Figure 5.1. Schematic of capillary-controlled thermal diode using Ar-filled Pt-based
heterogeneous nanogap (a) q+ >> 0 for T1 > T2 due to the high thermal conductivity of liquid-like
(capillary) state, and (b) q- ~ 0 for T1 < T2 due to the low thermal conductivity of gas (adsorption)
state. The surface temperatures, T1 and T2, heat fluxes, q+, and q-, dimensionless fluid-solid
interactions, ε1*and ε2*, nanogap and nanopillar size parameters, Lz, lp, lx, lz, and Ar particles are
also shown.
Note that the nanopillars considerably increase the surface interacting with Ar particles and the
temperature of the surface having the nanopillars dominantly controls the average gas temperature
inside the nanogap. If the upper surface temperature is lower than the transition temperature and
the lower surface, i.e., T2 < Ttr < T1, such a low temperature results in capillary transition (liquidlike) even though the bottom surface, T1, is above the capillary transition temperature, Ttr, and this
in turn leads to the high thermal conductivity and consequently high heat flux in upward direction,
q+ >> 0 for T1 > T2, as shown in Figure 5.1(a). On the other hand, the upper surface temperature
higher than both the lower surface temperature and the transition temperature, i.e., T2 > T1 > Ttr,
maintain Ar in adsorption state (gas), and the low thermal conductivity of gas leads to poor
downward heat flux, q- ~ 0, as shown in Figure 5.1(b). The larger contrast of Ar thermal
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conductivity between the gas (adsorption) and liquid (capillary) at different temperature gradient
direction leads to the capillary-controlled thermal diode.
The Ar-filled Pt-based heterogeneous nanostructure is chosen because of the reasonable
interatomic potentials and small computational cost (monatomic gas). However, the key approach
is to utilize the capillary-controlled thermal conductivity change across heterogeneous nanopores
for the thermal diode, and this principle can be extended to any condensable fluid operating
between the melting and critical temperatures at a given pressure.
5.3 Simulation method

To demonstrate the aforementioned working principle, the GCMC simulations combined with
NEMD simulations are employed where the nanogap dimensions are Lx = 8.864 nm, Ly = 7.676
nm, and Lz = 5 or 10 nm. Periodic boundary conditions are used for the x- and y- axes, while the
fixed non-periodic boundary is used for z-axis. Each surface of the bare nanogap consists of three
layers of Face Centered Cubic (FCC, 111 plane) Pt-based solid. One fixed layer is added as the
outermost layer to the upper and lower surfaces to fix the nanogap during the simulation. For the
structured surface, the nanopillars are added to the innermost solid layer of the upper surface with
the same FCC pattern having uniform height and space among the columns. The simulations are
run independently for each characteristic nanopillar height. The simulations are performed in two
steps. Firstly, GCMC simulation is used [183] to determine the number of Ar particles for desired
pressure in the nanogap with/without nanopillars. Secondly, the subsequent NVT simulation is run
using the determined number density from GCMC for the desired pressure. For MD, the velocityVerlet algorithm is used for the time integration over the time step of 2 fs [129] and the equilibrium
state is achieved by simulating it for 6 ns using Nose-Hoover thermostat at average nanogap
temperature Tave for the entire system [130, 131]. Then, the temperature gradient is created by
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imposing the upper/lower surface temperatures using Langevin thermostat [132] for 14 ns, while
the kinetic energy (temperature) of the solid atoms is maintained using the random force input to
control the temperature relaxation. Depending on the direction of temperature gradient, calculated
heat flux is used as q+ or q- in Eq. (1.2). To run the GCMC and NEMD simulations, the Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was used [134, 135]. LennardJones potential between Ar-Ar and Ar-solid particles is used, given as


ij (r )  4 ij [( )12  ( )6 ], rij  rcut off ,
rij

rij

(5.1)

where εff = 0.2403 kcal/mol for Ar-Ar [133], εsf = 0.1573 kcal/mol for Ar-Pt with rcut-off = 1.2
nm [117], and σ indicates the distance for which no repulsive or attractive potential exists between
particles. For Ar-Ar interaction σAr-Ar = 3.405 Å and for Ar-Pt interaction the geometric mixing
rule is used to determine σAr-Pt = 2.938 Å based on σAr-Ar and σPt-Pt = 2.5346 Å [118]. The Pt-Pt
particle interaction is modeled by harmonic potential given as
1
2

ij ( rij )   ( rij  ro ) 2 ,

(5.2)

where Γ = 67.360 kcal/mol-Å2, and ro = 2.77 Å. The surface interaction ratio, ε* = εsf / εsf,Ar-Pt,
is used to indicate the material selection of the solid surface. Geometrical dimensionless
parameters, lp* and lz* are defined as given in Eqs. (5.3) and (5.4), for the space between the
nanopillars and their height as given as
l *p 

l p,x
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,
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,

(5.3)

(5.4)

where lp,x is the distance among the nanopillars along the x-axis. lx = 1.108 nm, ly = 0.960 nm,
and lz varying from 0 to 3.169 nm are the nanopillar dimensions as shown in Figure 5.1. The same
lp* is used for the y-axis.
For the condensation (filling) process, it is assumed that the thermal diode operation starts from
T2 > T1 > Ttr, where Ar is in gaseous state with low number density (80 Ar particles are uniformly
distributed inside the nanogap as the initial condition). As the upper surface temperature is
gradually reduced during independent GCMC simulations, the number of Ar particles increases to
reach the desired gas pressure. At the upper surface temperature T2 below the transition
temperature, Ttr, the capillary transition (condensation) occurs, resulting in high Ar number density
(liquid-like). The high Ar number density is used to calculate the initial distribution of Ar particles
for the emptying process in the GCMC simulation, while gradually increasing T2 = 70 to 150 K.
The uncertainty of the heat flux based on the different initial Ar distributions is estimated for
the capillary and adsorption state by repeating the simulations 3 times with the different initial Ar
distributions. Note that the uncertainty of the heat flux of the adsorption state is higher than that
of the capillary state [201]. However, the predicted uncertainty is negligibly small as shown below.
Near-field radiation across the nanogap, especially for the low pressure region, i.e., “off” mode,
can be an additional source of heat transfer, which may potentially decrease the thermal isolation
efficiency. However, the heat flux contribution of the near-field radiation is negligibly small since
it is expected to be an order of 0.01 kW/cm2 with T ~ 10 K for a nanogap size of 5 nm [113, 202204].
To validate the simulation setup and calculation approach, the predicted gas pressure and heat
flux calculations are verified with the existing theories. For the NEMD simulations in adsorption
state, the steady-state gas pressure and heat flux of the Ar-filled nanogap are validated using the
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ideal gas law and kinetic theory [113]. The validation for the heat flux in condensed Ar (liquidlike) state is performed by comparing NEMD simulation results with the heat flux calculated by
Fourier’s law based on MD-predicted liquid Ar thermal conductivity, kf = 0.127 W/m-K [205].
The detailed validations for the heat flux in gaseous and liquid-like state are available in previous
studies [201, 206-208].
5.4 Results and discussion
5.4.1 Nanopillar height (lz*) effect

Figure 5.2(a) demonstrates the effect of nanopillar height lz* (one surface only) on the heat flux
through the nanogap both in positive, T1 > T2, and negative, T1 < T2, heat flux directions at pg =
1.66 atm, T1 = 110 K, and T2 = 70 - 150 K including the complete nanogap filling/emptying cycle.
Note that lz* = 0 indicates no nanopillars (bare surface). For the bare surface, at the upper surface
temperature, T2 = 150 K, the nanogap remains in the gas (adsorption) state, resulting in low heat
flux, q- = -0.135 kW/cm2. As the upper surface temperature, T2, decreases down to the lower
surface temperature, T1, the heat flux decreases since T reduces down to 0 at T2 = T1. As T2 further
reduces below T1, the heat flux direction changes as the temperature gradient direction shifts
upward, i.e., T2 < T1, and when T2 < 80 K (filling curve), the capillary transition occurs and it
significantly increases the heat flux due to the high thermal conductivity (liquid-like Ar) such that
q+ = 11.5 kW/cm2 at T2 = 70 K. As T2 increases (emptying curve), the heat flux decreases almost
linearly with increasing T2 up to 100 K with the noticeable hysteresis (different heat flux pathway
between the emptying and filling curves). At T2 > 100 K, the capillary transition (evaporation)
occurs and the capillary “bridge” across the nanogap is broken, resulting in adsorption (gas) state
with low thermal conductivity and heat flux reduces from 3.424 to 0.122 kW/cm2. As the upper
surface temperature further increases up to T2 = 150 K, no significant hysteresis is found. Note that
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the noticeable hysteresis in heat flux stems from the hysteresis in the capillary filling and emptying
[138, 139], and this potentially causes poor controllability of the thermal diode operation, i.e.,
additional temperature control system is required for desired thermal diode performance.

