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Abstract

This work deals with a study on thermal radiation control, which is enabled by using
subwavelength structures or phase-change materials. Thermal radiation is one of the
three heat transfer modes, and its control opens possibilities in various applications such
as thermophotovoltaics, thermal management, and mid-infrared light sources. In this
study, four types of thermal radiation control, namely dynamic control, monochromatic
light source, thermal rectification, and near-field thermal radiation are investigated
theoretically and/or experimentally, toward mid-infrared light source for chemical
sensing and thermal management in artificial satellites.

Firstly, a novel coupling mechanism between surface waves and guided mode
resonances are theoretically proposed for dynamic thermal radiation control. A
developed modal analysis shows that the guided mode in a silicon grating couples to the
surface phonon polariton on a silicon carbide substrate or surface plasmon polariton on
a doped silicon slab via evanescent waves. The modulation of the grating height from
36.2 um to 37.3 um allows us to control emissivity with an amplitude larger than 0.9 at
a wavelength of 12.13 um. Such a dynamic modulation improves the signal-to-noise
ratio of infrared chemical sensing.

Secondary, a quasi-monochromatic incandescent light source is demonstrated
theoretically and experimentally. The proximity interaction between densely-placed
metal-insulator-metal (MIM) metamaterial resonators enables the suppression of the
parasitic modes. The integrated parasitic heat flux decreases from 11.8 Wsrm2 to 4.0
Wsrim2 at an angle of 60° by adopting densely-tiled square resonators. The mechanism

of the suppression is theoretically investigated, and the measured thermal emission



spectra of the fabricated metamaterial verify the presented suppression. Such a
quasi-monochromatic source contributes the design of non-dispersed infrared sensing
(NDIR) systems.

Thirdly, radiative thermal rectifiers are developed based on the phase-change of
vanadium dioxide (VOz). VO in the insulating state works as a good infrared absorber
in the forward scenario, while it in the metallic state works as an emitter with low
efficiency in the reverse scenario. The variation of the optical response between the
insulating and the metallic states enables a high thermal rectification contrast ratio of 2
in our measurement system. The presented thermal rectification will allow novel
thermal management systems.

Finally, a methodology to form submicron gaps for near-field thermal radiation is
proposed. Microfabricated spacers with a height of 0.5 um, 1 um, or 2 um, are
employed to determine the gap width between opposing substrates with an area of 19 x
8.6 mm. Applied pressure as high as 6 kPa compensates the intrinsic mechanical
deflection of substrates to keep a uniform gap, while the planarity of the gap is
monitored by optical reflection spectra. The proposed methodology is applicable to
thermal management utilizing photon-tunneling.

The achievements obtained for the four types of thermal radiation control will
contribute to scientific communities as well as industrial implementations. Especially,
dynamic and monochromatic mid-infrared light source for NDIR and thermal
management system for artificial satellites will be realized. Moreover, the achievements

in this thesis open a pathway to more versatile thermal radiation control.
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter introduces the work in a general view. This chapter begins from a review
of the basic characteristics of thermal radiation. The concept of the emissivity and
near-field radiative heat transfer are explained. The application of thermal radiation
control spans from mid-infrared light source to thermal management, and they are
discussed in detail. Four types of thermal radiation control, namely dynamic modulation,
monochromatic emission, thermal rectification, and near-field radiative heat transfer, are
tackled in this work for mid-infrared light source for chemical sensing and thermal
management in artificial satellites. The justification, the purpose, and the originality of
the work are explained for the four types of thermal radiation control. Finally, the

organization of this thesis is described.



Chapter 1 Introduction

1.1 Background

1.1.1 Thermal radiation

Thermal radiation or radiative heat transfer [1][2] is one of the three principal
mechanisms of heat transfer. It is mediated by the transport of electromagnetic waves,
unlike the other two mechanisms, namely convection and conduction, each of which
needs materials to transport heat. In all the materials having finite temperature, electrons
and atoms are thermally agitated, resulting in electromagnetic emission to the
surroundings. For example, it is well known that the sunlight is thermal radiation from
the sun, whose surface temperature is around 5800 K. In everyday life, we feel thermal
radiation from incandescent lamps, infrared heaters, and wood-fire ovens. In nature,
snakes have organs that are sensitive to infrared radiation, thus they can detect radiative
heat from homeothermic animals [3].

The investigation of the radiation spectrum opened the era of quantum physics. Max
Planck explained the spectrum from a blackbody, which is an ideally absorptive body,
by introducing the quantization of energy [4]. The quantized electromagnetic wave is
called photons, and has the energy of hc/A, where h = 6.63 X 1073* m?kg/s is the
Planck constant, ¢ = 3.00 x 108 m/s the speed of light, and A the wavelength. The
hemispherical spectral emissive power from a blackbody e;;, is the function of the

wavelength A and the temperature T, and is given by Planck’s law [1][2]:

A4, T) = 2he? ! 1.1
K A E exp(hc/AkgT) — 1’ '

where kg is the Boltzmann constant. The spectral emissive power is shown as a
function of wavelength with several temperatures in Figure 1. 1. With increasing the

temperature, the power increases and its peak shifts to the shorter wavelength. The
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integration of the hemispherical spectral emissive power over all wavelengths gives a
total heat flux from the blackbody e, (T). The relationship between the temperature and
the flux is called Stephan-Boltzmann law [1][2]:

27T5kB4

2 B 14 (1.2)
15c¢?h3

ep(T) =

The rapid increase of the flux with the temperature is quantitatively shown in Figure 1.
2. The peak wavelength of the blackbody radiation A, ., IS achieved by taking the
derivative of e;,(4,T). The relationship between the temperature and the peak

wavelength is called Wien’s displacement law [1][2]:

by
Amax =~ (1.3)
where by = 2.90 X 1073 mK is Wien’s displacement constant. The peak wavelength
is shown in Figure 1. 3. The peak wavelength is found to be around 10 um at room

temperature (300 K), while it is in visible range (~500 nm) at 6000 K, which is close to

the temperature of the sun.

o
[

)

—
'

emissive power ey,
2

Hemispherical spectral

10°

Wavelength (um)

Figure 1. 1 Hemispherical spectral emissive power derived from Planck’s law
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o
=

Total heat flux e, (W m-2)

10 e
10 10°

Temperature (K)

Figure 1. 2 Total heat flux derived from Stefan-Boltzmann law

o

o
o

Peak wavelength A« (um)
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—_
o

Figure 1. 3 Peak wavelength derived from Wien’s displacement law

The real body in our world is not an ideal blackbody but has nonzero reflectance and
transmittance. The ability to emit thermal radiation compared to a blackbody is defined
as emissivity. Generally, metals have low emissivity while organic materials have high
emissivity. One of the goals of the study on thermal radiation is to control spectral
emissivity as needed. Both material research and surface structuring have been
investigated to achieve desired spectral emissivity in various applications, such as

thermophotovoltaics [6]-[12], mid-infrared light source [13]-[19], and radiative cooling
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[23]-[26].

The above mentioned Plank’s law, its derivative, and the concept of emissivity rely
on one assumption that the electromagnetic waves couple only in the far-field. If the
distance d between a hot body and a cold body is smaller than the peak wavelength
obtained from the Wien’s displacement law, the near-field components start to be
transferred as shown in Figure 1. 4 [4]. Then, the heat flux Q is no more constant over
the distance between bodies as described by Planck’s law but it increases rapidly as the
decrease of the gap. The heat flux across the gap exceeds the Stefan-Boltzmann law in
the case that the gap is small enough. This phenomenon, which is called near-field
radiative heat transfer (NFRHT), is expected to overwhelm the relatively small power

density of thermal radiation compared to thermal conduction and convection.

Far field Near field
d>> Apeak d< Apeak

Figure 1. 4 Near-field radiative heat transfer
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1.1.2 Application of thermal radiation control

There are numbers of engineering fields, where the control of thermal radiation adds
new functionalities or improves system performances. These include
thermophotovoltaics [6]-[12], mid-infrared light source [13]-[19], and radiative cooling

[23]-[26], as depicted in Figure 1. 5.

[ Thermal emitter ] [ Thermal emitter ]

l Radiation Space
1 X

Photovoltaic cell M
) [ Thermal emitter ] Coating paint
Thermophotovoltaics
Infrared sensor AFM probe AFM probe
*
Organic molecule - NFRHT ’ ® NFRHT
* [ Hot body ] Substrate
Thermal emitter
Midinfrared light source Cooling Heating

Figure 1. 5 Application of thermal radiation control

1.1.2.1 Thermophotovoltaics

Thermophotovoltaics [6][7] is one of energy conversion schemes, where electricity is
generated from thermal photons. Photons from a thermal emitter are absorbed by a
photovoltaic cell, where photo-excited carriers flow as an electric current. The spectral
response of the thermal emitter is ideally designed to be quasi-monochromatic with a

wavelength close to the bandgap of the photovoltaic cell. In a photovoltaic system, the
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photon energy which is considerably larger than the bandgap is partly lost as heat by the
mechanism called thermalization loss. The photon whose energy is smaller than the
bandgap is not absorbed by the cell but absorbed by other parts of the apparatus. This
mechanism is called radiative loss. These two losses are engineered by the spectral
control of thermal emission toward conversion systems with high efficiency [7]-[9].
Thermophotovoltaics is applicable to waste heat recovery or portable power sources [7].
It is also expected to enhance the efficiency of solar energy conversions with the
combination of solar absorbers [9].

1.1.2.2 Light source

Another application is mid-infrared light sources for chemical sensing [13][14]. Organic
molecules absorb mid-infrared light at specific wavelengths corresponding to their
vibrational modes. These specific absorptions allow us to identify unknown material by
using a database such as spectral database for organic compounds (SDBS) [15] from
National Institute of Advanced Industrial Science and Technology (AIST). Although
Fourier-transform infrared spectrometers (FT-IR) are widely utilized for the
measurement of absorption spectra, the compact system with mid-infrared light sources
and infrared detectors is required to bring the analysis to consumer markets such as
alcoholic gas detections in cars. Light-emitting diodes [16] and quantum cascade lasers
[17] show satisfactory performance, but their cost hampers the wide usage. Alternatively,
the spectral control of the thermal emitter enables quasi-monochromatic light sources
because the peak wavelength of blackbody radiation is in the mid-infrared range around
room temperature. Miyazaki and his colleagues determined the concentration of a
chemical compound using a thermal emitter composed of resonant high-aspect cavities

[18]. Inoue and his colleagues used emitters based on multiple quantum wells and
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two-dimensional photonic crystal for the discrimination of acetone from
trichloroethylene [19].