Figure 5.2. Variation of (a) heat flux through the nanogap as a function of the upper surface
temperature, T2, and (b) the degree of thermal diode, R, as a function of absolute surface
temperature difference, |T|, through the nanogap with Lz = 5 nm and lz* = 0 (bare surfaces),
0.23, 0.41, and 0.63. “B”, “E”, and “F” represent bare surface, emptying, and filling curves,
respectively. Insets correspond to heat flux by Ar particles in positive (capillary state) and
negative (gaseous state) directions through the nanogap. Error bars are too small to be observed.
To minimize the hysteresis, nanopillars are employed on only one surface (upper surface). For
the nanopillars with lz* = 0.23 at T2 > 90 K, the heat flux is nearly identical to those for the bare
surface. However, as T2 decreases below 90 K, the heat flux significantly increases from q+ =
0.281 to 7.103 kW/cm2 and it increases up to q+ = 16 kW/cm2 at T2 = 70 K. As T2 increases during
the emptying curve, the heat flux decreases without significant hysteresis up to T2 = 150 K. As the
nanopillar height increases, lz* = 0.41, the capillary transition temperature is the same as that of lz*
= 0.23, although lz* = 0.41 results in a larger heat flux at T2 = 85 K. The larger heat flux stems from
the fact that the higher nanopillar heights lead to the larger surface area at the onset of the capillary
transition. A further increase in the nanopillar height, lz* = 0.63, results in capillary transition at
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the elevated temperature, T2 = 90 K. Resulting heat fluxes are q+ = 6.392 and 13.742 kW/cm2 at
T2 = 90 K and 70 K, respectively, and no significant hysteresis is found as T2 increases to 150 K.
The degree of thermal diode, R, is determined using predicted q+ and q- [Figure 5.2(a)] and Eq.
(1.2), which is shown in Figure 5.2(b) as a function of the absolute temperature difference between
two surfaces, |T| = |T2 - T1|. For the bare surface, the noticeable thermal diode effect appears at
|T| > 30 K (or T2 < 80 K) and Rmax ~ 85 for the filling curve, while it disappears at |T| < 10 K
(or T2 > 100 K) for the emptying curve, i.e., significant hysteresis. With the inclusion of the
nanopillars on one surface only, i.e., lz* = 0.23, 0.41, and 0.63, the onset temperature gradient of
the thermal diode reduces down to |T| = 15 to 20 K from |T| = 30 K (bare surface), and also the
hysteresis significantly reduces. For all nanogaps with lz* > 0, the maximum degree of the thermal
diode is similar to that of the bare surface, while for lz* = 0.41, and 0.63, R enhances at |T| = 20
to 40 K.
5.4.2 Nanogap size (Lz) effect

Figure 5.3(a) demonstrates the nanogap size, Lz, effect on the heat flux both in positive, T1 >
T2, and negative, T1 < T2, directions at pg = 1.66 atm, T1 = 110 K, and T2 = 70 - 150 K including
the complete filling/emptying cycle. Note that lz* = 0 indicates no nanopillars (bare surface).
For the bare surface, the heat flux variation in the filling curve from T2 = 150 to 90 K with Lz
= 10 nm is identical to that with Lz = 5 nm, as discussed in Section 5.4.1. However, the capillary
condensation for the larger nanogap is observed at a slightly lower temperature, T2 = 70 K,
compared to T2 = 75 K for the smaller nanogap with Lz = 5 nm. As T2 increases, the emptying
curve for both small and large nanogaps is similar although the heat flux for Lz = 10 nm is slightly
smaller, linearly decreasing from 10.773 kW/cm2 at T2 = 70 K to 2.927 kW/cm2 at T2 = 95 K,
followed by a significant heat flux decrease down to 0.085 kW/cm2 at T2 = 100 K due to the
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capillary evaporation (adsorption). For Lz = 10 nm, the hysteresis becomes more pronounced
compared to that of Lz = 5 nm, which potentially requires additional temperature controllers for
the practical thermal diode operations.

Figure 5.3. Comparison of (a) heat flux through the nanogap as a function of the upper surface
temperature, T2, and (b) the degree of thermal diode, R, as a function of absolute surface
temperature difference, |T|, through the nanogaps with different nanogap size, Lz = 5 and 10
nm, for lz* = 0 (bare surfaces) and 0.63. “B”, “E”, and “F” represent bare surface, emptying, and
filling, respectively. Insets correspond to heat transfer by Ar particles in positive (capillary state)
and negative (gaseous state) directions through the nanogap. Error bars are too small to be
observed.
The hysteresis becomes negligibly small by adding nanopillars with lz = 3.2 nm to the upper
surface, where lz = 3.2 nm is equivalent to lz* = 0.63 and 0.32 for Lz = 5 and 10 nm, respectively.
For both sizes of the nanogap, as the upper surface temperature decreases from T2 = 150 to 110 K,
heat flux (downward) decreases due to the low gas thermal conductivity for T2 > T1 > Ttr. However,
as the upper surface temperature further decreases below T1, the heat flux direction changes. For
the larger nanogap, Lz = 10 nm, heat flux begins to significantly increase at T2 < 90 K due to the
capillary transition, and this is lower than the capillary transition temperature in the smaller
nanogap which stems from the weaker overlapping surface force for larger nanogap size [209].
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Heat flux for both nanogap sizes becomes similar at T2 < 85 K with q+ ~ 13.5 kW/cm2 at T2 = 70
K (T = 40 K). The hysteresis between the filling and emptying curves is not noticeable for any
of the nanogaps with nanopillars on one surface only.
The degree of thermal diode, R, is determined using predicted q+ and q- [Figure 5.3(a)] and Eq.
(1.2), which is shown in Figure 5.3(b) as a function of the absolute temperature difference between
two surfaces, |T| = |T2 - T1|. For the large nanogap with bare surfaces, the thermal diode effect is
noticeable at |T| > 35 K (or T2 < 75 K) and Rmax ~ 70 for the filling curve, while it becomes small
at |T| < 10 K (or T2 > 100 K) for the emptying curve, i.e., the hysteresis is even more significant
for the larger nanogap with bare surfaces. With the inclusion of the nanopillars on one surface
only, i.e., lz = 3.2 nm, the onset of the absolute temperature difference for the thermal diode reduces
down to |T| = 15 and 20 K from |T| = 30 K and 35 K (bare surface) for the small and large
nanogaps, respectively, and the hysteresis also significantly reduces. Rmax ~ 65 for the larger
nanogap with nanopillars is smaller than that of the smaller gap, Rmax = 80, and this stems from
the lower heat flux for the adsorption state with Lz = 5 nm due to higher Knudsen number [121,
201].
5.4.3 Surface interaction (ε*) effect in nanogaps with both bare surfaces

Figure 5.4(a) shows the effect of nanogap with two different materials (material heterogeneity)
on the heat flux both in positive, T1 > T2, and negative, T1 < T2, directions at pg = 1.66 atm, T1 =
110 K, and T2 = 70 - 150 K including the complete filling/emptying cycle. For the material
heterogeneity, two sets of simulations are examined. First, the lower surface T1, is a surface with
a weaker Ar-solid interaction compared to Pt, * = 0.6, e.g., Pb [118], while the upper surface, T2,
is Pt surface, * = 1. Second, the upper surface T2, is Pb, and the lower surface T1, is Pt, i.e., * =
1 and * = 0.6.
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Figure 5.4. Variation of (a) heat flux through the nanogap as a function of the upper surface
temperature, T2, and (b) the degree of thermal diode, R, as a function of absolute surface
temperature difference, |T|, through the nanogaps with Lz = 5 nm and lz* = 0 (bare surfaces),
where the solid-fluid interaction, *, on each surface may be different as indicated in the inset
table. “E” and “F” represent emptying and filling, respectively. Insets correspond to heat transfer
by Ar particles in positive (capillary state) and negative (adsorption state) directions through the
nanogap. Error bars are too small to be observed.
For the nanogap with * = 0.6 and * = 1.0 (first case), at the upper surface temperature, T2 =
150 K, nanogap remains in the gas (adsorption) state, resulting in low heat flux, q- = -0.090
kW/cm2. As the upper surface temperature, T2 decreases down to the lower surface temperature,
T1, the heat flux decreases since T reduces down to 0 at T2 = T1. As T2 further reduces below T1,
the heat flux direction changes as the temperature gradient direction changes, i.e., T2 < T1, and
when T2 < 85 K (filling curve), the capillary transition occurs and it significantly increases the heat
flux due to the high thermal conductivity (liquid-like Ar) such that q+ = 7.7 kW/cm2 at T2 = 70 K.
As T2 increases, heat flux through the emptying curve shows a trend very similar to that for filling
curve, i.e. negligible hysteresis. In fact, the material heterogeneity equivalently reduces the
hysteresis for the thermal diode as demonstrated in the structural heterogeneity (nanopillars on one
surface only). However, for the second case, i.e., * = 1 and * = 0.6, no capillary transition is
93

found even at T2 = 70 K (adsorption state), thereby leading to the low heat flux for 70  T2  150
K.
The degree of thermal diode, R, is determined using predicted q+ and q- [Figure 5.4(a)] and Eq.
(1.2), as shown in Figure 5.4(b) as a function of the absolute temperature difference between two
surfaces, |T| = |T2 - T1|. The material heterogeneity, i.e., * = 0.6 and * = 1, not only reduces
the onset of the absolute temperature difference for the thermal diode down to |T| = 25 K from
|T| = 30 K, but also significantly reduces hysteresis, compared to the nanogap with the
homogeneous materials, i.e., * = * = 1. The maximum degree of the thermal diode is similar
for both cases, Rmax ~ 85. For the nanogap with * = 1 and * = 0.6, no significant thermal diode
effect is observed since no capillary transition occurs, i.e., no significant heat flux contrast between
the capillary and adsorption states.
5.4.4 Surface interaction (ε*) effect in nanogaps with one structured surface