The emissivity control of the incandescent lamps improves the efficiency of the
visible light sources [21][22]. The unwanted spectral band is suppressed without
absorptive or reflective filters. Cold incandescent lamp is achieved by suppressing the
infrared radiation to the near-zero level.
1.1.2.3 Radiative cooling
Cooling heat engines, electronic devices, and building is the key demand for
highly-integrated modern technologies. Especially, artificial satellites need
well-designed thermal emitters for cooling [20] because radiative transfer is only the
path to exhaust heat in outer space. Interestingly, it is also possible to radiatively couple
a body on the earth to outer space by utilizing the atmospheric transmission windows
spanning from 3 um to 5 pum and from 8 um to 13 um. The infrared light from the body
runs away to outer space, whose temperature is around 3 K. A properly designed
spectrally selective thermal radiator was demonstrated to be cooled down 10 K
compared to the ambient in the night [23]. Recently, Raman and his colleagues
manufactured a multilayered structure which reflects visible photons and emits infrared
photons in the atmospheric window [24]. The device is cooled to 5 K below the ambient
air temperature under strong sunlight.

The radiative cooling is not limited to the coupling with outer space. Shimizu and his
colleagues proposed radiative cooling of electronic devices packaged in resin [25]. The
cooling is achieved by radiatively coupling to the ambient through the IR transmission
windows of the resin. Spectrally selective emitter enhances radiative heat flux, thus the

emitter is cooled down more than 2 K. There should be plenty of rooms for the
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investigation on the radiative cooler.

Selective cooling of nanostructures are of interest for the miniaturized circuits and
microelectromechanical systems (MEMS). In the modern very large scale integrated
circuits (VLSI), the transistors with small size and high power consumption can be quite
hot. The temperatures of suspended MEMS structures such as resonators and
bolometers are sometimes considerably high, especially in vacuum conditions. To cool
down such hot spots, a probe positioned in proximity is used to couple through NFRHT.
Additionally, the heat flux is controlled by changing the distance between the probe and
the hot spot. Recently, Guha and his colleague achieved selective cooling of suspended
silicon dioxide membrane by using an oxidized probe [26].

Near-field radiative heat transfer across a planar gap significantly increases the heat
flux per area. The technique to produce a uniform gap enables the control of heat flow
in more bulky systems. Such a planar gap has been long awaited from the theoretical
community [27] although the experimental realization of a submicron gap has not been
intensively studied. Recently, St-Gelais and his colleagues achieved monolithic thermal
circuit where near field is transferred between microfabricated beams positioned across
a submicron gap [28]. The usage of near-field radiative heat transfer would add new
perspective in the next generation heat management systems.
1.1.2.4 Radiative heating
Probe-based nanolithography, which utilizes a cantilever for atomic force microscopy
(AFM), is an emerging technology to overcome the diffraction limit of the conventional
photolithography. The heat transfer from probes to polymers for drying [29] is a
promising candidate among numbers of patterning physics. Although fine patterning

requires precise physical modelling, the heat transfer between the probe and the
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polymer is not fully understood. The investigations of near-field radiative heat transfer
contribute the improvement of the system, especially in vacuum conditions. The same
applies to the heat assisted magnetic recording [30][31]. Also, the probing of
temperature distribution in nanoscale with AFM cantilever [32] is a promising
application of near-field radiative heat transfer.

Infrared drying process of painting [33] can be improved by using controlled thermal
emitter. The matching of the emission wavelength with the absorption band of paint

improves the power efficiency and/or drying time.

1. 2. Justification of this work
Although numbers of researchers have investigated the control of thermal radiation
[6]-[12][18]-[28][32][34], there are types of control where more solutions should be
provided. Here, two application scenarios are picked up in order to set the goal of this
thesis. The first scenario is the mid-infrared light source for chemical sensing. The
dynamic control of thermal radiation and the monochromaticity are required for the
portable and sensitive non-dispersive infrared sensing (NDIR) system. Another scenario
is the thermal management in the artificial satellites, where thermal convection does not
exist. An intelligent thermal management device such as thermal rectifier as well as the
heat flux enhancement are required to realize efficient management system without
increasing payload.

In NDIR systems, signal-to-background ratio is improved by the modulation of the
light. Conventionally, the amplitude of thermal radiation is modulated by changing
temperature, thus the modulation frequency is limited by the heat capacity of the

radiator. The direct modulation of emissivity by external stimuli enables an emitter with
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a modulation frequency higher than 1 kHz, which suppresses low-frequency noise.

Numbers of thermal emitters based on electromagnetic resonance have been
presented [8][18][19][33] toward the realization of monochromatic, designable thermal
emission. On the other hand, electromagnetic resonances are excited at several mode
frequencies in these thermal emitters. Although the design of the fundamental mode has
been well studied, the control of parasitic modes have rarely been investigated albeit
their importance for monochromatic thermal emitters.

Thermal radiation is utilized as a thermal path in thermal management systems,
especially in artificial satellites. In future, more efficient, more intelligent, and adaptive
thermal devices are required to satisfy increasing demands such as portability and
payload. Thermal rectifier is a candidate of such devices [35] . They can modulate the
heat flow according to their direction without any power input from outside. This
intelligent heat flow controller adds more flexibility on the system design. Although
conductive rectifiers with low rectification contrast ratio have been demonstrated
[36]-[38], radiative rectifiers or rectifiers with high contrast have rarely been
experimentally presented.

As for the radiative thermal management, the maximum heat flux is limited by
Stefan-Boltzmann law. One needs to increase the temperature difference between the
emitter and the receiver in order to increase the heat flux. The same applies to
thermophotovoltaics systems. Near-field radiative heat transfer overcomes these limits
by using the tunneling of thermal photons. Theoretical works predicted that near-field
radiative heat transfer contributes both the spectral control and the enhancement of the
power density of thermophotovoltaics system [10]-[12]. On the experimental side, the

fabrication of a uniform gap is quite difficult because of the alignment problem as well
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as the deviation from the ideal flat surfaces. With the parallel-plate configurations, the
most of experimental achievements fall over 1 um. The sphere-plate configuration
achieves the gap as small as 30 nm by bypassing the alignment problem, but the amount
of heat transfer is significantly smaller than that in the parallel-plate configuration. The
technology to produce a uniform submicron gap for near-field radiative heat transfer is

quite important for thermophotovoltaics and radiative thermal management system.

1. 3. Purpose of this work

The purpose of this work is to realize four types of thermal radiation control depicted in
Figure 1. 6, toward two application scenarios namely mid-infrared light source for
chemical sensing and thermal management in artificial satellites. They are the dynamic
control of thermal emission, the control of parasitic emission modes, the rectification of
radiative heat transfer, and the experimental investigation of near-field thermal radiation.
The dynamic control and the suppression of parasitic modes contributes to improve the
sensitivity and the power efficiency of the chemical sensing system using thermal
emitters as light sources. A thermal rectifier with enhanced heat flux by near-field
coupling enables intelligent thermal management system in artificial satellites.

Although numbers of researchers have investigated the spectral control, dynamic
control of thermal radiation is still limited. Dynamic control allows us to modulate
mid-infrared light source with a high frequency, thus a higher signal-to-noise ratio is
achieved. In this work, such a dynamic control is proposed by using the coupling of
guided mode resonance and surface polaritons.

Spectral selectivity of the thermal emitter is attained by electromagnetic resonances.

Metal-insulator-metal (MIM) metamaterials, which consist of MIM trilayers, are
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promising because of their omnidirectional response and the simplicity on the
fabrication. The top metal is patterned to form electromagnetic resonators, and multiple
resonances are generally excited at the fundamental and higher mode frequencies. In
this work, proximity coupling between resonators is introduced to suppress parasitic
modes including the second-order mode harmonics. The control of higher modes
improves monochromaticity of the emitter.

Thermal rectifiers are attracting more interest as a key component in intelligent
thermal management systems [35]. They modulate heat flow according to their direction
without any power input from outside. This intelligent heat flow controller adds more
flexibility to the system design. In this work, a radiative thermal rectifier based on a
phase-change material is demonstrated. The transition from the insulating state to the
metallic state controls the transfer of infrared photons.

As discussed before, near-field radiative thermal radiation boosts the amount of heat
transfer. The critical challenge on this field is the formation of the uniform submicron
gap. Because the alignment of a pair of planar surfaces is extremely difficult, most of
the experimental investigation have utilized the heat transfer between a sphere and a
plate with the cost of small heat flux enhancement. Several works have investigated the
parallel-plate configuration, but submicron gaps have not been quantitatively evaluated.

In this work, a new methodology to form submicron gaps is presented.
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Dynamic Monochromatic Thermal Near-field radiative
control light source rectification heat transfer
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Mid-infrared light source Thermal management
for chemical sensing in artificial satellites

Figure 1. 6 Purpose of this work

1. 4. Originality of this work

The coupling of guided more resonances in gratings and surface polaritons is firstly
proposed to control the optical characteristics of structures. They are applicable to
mid-infrared range, where thermal radiation takes place. Dynamic modulation is
theoretically demonstrated by changing the distance between the grating and the
interface which supports the surface polariton. Two kinds of surface polaritons, namely
the surface phonon polariton on a silicon carbide substrate and the surface plasmon
polariton on a doped silicon slab are presented.

A methodology to control parasitic modes, including the control of the frequency
interval between the fundamental and the second-order modes, is firstly presented. The
resonators are proximity-coupled so as to lower the fundamental frequency and to raise
the second-order frequency. The small gap between resonators is shown to suppress
other parasitic modes. The measured emission spectra clearly indicate the contribution

of the proposed methodology toward a single-peaked emitter.
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At the beginning of this work, the thermal rectification contrast ratio was limited to
be smaller than 1. This is because of the difficulty to control diffusive thermal
conduction. We adopt radiation as the thermal path to achieve more designable heat
transfer properties. The phase change of vanadium dioxide provides large permittivity
change, thus a large contrast on heat flux is experimentally achieved. Such a radiative
thermal diode based on the phase-change material has not been experimentally obtained.
The measured rectification ratio of 2 is the highest value ever reported to the best of our
knowledge.