Figure 5.5(a) shows the effect of nanogaps with nanopillars on one surface only and two
different solid surfaces (coupled structural-material heterogeneity) on the heat flux in positive, T1
> T2, and negative, T1 < T2, directions at pg = 1.66 atm, T1 = 110 K, Lz = 5 nm, lz* = 0.63, and T2 =
70 - 150 K including the complete filling/emptying cycle. For the coupled structural-material
heterogeneity, two simulations are considered here. First, the lower surface T1, has a weaker fluidsolid interaction compared to Pt surface, * = 0.6, e.g., Pb [118], while the upper surface with the
nanopillars T2, is Pt surface, * = 1. Second, the lower surface, T1, is bare Pt surface, * = 1, while
the upper surface with nanopillars T2 has the weaker fluid-solid interaction * = 0.6, e.g., Pb.
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Figure 5.5. Variation of (a) heat flux through the nanogap as a function of the upper surface
temperature, T2, and (b) the degree of thermal diode, R, as a function of absolute surface
temperature difference, |T|, through the nanogaps with Lz = 5 nm and lz* = 0.63, where the
solid-fluid interaction, *, on each surface may be different as indicated in the inset table. “E”
and “F” represent emptying and filling, respectively. Insets correspond to heat transfer by Ar
particles in positive (capillary state) and negative (gaseous state) directions through the nanogap.
Error bars are too small to be observed.
For the first case, at the upper surface temperature T2 = 150 K, the nanogap remains in gaseous
(adsorption) state, resulting in low heat flux, q- = -0.069 kW/cm2. As the upper surface
temperature, T2 decreases down to the lower surface temperature, T1, heat flux decreases since T
reduces down to 0 at T2 = T1. As T2 further reduces below T1, the heat flux direction reverses
upward, i.e., T2 < T1, and when T2 < 95 K (filling curve), the capillary transition occurs. This in
turn results in a significant increase in heat flux due to the high thermal conductivity (liquid-like
Ar) such that q+ = 7.7 kW/cm2 at T2 = 70 K, however, this is smaller than the nanogap with
nanopillars on one surface only using the same materials, i.e., * = * = 1 due to the reduced fluidsolid interaction at the upper surface. As T2 increases to 150 K, the elevated temperature leads to
the capillary to adsorption transition (capillary evaporation), resulting in heat flux reduction. The
predicted heat flux for the emptying curve is similar to that for the filling curve at given upper
95

surface temperature T2, i.e. negligible hysteresis. Note that here, the heat flux at T2 > 110 K is
lower due to the reduced fluid-solid interaction on the lower surface, i.e., poor q-, and this results
in higher R, as shown in Figure 5.5(b).
For the second case, the capillary transition occurs at T2 = 85 K (T = 25 K), i.e. 5 K smaller
than the other cases discussed in this section. The capillary transition increases the heat flux from
0.253 kW/cm2 to 7.414 kW/cm2 at T2 = 85 K, and it increases the heat flux up to q+ ~ 13 kW/cm2
as the upper surface temperature is reduced to T2 = 70 K. This is marginally smaller than that for
the nanogap with nanopillars and * = * = 1, showing that the nanopillars have a dominant effect
on increasing the heat flux in liquid-like state.
The degree of thermal diode, R, is determined using predicted q+ and q- [Figure 5.5(a)] and Eq.
(1.2), as shown in Figure 5.5(b) as a function of the absolute temperature difference between two
surfaces, |T| = |T2 - T1|. The coupled structural-material heterogeneity (both cases) significantly
improves the thermal diodicity compared to the structural heterogeneity only. For the nanogap
with * = 0.6 and * = 1, the noticeable thermal diode effect appears at |T| > 15 K, with Rmax ~
140 at T = 30 K. For the nanogap with * = 1 and * = 0.6, the noticeable thermal diode effect
appears at |T| > 20 K with Rmax ~ 120 at T = 40 K, compared to Rmax ~ 80 for the nanogap with

* = * = 1.
5.5 Conclusion

In this study, asymmetric heat flux through the nanogaps with structural and material
heterogeneity and coupled structural/material heterogeneity are examined, aiming at developing
the compact and efficient adsorption-capillary-transition-controlled thermal diode using GCMC
and NEMD simulations. A highly efficient thermal diode, Rmax = 140 is achieved by a significant
thermal conductivity contrast between the gas (adsorption only) and liquid (capillary) states
96

without significant hysteresis, controlled by the structural heterogeneity (nanopillars on one
surface only) and material heterogeneity (two different materials for nanogap surfaces) at constant
pressure.
The predicted results show that the homogeneous nanopores (nanogap with both bare surfaces
and same solid materials) is not suitable for the capillary-controlled thermal diode design due to
the significant hysteresis in capillary transition. It is found that the nanopillars on one surface only
(lz* = 0.23, 0.41, and 0.63) minimize the hysteresis, which enables the thermal diode operate
without additional temperature controllers. Moreover, the nanopillars decrease the absolute surface
temperature difference, |T|, for the thermal diode activation, and it also provides R ~ 85. It is also
found that increasing the nanogap size from Lz = 5 nm to 10 nm, increase the absolute surface
temperature difference, |T|, and decrease the degree of thermal diode, R, by 25 %. The minimal
hysteresis in capillary transition is equivalently achieved by employing a weaker fluid-surface
interaction only on the lower surface without nanopillars, * = 0.6, i.e., material heterogeneity,
showing Rmax ~ 85, but at the reduced heat flux due to the lower solid-fluid interaction (larger
interfacial resistance). Employing a weaker fluid-surface interaction only on the upper surface with
nanopillars (coupled structural and material heterogeneity) results in R ~ 120 without reducing the
heat flux.
The suggested design for the capillary-transition-driven thermal diode has the potential to be
used at various temperatures with the careful selection of the condensable gas and operating
pressure. This result can be synergetically integrated with a recently demonstrated adsorptioncontrolled thermal switch [201, 208] for designing advanced thermal management systems, i.e.,
thermal logic gates and computers.
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CHAPTER 6
CAPILLARY-CONTROLLED THERMAL SWITCH IN HETEROGENEOUS
NANOSTRUCTURES1

6.1 Introduction
A thermal switch is a system which maximizes (“on” mode) or minimizes (“off” mode) a
thermal transport on demand, and it critically serves as a thermal management system in various
applications including energy dissipation and thermal stabilization in miniaturized devices [210,
211], spacecraft [212], energy scavenging [213, 214], and the realization of thermal circuits/logic
gates [92]. The efficient thermal switch needs an outstanding contrast between thermal transport
in “on” and “off” modes with a reasonable response time, i.e., good thermal conductor in “on”
mode and thermal insulator in “off” mode.
To improve the degree of thermal switch, various thermal switching mechanisms have been
explored using nonlinear conduction, convection, radiation, or the combination of them. The
conduction-based thermal switch primarily benefits from the mechanical movements of thermal
switching mechanisms using temperature-controlled and non-temperature controlled actuators.
Temperature-controlled actuating approaches include methods based on Differential Thermal
Expansion (DTE) [97, 215-218], as well as the characteristics of shape memory alloys [212], bimetalic materials [86], three-terminal graphene nanoribbons [219], liquid-metal phase-changebased volume expansion [98, 220-223], or different thermal accommodation coefficient on

1
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heterogeneous surfaces of the nanogaps [206]. Thermal switch demonstrations by nontemperature-controlled actuating approaches include gas pressure control in gas-gap setups [87,
88, 95, 213, 214, 224], employing electrostatic actuation [100], liquid water morphological change
on Teflon coated substrates [225], dielectric liquids [102], temperature-dependent oscillation of
the ferromagnetic materials [104], and carbon nanotube deflection by electrostatic loads [226].
Nonlinear-convection-based thermal switches have been also explored by approaches based on
heat pipes controlled by shape memory alloys [99], double-loop heat pumps [227], and threeinternally-layered setups with one hydrophilic and one hydrophobic surface [228]. Nonlinear
radiation achieved by controllable emissivity [101, 105], near-field radiation [229, 230],
thermoelectricity [231], magnetic field between the heat source and sink [84], or VO2 insulatorto-metal phase transition [211] can also offer thermal switching mechanisms. Applying recent
molecular-level theoretical studies explore another branch of thermal switching demonstrations
based on quantum thermal shuttling between the source and the sink [232], temperature-biased
quantum junctions [233, 234], and three-terminal Coulomb-coupled quantum dots [235].
In gas-filled nanostructures, the gas prematurely turns into liquid state, i.e., adsorptioncapillary transition, below the saturation pressure at given temperature [138, 139]. This transition
is associated with the gas pressure, temperature, surface-fluid interaction, and structural
parameters [209]. This transition between the states includes not only the morphological changes,
i.e., adsorption to capillary, but also thermal properties such as the low thermal conductivity of gas
to the high thermal conductivity of liquid. This significant gas thermal conductivity change
between two states could potentially lead to the thermal switching mechanism, but it has not been
fully realized yet.