A novel methodology which utilizes sparsely placed spacers is proposed for the
uniform gap formation. The exerted force compensates the intrinsic deflection of the
diced chips. The gap separation and its uniformity are quantitatively examined by
optical measurements based on interference. The heat flux across a submicron gap is

evaluated for the first time to the best of our knowledge.

1.5. Thesis organization
This thesis is organized as shown in Figure 1. 7. As discussed in Subsection 1. 3., we
demonstrate four types of thermal radiation control: dynamic control, monochromatic

light source, thermal rectification, and near-field radiative heat transfer.
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Figure 1. 7 Thesis organization

Chapter 2 starts from the theory of thermal radiation. Then, methodologies to analyze,
control, and evaluate radiative heat transfer utilized in the following sections are
discussed. They are theoretical analysis of electromagnetic waves, microfabrication
technologies for microstructures, and evaluation methodology including
Fourier-transform infrared spectroscopy and steady-state heat flux measurement.

In Chapter 3, the dynamic control of thermal radiation is theoretically presented. The
coupling between guided mode resonances and surface polaritons is utilized to control
emissivity. Both the surface phonon polariton on a silicon carbide substrate and the
surface plasmon polariton on a doped silicon slab are investigated for the active
modulation of thermal emission.

In Chapter 4, a quasi-monochromatic thermal emitter is obtained by controlling

parasitic modes of the metal-insulator-metal metamaterials. The proximity interactions
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in two arrangements suppress and/or blue-shift parasitic modes. As one arrangement,
diagonally-arranged MIM absorbers are investigated for the enhancement of the ratio of
the second-order frequency to the fundamental frequency. As another arrangement,
densely-placed square resonators are presented as a polarization-independent MIM
thermal emitter. The numerically proposed suppression is supported by the fabricated
MIM metamaterials.

In Chapter 5, a thermal rectifier with a high rectification contrast ratio is
experimentally demonstrated. Vanadium dioxide films deposited on a silicon substrate
and a fused quartz are used as the emitter and receiver. The measured heat flux is
explained by the theoretical analysis based on the fluctuation electrodynamics. Tungsten
doping into vanadium dioxide lowers the transition temperature.

In Chapter 6, a method to form a submicron gap for near-field radiative heat transfer
is proposed. Microfabricated spacers are sparsely placed between two fused quartz
substrates to achieve uniform submicron gaps with suppressed parasitic heat conduction.
The uniformity of the gap is verified by the optical interferometry. The heat flux is
evaluated and compared with the theoretical calculation of radiative heat transfer. The
contribution of the parasitic spacer conduction is revealed to be smaller than radiation.
The heat transfer is analyzed by utilizing an equivalent thermal circuit model.

In Chapter 7, the results obtained in Chapter 3-6 are summarized and compared with
other works. Then, their impacts on the two application scenarios, namely mid-infrared
light source for chemical sensing and intelligent thermal management in artificial

satellites, are investigated. Finally, this work is concluded.
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Chapter 2 Theory and methodologies

This chapter describes the theory of thermal radiation and the methodologies utilized in
this work. Firstly, the Maxwell’s equations are briefly reviewed stressing the relation
with thermally excited electric current. The concepts of spectral intensity, emissivity,
and view factor are introduced. Secondary, electromagnetic simulation techniques are
described. They include transmission matrix method, scattering matrix method, modal
analysis, and fluctuation electrodynamics for near-field radiative heat transfer. Thirdly,
microfabrication technologies, especially lithography and etching, are briefly reviewed.
Finally, evaluation methodologies employed in this work are illustrated.
Fourier-transform infrared spectrometer is briefly explained, and the custom-built heat

flux measurement system in vacuum is described.
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2.1. Theory of thermal radiation

2.1.1 Maxwell’s equation and electric current density

Thermal radiation is the electromagnetic wave excited by thermal energy. The
generation and the propagation of electromagnetic waves are explained by Maxwell’s
equations: [1][2]

Gauss’s law for the electric field:

V-E= B, (2.1)
€
Gauss’s law for the magnetic field:
V-B=0, (2.2)
Faraday’s law:
0B
VXE=——, (2.3)
Jat
Ampere’s law:
VxB ( + aE) (2.4)
X = —_ .
pl(l+e )

where E is the electric field, B the magnetic field, p the charge density, & the
permittivity, u the permeability, and J the current density. Thermal energy vibrates
charges like free electrons and the atoms of polar materials, and these vibrating charges
excite the oscillating magnetic field according to Ampere’s law. The electric field and
magnetic field are generated following Faraday’s law and Ampere’s law. The
propagative sinusoidal waves are called far-field components and reach far from the
emitting material. Other fields are localized around materials and called evanescent
waves or near-field components.

The distribution of thermally excited electric current density in any material follows

the Bose-Einstein statistics. According to fluctuation dissipation theorem [3], the cross
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product of the spectral current densities j(x,w) at two locations x’ and x" at certain

frequency w satisfies following relationship:

(X, w) X (X", w)) = %m@@(w, 16 —x"), 2.5

where O(w,T) = hw/(exp(hw/kgT) — 1) is the mean energy of the Planck oscillator
at the temperature T, and kg is the Boltzmann constant. The derivation of the spectral
heat flux in the far-field from the equation (2.5) gives the Planck’s law, and the

formalism will be shown in the subsection 2.2.4.
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2.1.2 Spectral intensity and spectral power

There are two variables which describe the spectrum of thermal radiation, as shown in
Figure 2. 1. The first one is the emitted spectral intensity i’;,(4) and is defined as the
power which is emitted into a unit solid angle from a unit projected surface area normal
to the emission direction. The spectral intensity is angularly independent because
thermodynamic requirement does not allow the rotation of the emitter to change the
intensity. The second one is the directive spectral emissive power e’;,(4,0) and is
defined as the power which is emitted into a unit solid angle from a unit actual area. The
directive spectral emissive power is angularly dependent, and the geometrical analysis
gives us Lambert’s cosine law as described as follows:

e’lb(/l, 9) = i’lb(/l) cos @ . (2.6)

Spectral intensity Direcive spectral power
(D) e’ (4, 0)

i Solid angle
Unit area -

Emitting area Emitting area
(Unit area)

Figure 2. 1 Spectral intensity and directive spectral power
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2.1.3 Emissivity and Kirchhoff’s law

Emissivity Ey(4,0,j) is the emitting ability of a material and is a function of
wavelength A, angle 6, and polarization j. As shown in Figure 2. 2, emissivity is
defined by using the emitted power from a blackbody Pg(4,6,j,T) and the emitted

power from the material Py(4,80,j,T) as follows:

Py(4,0,],T)

, 2.7
Ps(1,6,j,T)

EM(A; 91]) =

where T is the temperature. For most materials, emissivity is independent of
temperature, which allows us to analyze the thermal radiation phenomenon simply.
Thermodynamic requirement gives us the Kirchhoff’s law [4], which explains the
relationship between emissivity and absorptivity. Now consider that a material is facing
a blackbody. In thermal equilibrium, the material emits exactly the same numbers of
photons as it absorbs from the blackbody to keep the temperature constant. Thus,
emitted power P and absorbed power P, are equal:
Pg(1,0,j,T) = PA(1,6,),T). (2.8)
By dividing both sides of Eq. (2.8) by the blackbody radiation Pg(4,0,j,T), we achieve
Ey(1,0,)) = An(4,6,)), (2.9)

where Ay (4,6, )) is the absorptivity of the body.

Pg(4,6,j,T) Py(4,6,j,T) Blackbody

\ \EM@,M) P N\ Pa

Blackbody Material Material
T T

Figure 2. 2 Thermal radiation and optical absorption by a material
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2.1.4 View factor

Considering the heat transfer between two surfaces, thermal radiation which does not hit
the cold surface should be taken into account. The view factor is defined as the ratio of
the flux that hits the cold surface to the emitted flux from the hot surface. In case that
the two surfaces are placed in proximity in parallel, the view factor is close to unity. If
two surfaces are perpendicularly placed and that their distance is large, the view factor
Is close to zero. Complexed surfaces can be treated as the sum of the small and simple
structure for the calculation. Considering two infinitesimal patches d4; and dA4; in

arbitrary positions and orientations as shown in Figure 2. 3, the infinitesimal view factor

between these patches dFg,,—q A; depends only on geometry:

cos 6; cos 0,
dFgn,-da, = Td,qj , (2.10)

where S is the length of the straight line between the two infinitesimal patches, 6; and
6; are the angles between the line and patches dA; and dA;, respectively. By
integrating the infinitesimal view factor over areas A; and A;, the view factor between

two areas Fy,_4; is derived.

Figure 2. 3 Calculation of the view factor
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Alternative to carry out the integrations, there are rules for simple geometries.
Catalogs of these rules can be found in the literature [2][5] or in the website [6][7]. For
example, if the emitter and the receiver are the identical square surfaces placed in

parallel, the view factor can be written as: [2][6][7]

F, = ! 1(1+x2)2+4 J1+ %2 tan~! —= tan~! (2.11)
12 =3 n1+2x2 x( x? tan e an" " x)|, .

where x is the ratio between the square length and the separation. The calculated view
factor against x is shown in Figure 2. 4. The square length should be larger than 2.58

times the separation in order to receive the half of the radiation by the cold surface.

1 T T T T

ax
0.8 g
y A
~ 0.6 g
)
=3 i
4 04 | 1
|
ey -/ |
|
0 r 1 r r r
0 2 258 4 6 8 10
X

Figure 2. 4 View factor between identical square surfaces
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2.2 Simulation of electromagnetic wave
In principle, one may find solutions of thermal radiation problems by solving Maxwell’s
equations with thermally generated currents described by fluctuation dissipation
theorem, but this falls in problematic complexity on calculation and/or troublesome
convergence. Alternatively, the absorptivity of the body is calculated and it is translated
to emissivity according to Kirchhoff’s law for the problem in the far-field.

The calculation of absorptivity can be classified in three categories based on the
structure of bodies as shown in Figure 2. 5: multilayered system, grating structure, and
3D structures. These structures have variance in one-direction, two-directions, and

three-directions, respectively.