99

In this study, we examine an adsorption-capillary-transition-controlled thermal switch in a
nanogap with movable nanopost structures where the nanogap surfaces also operate as the heat
source and the heat sink. The switch performance is demonstrated with controlled nanopost height
on one surface only, using Grand Canonical Monte Carlo (GCMC) simulation combined with NonEquilibrium Molecular Dynamics (NEMD) simulations. The heat fluxes across the gas-filled
nanostructures and degree of thermal switch are predicted as functions of operating temperature,
nanostructure geometries, and solid-fluid interaction parameters. Optimal designs and operating
conditions are also discussed. This new class of thermal switching mechanism is compatible with
the thermal diode and transistor mechanisms [206, 207] and is capable of achieving S ~ 170 in an
order of 10 ns.
6.2 Working principle

The adsorption-capillary-transition-controlled thermal switch stems from a large thermal
transport contrast between the adsorption and capillary states in heterogeneous nanostructures. The
adsorption-capillary transition in nanostructures is related to the surface tension of fluid, gas
pressure, temperature, and the size of the nanostructures [138, 139]. To further control the
adsorption-capillary transition, a heterogeneous nanostructure aiming at designing the thermal
switch, i.e., Ar-gas filled Pt-based nanogap with nanoposts on one side only, is employed as shown
in Figure 6.1(a) to (c). Detailed discussions on the adsorption-capillary transition in Ar-filled
heterogeneous nanostructure are found in previous work [209], but this study primarily focuses on
the thermal switching mechanism due to the adsorption-capillary transition. At high temperature
and low gas pressure, Ar fills the nanogap as gaseous state, i.e., adsorption state. The thermal
conductivity across the Ar-gas filled nanostructure is relatively small due to the low number
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density of gas and large interfacial resistance between the gas and solid, i.e., Thermal
Accommodation Coefficient (TAC). This low thermal conductivity serves as the “off” mode.

Figure 6.1. Schematic drawing of adsorption-capillary-controlled thermal switch at given
pressure and temperature. (a) Nanoposts are located outside the nanogap, aiming at delaying the
capillary transition (gas state only) for switch “off” mode. (b) A snapshot of the intermettant
stage between switch “on” and “off” under given gas pressure. (c) Nanoposts are mechanically
moved into the nanogap to facilitate capillary transition (condensation) at the given temperature,
thereby resulting in switch “on” mode. The dimensions for the nanogap and nanoposts are also
shown.
For the “on” mode, a higher thermal conductivity across the capillary-condensed Ar in a
heterogeneous nanostructure is achieved by inserting nanoposts into the nanogap as shown in
Figure 6.1(c). The higher thermal conductivity for the condensed Ar in the nanostructure primarily
stems from the higher Ar number density and phononic energy transfer, given as [113, 236]
kf 
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where NA is the Avogadro Number, ρf is the fluid density, and cp,f and cv,f are the specific heat
at constant pressure and volume, respectively.
Note Ar is chosen here for the proof of concept with relatively well-studied potential in
literature [120, 121, 133, 184] and relatively smaller computational cost (monatomic gas).
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However, this working principle can be extended to the different types of fluid as long as the gas
is condensable at given temperature and pressure, for example, water at ambient pressure and
temperature.
To insert/remove the nanoposts into/from the nanogap, thermally-expandable V-shaped bent
beam actuators can be used [198]. Note that the main advantage of the adsorption-capillarytransition-controlled thermal switch over other thermal switching mechanisms using a direct
mechanical contact between the heat source and sink is a non-mechanical thermal switching
mechanism, i.e., thermal “bridging” by capillary filling between the heat source and sink, thereby
allowing for a minimal maintenance.
In fact, the aforementioned thermal switch working principle can be equivalently achieved by
controlling the gas pressure for the adsorption-capillary transition without the nanopost movement.
The expected level of the thermal switch is very similar to the nanopost-movement-based approach
at given pressure, however, we focus on the thermal switch using the nanopost-movementcontrolled working principle, since it provides a passive thermal switch mechanism compared to
the active, complex gas pressure control [87, 88, 95, 213, 214, 224]. For the nanogap size of 5 nm,
the nanoposts need to move only 1 to 4 nm as discussed below, and this can be achieved based on
the thermal expansion controlled mechanical movement [198].
6.3 Simulation method

To demonstrate the aforementioned working principle, the GCMC simulations combined with
NEMD simulations are employed where the nanogap dimensions are Lx = 8.864 nm, Ly = 7.676
nm, and Lz = 5 nm, Figure 6.1(a). Periodic boundary conditions are used for the x- and y- axes,
while the fixed non-periodic boundary is used for z-axis. The upper and lower surfaces of the bare
nanogap each consist of three layers of Face Centered Cubic (FCC, 111 plane) Pt-based solid. One

102

fixed layer is added as the outermost layer to the upper and lower plates in order to prevent the
setup from moving freely. For simulating the structured surface, the nanoposts are added to the
innermost solid layer with the same FCC pattern having uniform height and space between the
columns. The simulations run independently for each characteristic spacing and height of the
nanogap. The simulations are performed in two steps. Firstly, GCMC simulation is used [183] to
determine the number of Ar particles for desired pressure in the nanogap with/without nanoposts.
Secondly, NEMD runs using the determined number density from GCMC as initial position and
velocity distributions. For MD, the velocity-Verlet algorithm is used for the time integration over
time steps of 2 fs [129], and the equilibrium state is achieved by simulating it for 6 ns using NoseHoover thermostat at Tave for the entire system [130, 131]. Then, the temperature gradient is created
by imposing the upper/lower surface temperatures using Langevin thermostat [132] for 14 ns,
while the kinetic energy (temperature) of the solid atoms is maintained using the random force
input to control the temperature relaxation. To run the GCMC and NEMD simulations, the Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was used [134, 135].
Lennard-Jones potential between Ar-Ar and Ar-solid particles is used, given as


ij (r )  4 ij [( )12  ( )6 ], rij  rcut off ,
rij

rij

(6.2)

where εff = 0.2403 kcal/mol for Ar-Ar [133], εsf = 0.1573 kcal/mol for Ar-Pt with rcut-off = 1.2
nm [184], and σ indicates the distance for which no repulsive or attractive potential exists between
particles. For Ar - Ar interaction σAr-Ar = 3.405 Å and for Ar - Pt interactions the geometric mixing
rule is used to determine σAr-Pt = 2.938 Å based on σAr-Ar and σPt-Pt = 2.5346 Å [118]. The Pt-Pt
particle interactions are modeled by harmonic potential given as
1
2
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(6.3)

where Γ = 67.360 kcal/mol-Å2, and ro = 2.77 Å. The surface interaction ratio, ε* = εsf/εsf,Ar-Pt, is
used to indicate the material selection of the solid surface. Geometrical dimensionless parameters,
lp* and lz* are defined as given in Eqs. (6.4) and (6.5), for the space between the nanoposts and
their height as given as
l *p 

l p,x
l p , x  lx

lz* 

,

lz
,
Lz

(6.4)
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where lp,x is the distance among the nanoposts along the x-axis. The lx = 1.108 nm, ly = 0.960
nm, and lz varying from 0 to 4.074 nm are the nanopost dimensions as shown in Figure 6.1(a). The
same lp* is used for the y-axis.
The capillary state is determined at the onset of the significant Ar number density change,
while gradually increasing temperature in GCMC simulations. The detailed discussions on the
effects of nanopost geometrical parameters and surface interaction on the adsorption isotherm and
isobar (including capillary transition) are found in the previous work [209, 237].
Near-field radiation across the nanogap, especially for the low pressure region, i.e., “off” mode,
can be an additional source of heat transfer, which may potentially decrease the thermal isolation
efficiency. However, the contribution from the near-field radiation is negligibly small since it is
expected to be an order of 0.01 kW/cm2 with T ~ 10 K for a nanogap size of 5 nm [113, 202204].
6.4 Validation

To validate the simulation setup and calculation approach, the predicted gas pressure and heat
flux calculations are verified against existing theories. The validation is performed for the bare
surfaces only due to the simple geometry, assuming that the simulation approaches on the heat
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flux calculation are valid for the nanogap with nanoposts without sacrificing generality. For the
NEMD simulations in adsorption state, the validation of steady-state gas pressure and heat flux of
the Ar-filled nanogap is discussed in chapter 2. The validation for the heat flux in condensed Ar
(liquid-like state) is performed comparing NEMD simulation with T = 10 K at Tave = 93 K with
the predicted result using the Fourier’s law with MD-predicted liquid Ar thermal conductivity, kf
= 0.127 W/m-K [205]. Note that the temperature jump at the interfaces due to the Kapitza
resistance makes this comparison convoluted [238, 239] (see Ar local temperature distribution for
bare surfaces and surface with the nanoposts shown in Figure 6.2). However, we focus on the heat
flux through the Ar excluding the Kapitza resistance for validation.

Figure 6.2. Local temperature distributions across the Ar-filled nanogap with bare surfaces and
nanoposts on one surface only, including the interfacial temperature jumps, i.e., Kapitza
resistance. The insets show the schematic drawings of the simulation setups and the direction of
the temperature gradient.
In other words, the heat flux through the nanogap with bare surfaces is calculated only through
the liquid Ar excluding the temperature jumps and q = 2.848 kW/cm2 predicted here using the
NEMD reasonably agrees with q = 2.771 kW/cm2 using Fourier’s law and kf given in literature
[205].
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6.5 Results and discussion
6.5.1 Nanopost height (lz*) effect

Figure 6.3(a) shows the variations of the heat flux across the nanogap surfaces as a function of
the dimensionless nanopost height, lz*, at different nanogap average temperatures, Tave = 93 to 120
K, for T = 10 K, p = 1.66 atm, Lz = 5 nm, and lp* = 0.33. It is noted that the thermal switching is
critically related to the adsorption to capillary state transition in the nanostructure at given
geometrical parameters of nanoposts, pressure and temperature. The detailed adsorption isotherm
and isobar are discussed in the previous work [209]. Here, we focus on the resulting heat flux and
the degree of thermal switch, S. At Tave = 93 K, Ar remains in capillary condensate (liquid-like)
state due to the low temperature, and the higher liquid thermal conductivity in turn results in q = 3
to 3.5 kW/cm2 for lz* = 0 to 0.81. At Tave = 100 K, Ar in the small nanopost height, lz* ≤ 0.5 is in
adsorption state, and the resulting heat flux is small because of the low thermal conductivity of
gas. At lz* = 0.63, capillary condensation occurs since the effective nanogap size decreases, and
this in turn results in a significantly higher heat flux due to the high liquid thermal conductivity. A
further increase in the nanopost height results in ~ 24% decrease in the heat flux due to a reduced
Ar number density in the nanogap in presence of higher nanoposts in nanogap resulting from larger
occupying regions near the nanopost surfaces. At Tave = 104 K, the capillary transition occurs at a
higher nanopost height, lz* = 0.72, since the higher temperature delays the adsorption to capillary
transition [209]. At the elevated temperatures, 105 K and 110 K, the capillary transition requires
the higher nanopost height, lz* = 0.81. Note that the capillary transition is not observed for
temperatures above 120 K at <pg> = 1.66 atm due to the high kinetic energy from the high
temperature, i.e., the temperature is too high for capillary condensation.
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Figure 6.3. Variations of heat flux, q, and the degree of thermal switch, S, at Tave = 93, 97, 100,
104, 105, 110, and 120 K as a function of the nanopost height, lz*. (a) Heat flux, q, and (b) degree
of thermal switch, S, where the structured surface is the cold side, (c) heat flux, q, and (d) degree
of thermal switch, S, where the structured surface is the hot side. Insets correspond to nanogaps
having nanoposts on one surface only. Error bars are too small to be observed.
Note that the heat flux across the nanogap is calculated only through Ar, excluding the
conduction through the Pt nanoposts in this study. The nanoposts increase the effective surface
area at the interface between Ar and Pt nanoposts, which in turn results in increasing the heat flux
by decreasing the thermal contact/boundary resistances.
Figure 6.3(b) shows the variations of the degree of the thermal switch, S, which is calculated
using Eq. (1.3), i.e., ratio of qon for the heat flux with different nanopost height to qoff for the heat
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flux with bare surface. No thermal switching is observed for temperatures lower than 97 K
(capillary state and high magnitude of heat flux for all heights of lz*) and higher than 110 K
(adsorption state and low magnitude of heat flux for all magnitudes of lz*). For temperatures in
between, the thermal switch is turned on by reaching lz* = 0.63 at 100 K (S ~ 18), 0.72 at 104 K (S
~ 18), and 0.81 at 105 and 110 K (S ~ 14 and 22, respectively).
To further understand the effects of the temperature gradient direction across the nanogap with
heterogeneous (asymmetric) nanostructure on the heat flux and resulting thermal switch, the
temperature gradient is reversed, i.e., nanostructures are on the hot side, and the calculations on
the heat flux and degree of thermal switch are repeated. Figure 6.3(c) shows the variations of the
heat flux between the nanogap surfaces when the nanoposts gradually enter the nanogap at
different nanogap average temperatures, Tave, for T = 10 K . Here, the results are similar to those
given in Figure 6.3(a). The reason is that for a small temperature gradient of 10 K, the average
fluid temperature does not change significantly with reversing the temperature gradient between
the nanostructured and bare surfaces. However, as shown in Figure 6.3(c), the capillary transition
occurs at a higher nanopost height for Tave = 100 K. A larger solid-fluid interface is provided on
the structured side compared to the bare side of the nanogap. As a result, the minimal increase in
fluid temperature compared to the case of Tave = 100 K with the nanostructures on the cold side
prevents the capillary condensation, and the heat flux still remains low for the nanogap at Tave =
100 K when the nanostructures are on the hot side.
Figure 6.3(d) shows the variation of the degree of the thermal switch, S, with respect to
different nanopost heights at the given temperatures with T = 10 K and the nanostructures on the
hot side. Since the heat flux is nearly the same for the reversed temperature gradient, the degree of
thermal switch results shown in Figure 6.3(d) are similar with the results given in Figure 6.3(b)
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except at Tave = 100 K where the switching effect appears for lz* ≥ 0.72 instead of lz* ≥ 0.63. The
obtained results indicate that the effects of the temperature gradient direction on the thermal switch
for T = 10 K is minor even if the nanostructure is asymmetric. The simulations results before and
after the capillary transition are repeated three times with different initial conditions, but the error
bars are too small to be identified in Figure 6.3.
6.5.2 Nanopost pitch distance (lp*) effect

Figure 6.4(a) shows the variations of the heat flux across the nanogap as a function of the
dimensionless nanopost height, lz*, at different nanogap interpost spacings, lp* = 0.33, 0.5, and
0.67, p = 1.66 atm, Lz = 5 nm, and Tave = 100 K for T = 10 K. As discussed in Section 6.5.1, for
lp* = 0.33, Ar in small nanopost heights, lz* ≤ 0.5, remains in adsorption state with low thermal
conductivity and heat flux. The capillary condensation in lz* = 0.63 results in a significantly higher
heat flux due to the high liquid thermal conductivity. For lp* = 0.5, the heat flux predicted for lz* <
0.72 is low, as Ar is in the adsorption state and the small gas thermal conductivity results in poor
heat flux. Compared to the nanogap with lp* = 0.33, here the jump in the heat flux occurs for a
higher nanopost height, lz* = 0.72, since a larger interpost spacing delays the adsorption to capillary
state transition [209]. Note that the capillary transition is not observed for lp* = 0.67 at Tave = 100
K and <pg> = 1.66 atm and the heat flux magnitude is small for all heights of the nanoposts.
Figure 6.4(b) shows the variations of the degree of the thermal switch, S, as a function of the
nanopost height at given interpost spacing, lp*, using Eq. (1.3).
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Figure 6.4. (a) Variations of heat flux, q, for lp* = 0.67, 0.5, and 0.33 as a function of the
nanopost height, lz*, at Tave = 100 K. (b) Variations of the degree of thermal switch, S, for lp* =
0.67, 0.5, and 0.33 as a function of the nanopost height, lz*, at Tave = 100 K. (c) Variations of heat
flux, q, for lp* = 1, 0.67, 0.5, and 0.33 as a function of the average nanogap temperature, Tave, at
lz* = 0.81. (d) Variations of the degree of thermal switch, S, for lp* = 1, 0.67, 0.5, and 0.33 as a
function of the average nanogap temperature, Tave, at lz* = 0.81. Insets correspond to nanogaps
having nanoposts on one surface only. Error bars are too small to be observed.
As discussed in Section 6.5.1, Smax ~ 18 is achieved for lp* = 0.33 and lz* = 0.63. Switching
effect is observed for the nanogap with lp* = 0.5 at nanopost heights of lz* ≥ 0.72 and Smax ~ 14 due
to the large difference in the heat flux before and after capillary condensation in the nanogap. As
small heat flux is predicted for lp* = 0.67, such a wide space among the nanoposts does not allow
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for thermal switching at Tave = 100 K. Another conclusion from Figure 6.4(b) is that at Tave = 100
K, lz* > 0.5 is required to achieve capillary-driven thermal switching.
Since the degree of thermal switch is also strongly dependent on the operating temperature,
Figure 6.4(c) shows the variations of the heat flux across the nanogap surfaces as a function of the
average nanogap temperature, Tave. This also shows the different nanogap interpost spacing effects,
lp* = 0.33, 0.5, 0.67, and 1 (bare surfaces) for the nanostructured surface with p = 1.66 atm, Lz = 5
nm, and lz* = 0.81.
For lp* = 0.33, Ar in the average nanogap temperatures, Tave, below 110 K is in capillary (liquidlike) state, and the resulting heat flux is high because of the high thermal conductivity of liquid
Ar. As the average nanogap temperature increases from Tave = 110 to 120 K, the heat flux decreases
gradually as the capillary transition does not occur suddenly. This is caused by the fact that the Ar
number density gradually decreases by increasing the temperature until they reach a gaseous state
at Tave = 120 K, especially for the Ar in the interpost spacings. For lp* = 0.5, the switching occurs
at a lower average nanogap temperature, Tave = 104 K, since a larger interpost spacing results in
lowering the capillary transition temperature [209]. Unlike the nanogaps with lp* = 0.33, here the
capillary evaporation occurs suddenly with respect to the small temperature change from Tave =
104 to 105 K. For lp* = 0.67, the heat flux variation by average temperature is similar to that of the
bare surface, i.e., lp* = 1, due to the similar adsorption isobar, i.e., interpost spacing effects of
nanoposts on the adsorption isobar is negligibly small at lp* > 0.67 [209].
To understand the switch operating temperature window for lp* = 0.33, 0.5, and 0.67, the degree
of thermal switch, S, is calculated as a function of operating temperature using Eq. (1.3), with qon
for the heat flux when lz* ≥ 0 and qoff for the heat flux when lz* = 0 as shown in Figure 6.4(d). At
temperatures below 95 K, the high heat flux are predicted and Ar is in capillary state regardless of
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the existence of the nanoposts in the nanogap. This in turn results in no thermal switching effect.
The S variation is almost the same for the ones with lp* = 0.33 and 0.5 at the range 95 K ≤ Tave ≤
105 K. However, for lp* = 0.5, it suddenly decreases at Tave > 105 K due to the sudden evaporation,
while for lp* = 0.33, it continues increasing up to Smax ~ 23 followed by the gradual decrease due
to progressive evaporation until it reaches Tave = 120 K. This indicates that the design with lp* =
0.5 provides a narrower thermal switch operating window width, 10 K, with the sudden switching
mechanism. However, with lp* = 0.33, a wider thermal switch operating window width, 20 K, is
achieved with the gradual switching mechanism. For lp* = 0.67, S has a peak at Tave = 95 K with a
very narrow temperature operating window width meaning that lp* = 0.67 is challenging to produce
thermal switching for a wide average nanogap temperature range, as the “switching operation
window”. The results before and after the capillary transition are repeated three times with
different initial conditions, but the error bars are too small to be identifiable in Figure 6.4.
6.5.3 Surface interaction (ε*) effect