Multilayer-system Grating structure 3D structures
(1D) (2D)

' R(0)
R (-1)

| L e OO
OOD

T(0)

Figure 2. 5 Three categories of electromagnetic simulation
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Most of smooth surfaces including bulk materials, coated thin films on a substrate,
one-dimensional photonic crystals, is modelled as infinite in the direction parallel to the
surface. In other words, by defining the direction perpendicular to the surface as the
z-direction and the other two directions as the x- and y-directions, the material is
modelled as invariant in the x- and y-directions. Such bodies are analyzed by
transmission matrix method or scattering matrix method.

Classical surface-relief grating and subwavelength grating manufactured by modern
microfabrication technology can be treated as invariant in the y-direction. In the case
they are modelled as periodic in the x-direction, modal analysis or rigorous coupled
wave analysis (RCWA) is widely utilized to analyze the electromagnetic response.

More complex structures, which do not have any invariant directions, are simulated
based on mesh-based methods including finite domain time difference method (FDTD)
and finite element method (FEM). These methods segmentalize the structure into
meshes, and solve Maxwell’s equations inside a mesh. To satisfy the boundary
conditions and the continuity between meshes, a solver iterates calculations. These
methods allow us to simulate complex problems such as photonic crystal with defects,
gigahertz response of cars, and random structures. In this thesis, a commercial software

based on finite integration technique, CST microwave studio [9], is utilized.
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2.2.1 Multilayered system: Transmission matrix method

I = d(n+1) R = u(n+1)

En+1

n
&, dm™ u™

n-1
£t dn-1 um-1

n-2

d®+D (p+1) P

£p+1 u

D
&y d® u®

p1

2
& d®@) u®@

1
& d® u®

0
&p T = d(o) u(o)

Figure 2. 6 Multilayered system and electromagnetic waves inside.

Now consider a multilayered system comprises n layers suspended in vacuum as shown
in Figure 2. 6. The p-th layer has the permittivity &, and all the layers are nonmagnetic
in the frequency range of interest (1, = 1). There are n + 1 interfaces and they are
named as interface 0 ~ interface n. The upward and downward waves in the p-th layer

from the bottom are denoted as u® and d®, respectively. The amplitudes of electric

fields in the (p+1)-th layer close to z, are described as

lu@”) @+ 0] _ o l”(p)(zp - O)I (2.12)

d®+(z, + 0) d®)(z, — 0)

where t®) is interface transmission matrix and is written as
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¢ _ Tp+1pTpp+1 rp+1.p]
pp+1
®) | tp+ 1p tp+1,p |
tP) = r s 1 | (2.13)
_Top J
tp+ip tp+ip

Here, r;; and t;; are reflection and transmission coefficients at each interface,
respectively, and are written differently in each polarization as shown in equations

(2.14) and (2.15):

Yi—Vvj (s — pol.)
o= ity and (2.14)
N [ L2/ Ay |
&Yi+ &Y '
2.
( Vi (s —pol.)
L) it (2.15)
YT 2 €i&Yi ' '
| 2 o
EVi t &Y

where the wavevector in the z-direction y; is written by the wavevector in vacuum k,

and the wavevector in the xy-plane S:

Vi = /Eikg - p?.

(2.16)

The phase rotation in the case of propagative wave or the decay in the case of

evanescent wave inside the p-th layer is written as

() — ()
lu P)(z, —0) _ @ lu P)(zp_q + 0)] , @17
d®(z, — 0) d®)(z,_, + 0)
where
exp(iy,h,) 0
®) = pep . : 2.18
¢ I 0 exp(—t)/php)l ( )
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Thus, by defining layer t-matrix £® = t®)¢p®) we write

w0 _ gz . g0 |40 G0 = 0 @19
d™V(z, + 0) d©(z, —0)

In the case that the incident is from the top, then d™*Y = . Thus reflectance R and

transmittance T are derived by analyzing the equation (2.20).

[11?] _ fmFn-1) ... D)) [g] (2.20)

2.2.2 Multilayered system: scattering matrix method
An alternative way to solve multilayered structure is scattering matrix method [10]. In
the S-matrix method, the outgoing waves from the p-th interface are described by the

incoming waves.

(p+1) ®(, _
Iu Pz + )] _ (p)[ ut(zp - 0) (2.21)

d®(z, — 0) d®+(z, +0)]’

where s() is the interface s-matrix and described by Fresnel’s coefficient with a

relatively simple manner:

@) = [W“ rp“"’] (2.22)
pp+1 tp+1,p | ’

The layer s-matrix §®) is described as follows:

exp(i¥php) O (2.23)

s — s®
S [0 eXp(Wp p)] [ 0

The convergence of the S-matrix method is much better than T-matrix method because
layer s-matrix does not have components linear to exp(—iy,h,). Furthermore, the
internal component of S-matrix method is physically meaningful. On the other hand, the

calculation of iteratively stacked layers by S-matrix method is more complex than that
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by T-matrix method, where the matrix product expresses the solution of the multilayer
problem. The stack S matrix is calculated from the bottom layers iteratively, and the
stack S matrix of the p-th layer S® are described by using the stack S matrix of the