Figure 6.5(a) shows the variations of the heat flux across the nanogap surfaces as a function of
the dimensionless nanopost height, lz*, at different solid-fluid interactions, i.e., different solid
materials, represented by ε* = 0.5, 1, and 2 at p = 1.66 atm, lz* = 0.33, Lz = 5 nm, and Tave = 100 K
for T = 10 K. For ε* = 1 (see the details in Section 6.5.1), the small nanopost height, lz* ≤ 0.50,
results in a low heat flux, q ~ 0.16 kW/cm2, since it is in the adsorption state. However, a larger
nanopost height, lz* > 0.5, allows for the capillary transition, thereby much higher heat flux, q ~
3.5 kW/cm2.
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Figure 6.5. (a) Variations of heat flux, q, for ε* = 0.5, 1, and 2 as a function of the dimensionless
nanopost height, lz*, at lp* = 0.33 and Tave = 100 K. (b) Variations of the degree of thermal switch,
S, for ε* = 0.5, 1, and 2 as a function of the nanopost height, lz*, at lp* = 0.33 and Tave = 100 K. (c)
Variations of heat flux, q, for ε* = 0.5, 1, and 2 as a function of the average nanogap temperature,
Tave, at lp* = 0.33 and lz* = 0.81. (d) Variations of the degree of thermal switch, S, for ε* = 0.5, 1,
and 2 as a function of the average nanogap temperature, Tave, at lp* = 0.33 and lz* = 0.81. Insets
illustrate nanogaps with bare surfaces and nanogaps having nanoposts on one surface only. Error
bars are too small to be observed.
For ε* = 0.5 at Tave = 100 K, the Ar remains in gaseous state and the heat flux is small, q < 0.02
W/cm2, for the entire range of lz* varying from 0 to 0.81. This very small heat flux is caused by the
fact that the weak interaction between the solid and fluid particles does not allow for the capillary
transition, i.e., only adsorption state, resulting in low gas thermal conductivity. Moreover, the weak
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solid-fluid interaction results in a poor interfacial heat transfer between the solid and fluid particles
due to the small TAC [207] even with high nanopost height lz* = 0.81. For ε* = 2, the low heat flux
is observed for lz* ≤ 0.41 as the Ar remains in the gaseous state with low gas thermal conductivity,
i.e. adsorption state, but the heat flux is higher than those with ε* = 1. The higher heat flux is
attributed to higher interfacial heat transfer between the solid and fluid particles, i.e., higher TAC,
due to the stronger solid-fluid interactions [207]. A sudden heat flux jump from q = 0.3 kW/cm2
to q = 7.2 kW/cm2 is found when the nanopost height increases to lz* = 0.5. This heat flux jump is
related to the capillary transition at lz* = 0.5 where the nanoposts promote the capillary transition
by reducing the effective nanogap size. The increased solid-fluid interaction from ε* = 1 to 2 results
in the early heat flux jump at reduced nanopost heights from lz* = 0.5 to 0.41 due to the early
capillary transition. Also, the higher peak heat flux from q = 3.5 kW/cm2 to 7.2 kW/cm2 due to a
higher energy exchange between the solid and fluid particles both on the source and the sink side
of the nanogap.
A further increase in the nanopost height gradually decreases the heat flux from q ~ 7 to q ~ 5
kW/cm2 due to reduced Ar number density resulting from increased Ar-empty regions near the
nanopost surfaces (strong repulsive forces near the nanoposts prevent from Ar occupation).
Figure 6.5(b) shows the variations of the degree of the thermal switch, S, with respect to the
nanopost height at given solid-fluid interaction, ε*. The S is determined using Eq. (1.3), as the ratio
of the heat flux for the nanogap with nanoposts on one surface (qon) to the heat flux through the
nanogap with bare surfaces (qoff). As the heat flux for ε* = 0.5 is always in gaseous state regardless
of lz*, no thermal switching is achieved with such a low solid-fluid interaction at Tave = 100 K. For
ε* = 1.0, S ~ 1 is achieved before the capillary transition occurs and jumps to S ~ 18 at lz* = 0.63,
as the thermal conductivity of Ar in capillary state is close to liquid state and the fluid particles
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exchanges considerably more heat flux between the nanogap. The jump from S ~ 1 to higher values
for ε* = 2 at Tave = 100 K is observed for shorter nanoposts (lz* = 0.50). The Smax ~ 23 is achieved
for ε* = 2 at lz* = 0.50, which is greater than Smax ~ 18 for ε* = 1 at lz* = 0.63. In fact, S for ε* = 2 is
higher than that for ε* = 1 at entire nanopost heights.
To further examine the effects of the operating temperatures, i.e., average nanogap
temperature, on the thermal switch performance, Figure 6.5(c) shows the variations of the heat
flux across the nanogap with both bare surfaces or one structured surface (lp* = 0.33 and lz* = 0.81)
as a function of the average nanogap temperature, Tave, for different solid-fluid interactions, ε* =
0.5, 1.0, and 2.0. For ε* = 1, the heat flux across the bare surfaces is high, q = 2.7 kW/cm2, at low
average nanogap temperatures, Tave < 95 K, where the Ar is in capillary state for high liquid thermal
conductivity (“on” mode). At Tave = 95 K, the capillary transition occurs, and Ar is in gaseous state
for low gas thermal conductivity (“off” mode) at Tave > 95 K. With one structured surface (lp* =
0.33 and lz* = 0.81), the heat flux remains high at the average nanogap temperatures below 110 K,
since such a low temperature allows for the capillary state for high liquid thermal conductivity
(“on” mode). However, the heat flux begins to gradually decrease as the average nanogap
temperature increases. However, the Ar state changes from capillary to adsorption state gas, i.e.
capillary transition, until it reaches a completely gaseous state at Tave ≥ 120 K for low gas thermal
conductivity (“off” mode). This large heat flux difference between the bare and structured surface
(by inserting the structured surface into the nanogap) results in a switching window of 20 K as
discussed in Section 6.5.1. For ε* = 0.5, the heat flux suddenly decreases by capillary transition for
both bare and one-surface-structured nanogaps, at much lower average nanogap temperatures, Tave
= 83 K and 90 K, respectively, and this results in a narrower switching operation window within
only 7 K, compared to ε* = 1. The weaker solid-fluid interaction not only reduces the capillary
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transition temperatures [209], but also decreases the heat flux for the entire average nanogap
temperatures, due to a poor interfacial heat transfer, i.e., TAC. For ε* = 2, the heat flux across the
bare surfaces becomes nearly doubled compared to ε* = 1 at low temperature, Tave < 93 K, primarily
due to the enhanced energy exchange across the interfaces (“on” mode). However, it suddenly
decreases at Tave = 95 K, due to the transition from the capillary to the adsorption state. In any case,
it is still higher than that for ε* = 1, due to higher TAC. For this case, the heat flux variations of
the nanogap with structured surface is relatively small with respect to the average nanogap
temperature without significant heat flux jump i.e., q > 4 kW/cm2 for the entire temperature range
(only “on” mode). This is considerably different from that with ε* = 0.5 and 1, due to larger solidfluid interactions as discussed above.
The significantly different heat flux over the broad operating temperatures results in the large
operating temperature window as a thermal switch. Figure 6.5(d) shows the variations of the
degree of the thermal switch, S, as a function of the average nanogap temperature, Tave for ε* = 0.5,
1.0, and 2.0, to further examine the thermal switch. It remains in capillary states regardless of the
nanoposts at low temperatures, i.e., Tave < 83 K for ε* = 0.5 and Tave < 95 K for ε* = 1 and 2 or in
adsorption state at high temperatures, i.e., Tave > 87 K for ε* = 0.5 and Tave > 120 K for ε* = 1,
which do not allow for a thermal switch. For ε* = 1, 10 < S < 25 is observed between 93 K and 117
K, while the S is low below 95 K and above 115 K, i.e., no significant switching effect. For ε* =
0.5, S ~ 40 at 80 < Tave < 90 K, since it requires a comparatively lower temperature to create the
heat flux variations by nanopost-driven capillary transition. On one hand, the weak solid-surface
interaction (ε* = 0.5) does not allow for the large difference between the bare (lz* = 0) and structured
surface (lz* = 0.81), which limits the operating temperature window only between 83 K and 90 K,
i.e., T ~ 7 K. On the other hand, the very low heat flux in adsorption state due to the low TAC
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results in very high degrees of thermal switch, Smax ~ 45 in this narrow switching window. Note
that below 83 K, there is no thermal switch effect as both bare and structured surfaces operate at
high heat flux (“on” mode). For ε* = 2, S ~ 20 is achieved at Tave > 95 K by effectively controlling
the heat flux via the capillary transition through the nanopost height between the bare and
structured surfaces. This indicates that the strong solid-fluid interaction increases the sensitivity of
the heat flux control by capillary transition to the thermal switch operation over a larger operating
temperature window. Note that below 95 K, the thermal switch effect is minimal as both bare and
structured surfaces operate at high heat flux (“on” mode). The simulations results before and after
the capillary transition are repeated three times with different initial conditions, but the error bars
are so small and cannot be clearly observed in Figure 6.5.
6.5.4 Temperature difference (ΔT) effect

To further examine the effects of the heat flux direction and temperature difference across the
nanogap on the thermal switch, three different cases are studied, namely the nanogap with both
bare surfaces, nanogap with the structured surface as the hot side (heat source), and nanogap with
the structured surface as the cold side (heat sink) at p = 1.66 atm, Lz = 5 nm, lp* = 0.33, lz* = 0.81,
and ε* = 1. Figure 6.6(a) shows the variations of the heat flux across the nanogap surfaces as a
function of the hot side temperature up to 140 K, while maintaining the cold side temperature at
80 K. For small temperature difference, ΔT < 20 K, the heat flux difference among the three cases
is minimal due to the fact that Ar is in capillary (liquid-like) state with high thermal conductivity
in all of them. However, for ΔT = 30 K, the heat flux for the nanogap with both bare surfaces
begins to decrease down to q ~ 0.26 W/cm2, as a result of Ar capillary transition and low gas
thermal conductivity. For the nanogap with the hot surface structured, the existence of the
nanoposts maintains high heat flux reaching a maximum of q ~ 6 kW/cm2 at ΔT = 30 K, followed
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by the gradual decrease down to q ~ 1 kW/cm2 at ΔT = 60 K, due to the capillary transition at
higher temperatures.

Figure 6.6. Variations of (a) heat flux, q, and (b) the degree of thermal switch, S, through the
nanogap for Tc = 80 K, lp* = 0.33, and lz* = 0.81 as a function of the hot surface temperature, Th.
Insets correspond to nanogaps with bare surfaces and nanogaps having nanoposts on one surface
only.
However, the heat flux for the nanogap with the cold structured surface proportionally
increases as the temperature difference increases up to q ~ 16 kW/cm2 at ΔT = 60 K, while
maintaining capillary state even at Th = 140 K. The persistent capillary state stems from the
dominant energy exchange effect between the Ar and structured surface over that between the Ar
and bare surface, i.e., the temperature of the Ar remains close to the cold surface due to the larger
surface interaction with the structured surface.
Figure 6.6(b) shows the predicted degree of thermal switch, S, as a function of the hot side
temperature for all three cases. S is calculated using the ratio of the heat flux with the structured
surface (qon) to the bare surface (qoff). Figure 6.6(b) shows minimal S at low Th. The higher
structured surface temperature case results in Smax ~ 25 at ΔT = 30 K, but for the lower structured
surface temperature, S continues to increase up to Smax ~ 170 due to lack of the capillary transition.
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6.6 Conclusion

In this study, the adsorption-capillary-transition-controlled thermal switch mechanism is
examined using the Ar gas-filled movable heterogeneous nanostructure (nanogap having movable
nanoposts on one side only) along with GCMC and NEMD simulations. It is found that a key
thermal switch mechanism is associated with a significant thermal conductivity contrast between
the gas (adsorption only) and liquid (capillary) states, controlled by the nanopost heights,
interspacing, and gas-solid interaction.
The predicted results show that the higher operating temperature results in the larger nanopost
height for the switch “on” mode for Tave = 100 to 120 K, but no thermal switching is achieved for
the entire nanopost heights below 100 K due to capillary state from the low temperature at <pg> =
1.66 atm, ε* = 1.0, lp* = 0.33, T = 10 K, and Lz = 5 nm. The results also show that the reversing
temperature gradient direction across the nanogap does not significantly change the switching
effect for small temperature difference, T = 10 K. A small interpost spacing, lp* ≤ 0.5, is required
to provide the thermal switching, and the smaller interpost spacing needs the smaller nanopost
height to operate the thermal switch. The higher degrees of thermal switch, S, and wider switching
operation windows are observed with higher lz* and smaller lp*. A solid-fluid interaction higher
than that of Ar-Pt (ε* = 1.0) widens the switching operation window from ~ 20 K (for ε* = 1.0) to
~ 45 K (for ε* = 2.0) such that S ~ 20 is achievable at average temperatures as high as 140 K for ε*
= 2.0. A weak surface interaction results in a considerably low heat flux and narrow operating
window, ~ 7 K, but relatively high degrees of thermal switch, Smax ~ 45, at Tave = 83 K. For large
temperature difference, ΔT > 20 K, between the nanogap surfaces, the fluid capillary transition
temperature, heat flux, and S are dominantly controlled by the structured surface temperature. The
Smax ~ 25 at ΔT = 30 K is achieved when the nanoposts enter the hot side of the nanogap and S
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decreases by further increase in ΔT. When the nanoposts enter the cold side, S gradually increases
to Smax ~ 170 given providing ΔT = 60 K is achievable.
Although the capillary-transition-driven thermal switch mechanism is demonstrated using Ar
in Pt-based nanostructures at the cryogenic temperature, the working principle would be valid for
different condensable gas, e.g., water, when it is operated at the temperature between the melting
and critical temperature at given pressure. This result can be synergetically integrated into a recent
adsorption-controlled thermal diode [207] for designing advanced thermal management systems,
i.e., thermal logic gates.
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CHAPTER 7
CONCLUSION

7.1 Contributions
This study fundamentally examines the tailored nanoscale thermal transport though gas-filled
heterogeneous nanostructures using NEMD and GCMC simulations, to develop novel thermal
management systems such as thermal diodes and thermal switches. The temperature-dependent
asymmetric adsorption in condensable gas-filled heterogeneous nanostructures leads to the
controlled nanoscale thermal transport via asymmetric gas pressure TACs, resulting in the design
of adsorption-controlled thermal diodes and switches. Controlling capillary transition in
heterogeneous nanostructures also leads to design thermal switches with high degrees of thermal
switching, S, and thermal diodes with high degrees of thermal rectification, R.
Key contributions of this work are summarized below:


Development of adsorption-controlled thermal diode in heterogeneous nanostructures:
the adsorption-controlled thermal diode is examined using the Ar-gas-filled heterogeneous
nanogap. It is found that a maximum degree of rectification, Rmax ~ 7 is predicted for ε* =
0.75 at T = 80 K. For ε* = 0.75, the thermal diode is originated by the combination of the
adsorption-controlled asymmetric gas pressure and TACs, while for ε* = 0.5, it is
dominantly controlled by the asymmetric gas pressure. The obtained results for the Arfilled Pt-based nanogap with the tailored materials provides a design guideline for the
thermal diode using real materials. ε* = 0.75 and 0.5 can be designed using Pt/Ni and Pt/Al
as strong/weak surfaces based on the LJ potential in literature, respectively.



Development of adsorption-controlled thermal switch in heterogeneous nanostructures:
the adsorption-controlled thermal switch is investigated using Ar gas-filled nanostructures
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(two nanogaps) with heterogeneous solid-gas interactions, using NEMD. The maximum
degree of the thermal switch, Smax ~ 13, can be achieved at T3 = 110 K (middle plate
temperature) under T1 = 100 K and T2 = 80 K (the lower and upper plate temperatures),
which is controlled by a weak surface interaction plate (ε* = 0.4) between two stronger
plates (ε* = 1.0). The efficiency of the thermal switch can be further improved by using
optimal material selections and nanostructure geometries to further decrease the TAC.


Investigation

of

the

adsorption

and

capillary

transition

in

heterogeneous

nanostructures: the adsorption and adsorption-capillary transition is fundamentally

studied for Ar-filled Pt-based nanogaps having one surface with nanoposts using the
GCMC simulations. The adsorption-capillary transition pressure decreases at given
temperature (or the transition temperature increases at given pressure), by increasing the
nanopost height, lz, decreasing the nanopost gap size, lp, and increasing the solid-fluid
interatomic potential, εsf. It is also observed that the stronger gas-solid interaction
effectively reduces the capillary transition pressure and increases the adsorption isotherm
with the inclusion of nanoposts. For the bare surfaces, the doubled nanogap size shows no
apparent size-effect, whereas for the nanogaps with nanoposts, the second capillary
transition pressure increases. The nanoposts also reduce the hysteresis compared to the bare
surfaces.


Development of capillary-controlled thermal diode in heterogeneous nanostructures:

Asymmetric heat flux through the nanogaps with structural and/or material heterogeneity
are examined, aiming at developing the compact and efficient adsorption-capillarytransition-controlled thermal diode using GCMC and NEMD simulations. The highly
efficient thermal diode, Rmax = 140 is achieved by the significant thermal conductivity
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contrast between the gas (adsorption only) and liquid (capillary) states without significant
hysteresis. Homogeneous nanopores (nanogap with both bare surfaces and same solid
materials) result in a significant hysteresis in capillary transition. Nanoposts on one surface
only (lz* = 0.23, 0.41, and 0.63) minimize the hysteresis, which enables the thermal diode
operate without additional temperature controllers. Moreover, the nanogaps decrease the
absolute surface temperature difference, |T|, for the thermal diode activation. The minimal
hysteresis in capillary transition is equivalently achieved by employing a weaker fluidsurface interaction only on the lower surface without nanopillars, * = 0.6, i.e., material
heterogeneity, showing Rmax ~ 85, but at the reduced heat flux due to the lower solid-fluid
interaction (larger interfacial resistance). Employing a weaker fluid-surface interaction
only on the upper surface with nanopillars (coupled structural and material heterogeneity)
results in R ~ 120 without reducing the heat flux.


Development of capillary-controlled thermal switch in heterogeneous nanostructures: A

thermal switch mechanism is fundamentally investigated using the significant thermal
conductivity contrast between the gas (adsorption only) and liquid (capillary) states,
controlled by the nanopost heights, interspacing, and gas-solid interaction. A small
interpost spacing, lp* ≤ 0.5, is required to provide the thermal switching, and the smaller
interpost spacing needs the smaller nanopost height to operate the thermal switch. Higher
degrees of thermal switch, S, and wider switching operation windows are observed with
higher lz* and smaller lp*. A solid-fluid interaction higher than that of Ar-Pt (ε* = 1.0)
widens the switching operation window from ~ 20 K (for ε* = 1.0) to ~ 45 K (for ε* = 2.0)
such that S ~ 20 is achievable at average temperatures as high as 140 K for ε* = 2.0. A weak
surface interaction results in a considerably low heat flux and narrow operating window, ~
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7 K, but relatively high degrees of thermal switch, Smax ~ 45, at Tave = 83 K. For large
temperature difference, ΔT > 20 K, between the nanogap surfaces, the fluid temperature,
heat flux, and S are dominantly controlled by the structured surface temperature. When the
nanoposts enter the cold side, S gradually increases to Smax ~ 170 given providing ΔT = 60
K is achievable.
Although these mechanisms are demonstrated using Ar in Pt-based nanostructures at cryogenic
temperatures, the working principle would be valid for a different condensable gas, e.g., water,
when it is operated at the appropriately selected temperature and pressure range. These
mechanisms can be synergetically integrated to design advanced thermal management systems,
i.e., thermal logic gates.
7.2 Proposed future work

There are three extensions of the current study that can be pursued:
1: Understanding the roles of nanoposts for enhanced degree of thermal diode, R, in the

adsorption-controlled thermal diode.
The roles of the nanostructures, i.e., nanoposts, on the degree of the thermal diode can be
examined. Adding nanoposts over the strong surface of the thermal diode discussed in chapter 2
may not affect the heat flux magnitude in positive direction much. However, a nanostructured
surface with stronger surface interaction and lower temperature can adsorb much more fluid
particles compared to a bare surface with weak surface interaction and high temperature. This may
considerably decrease the heat flux magnitude in negative direction, i.e., a higher amount of R.
GCMC along with NEMD simulations can be used to find the optimum pressure to increase the
degree of thermal diode, R.
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Figure 7.1. A schematic of the adsorption-controlled thermal diode with nanostructured strong
surface. (a) <q+> >> 0 for T1 > T2, and (b) <q-> ~ 0 for T1 < T2 due to the adsorption-controlled
asymmetric isotherm and thermal accommodation coefficient (TAC). The surface temperatures,
T1 and T2, heat fluxes, <q+>, and <q->, gas-solid interactions, εsf,1 and εsf,2, nanogap size, Lz, and
the adsorbed particles are also shown.
2: Understanding the effect of nanoposts for enhanced degree of thermal switch, S, in the
adsorption-controlled thermal switch.
The nanoscale, switchable thermal transport phenomena can be examined assisted by the
nanostructures, i.e., nanoposts. Adding nanoposts over the high temperature strong surface of the
thermal switch discussed in chapter 3 may not considerably affect the heat flux magnitude from
the lower surface to the middle surface when the switch is on. However, a nanostructured surface
with stronger surface interaction and lower temperature (lower plate when the switch is off) can
adsorb much more fluid particles compared to a bare surface with weak surface interaction and
high temperature (middle plate when the switch is off). This may considerably decrease the heat
flux magnitude in the nanogap at the bottom, i.e., a higher degree of thermal switching, S. GCMC
along with NEMD simulations can be used to find the optimum pressure in the lower and upper
nanogaps to increase the degree of thermal switch, S.
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Figure 7.2. A schematic of the adsorption-controlled thermal switch with nanoposts on the strong
surface with the high temperature. (a) Large heat flux for “on” mode by the high thermal
accommodation coefficients and (b) small heat flux for “off” mode by poor thermal
accommodation coefficients (adsorption-free surface on the middle surface).
3: Understanding the adsorption-capillary-transition-driven thermal transistor mechanism.
Figure 7.3 shows the schematic drawing of adsorption-capillary-controlled thermal transistor
at a given pressure and temperature distribution. Here, the surface interaction between Ar and the
surfaces creating the lower nanogap is weaker than the ones forming the nanogap at the top. It is
assumed that the top surface is connected to a heat source and the bottom surface is connected to
a heat sink.
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Figure 7.3. Schematic drawing of adsorption-capillary-controlled thermal transistor at given
pressure and temperature distribution in a double-gap nanostructure with lower surface
interaction at the bottom. (a) “Off” mode; Middle surface temperature, Tb, is close to the top
surface temperature, capillary state at the top and adsorption state at the bottom of the structure.
(b) “On” mode; Tb slightly decreases and Ar in the lower gap condensates as a result of capillary
transition. (c) Back to “Off” mode by temporarily increasing the middle surface temperature to
empty the nanogaps.
As the capillary state at the bottom is achieved at a lower temperature compared to the upper
nanogap, the initial temperatures can be selected in a way that the middle surface temperature,
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base temperature, Tb, is close to the top surface temperature, collector temperature, Tc, because the
upper nanogap is filled with Ar particles and heat is properly transferred through the upper nanogap
keeping the temperature difference between the surfaces small [Figure 7.3(a)].
Ar in the lower gap is in gaseous state because of the lower surface interaction at the lower
nanogap and this results in a greater temperature difference between the middle and lower surfaces
and at the same time a low heat flux because of the low thermal conductivity of gaseous Ar.
As shown in Figure 7.3(b), to turn the thermal transistor “on” one can slightly decrease Tb and
as a result Ar in the lower gap condensates due to capillary transition. This helps the middle surface
to reach a new thermal equilibrium state transferring heat from the source (collector) to the sink
(emitter) uniformly. In order to turn the transistor “off”, Tb should temporarily increase to a
temperature where capillary transition is achieved in the nanogaps and they are emptied from Ar
particles, Figure 7.3(c). The nanogap will go back to the initial “off” state when the middle surface
cools back to a temperature close to Tc. Preliminary study shows that S ~ 30 is achievable using
this inactive switching method.
7.3 Outlook

This study primarily focuses on the atomic-scale simulation work, to fundamentally understand
the roles of the heterogeneous nanostructures/materials on the controlled thermal transport, aiming
at designing thermal diode and switch. However, the anticipated results provide insights into future
experimental work using the current and emerging nanotechnologies, i.e., MEMS/NEMS
technology [202, 240-242] and Atomic Force Microscopy (AFM), as outlined below:


MEMS-based platform for generating a nanogap. As shown in Figure 7.4, a wire heater
(shown in red) attached to the heat source at the top, and an Al heat sink (shown in blue)
at the bottom create the required temperature gradient [243]. Metals with different surface
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interactions, e.g. Pt and Pb (shown in grey) can be deposited on a wafer (shown in green).
The grooves can be generated by reactive ion etching (RIE). A spacer (shown in yellow)
is used to minimize the conductive heat transfer through the nanogap at the center. At the
beginning of each measurement, the wire heater can be heated by a DC power supply, and
digital multi-meters can be used to measure the electrical resistances of the source and the
receiver by the four-wire method. The measured resistance of the source and the receiver
can then be converted to temperature and heat flux using calibration factors.

Figure 7.4. Proposed MEMS-based platform for measuring the heat flux and the degree
of thermal diode, R, or switch, S, through a nanogap [243].


The gap between a substrate and an AFM probe. As shown in Figure 7.5, a substrate can
be coated by a metal, e.g. Pt, and the tip of the AFM probe can be coated with another
metal with a weaker surface interaction, e.g. Pb. The temperature gradient can be provided
by a wire heater. At the beginning of each measurement, the wire heater is heated by a DC
power supply, and digital multi-meters can be used to measure the electrical resistances of
the source and the receiver by the four-wire method. The measured resistance of the source
and the receiver can then be converted to temperature and heat flux using calibration
factors.
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Figure 7.5. Nanogap generated with nano-coated substrate and AFM tip for measuring the
heat flux and the degree of thermal diode, R, or switch, S.
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