(p-1)-th layer S®=1 as follows:

s =5 [1- s s] 4, 220

SP =5+ sWseV [1- sz s, 229
S =S+ s 1= sy Usp] s 220
$@ = s [1-52s5] 5. .27

In case that the incident is from the top, then I = d™*D. Thus the reflectance R and
transmittance T are respectively derived as
R=5%, (2.28)

and

T = 52(’21) _ (2.29)
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2.2.3 Grating: modal analysis and rigorous coupled wave analysis (RCWA)
Periodic structure in the direction parallel to the surface adds more flexibility in design.
In case that the periodicity is only in one direction, the structure is called a grating. The
optical response of a grating is calculated by modal analysis [11]-[14] or rigorous
coupled wave analysis (RCWA) [15]-[17], which is also called Fourier modal method.

In this subsection, modal analysis is explained following the analysis of the reflective
double-groove grating shown in Figure 2. 7 [18]. The geometrical parameters are: p =
895 nm, w1 = 200 nm, w2 = 110 nm, wz = 300 nm, w4 = 285 nm, and hg = 1030 nm. The
refractive indexes are: ns = 1.45 and ng = 3.48. The incident angle and wavelength are
0in, = 60° and A, = 1550 nm, respectively.

(#2) & I%O/an‘ G de
/ﬁH (p-pol)

\l/el |$I <— P Sl(ng)
_[IIZI H

Figure 2. 7 Reflective double-groove grating [18].

Here, the p-polarized incidence from the xz plane is discussed. Then, magnetic fields
do not have the x-component or the z-component, and thus the electromagnetic problem
is reduced to the solution of the y-component of the magnetic field H, . In
homogeneous layers, the magnetic fields are expressed as the sum of diffracted plane

waves. In other words, Rayleigh expansion is applied.
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Hy(l) = Hinexp(—ifox — ivoPz) + Z Hgpexp(—ifnx + iy, Vz), (2.30)
n
H,® = Z Hrnexp(—ifnx — iy, ¥z), (2.31)
n
where B, and y,(® are the x-component and the z-component of the wavevector of

the n-th order diffraction, respectively:

Bn = (w/c)sin(6) + n(2m/p), (2.32)

(2.33)

(Js(l)(w/c)z —Bn® (e (w/)? = B,*)
Vn(l) = '
ii\/ﬁnz —eO(w/c)? (eV(w/c)? < B,?)

In grating layers, the electromagnetic fields are decomposed of eigenmodes, which
are characterized by the eigenfunction X,,(x) and the eigenvalue A4,,. These
eigenmodes are waves whose development in the z-direction is expressed by the
wavenumber A4,,, and development in the x-direction satisfies the periodicity of the

structure. The requirement for the periodicity yields the eigenvalue equation:
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where

4

i=1

1_[ cos ¢; — (cos ¢y sin¢, cos ¢ sin¢, + sin¢; cos ¢, sing; cos¢,)

4
1 kxatg)z < Keg >2
+ = +|\— 1_[ sin g;
2 {( Kyg Kyatg L] '
(2.34)

_ l{kxatg y Jae

A g} (cos ¢y cos ¢, singg sing,

+ sin ¢; sin ¢, COS ¢3 COS ¢4 + COS ¢ Sin ¢, SN ¢3 COS Gy

+ sin ¢; cos ¢, cos ¢g sing,) = cos(kyp sin6;,) ,

kngi (l = 1,3)
o , 2.35
s {kxawi (i = 2,4) (2.35)

kxg = \/(ngw/c)z — A%, and ky, = V (w/c)? — Af and

_[ng (p—pol.)
tg = { 1 (s—pol)’ (2.36)

In this specific problem, only the first three eigenvalues are real numbers, which

means that these three modes are propagative modes. Other eigenvalues are imaginary

numbers,

which means these modes are evanescent modes. The first three

eigenfunctions and eigenvalues are shown in Figure 2. 8.
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wl w2

Xn(x) (a.u.)

0 0.2 04 0.6 0.8
Position x (um)

Figure 2. 8 The first three eigenfunctions of the grating shown in Figure 2. 7

The mode m = 1 has the large amplitude in the wide edge, while the mode m = 2 has
that in the small ridge. These three modes are dominant in this case and explain the
diffraction efficiency with the accuracy of 10 %. Thus, the behavior of these three
modes would give us a physical insight of the grating diffraction phenomena. By using

these eigenmodes, the magnetic field in the grating layer is expressed as follows:

H,® = Z X () [Uny P exp(idnz) + Dy Pexp(—idy2)] . (2.37)
m

Then, the diffraction problem reduces to the determination of the magnetic field
amplitude vectors Hg, Hy, U®, and D@, which satisfy the boundary condition at
two interfaces. In this specific problem, 17 diffraction orders and 17 modes are
considered in the calculation, thus 4 equations with 4 unknown 17 x 17 matrices are

numerically solved.

x(U®P +D®) —Hp =1, (2.38)
x(ZU® + £ 1D@) —AH; =0, (2.39)
QU® - p®) —MHy = -1I, (2.40)
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Q(zU@® —x"1p@) + gAHy =0, (2.41)
where
p
Xnm = L Xm(x) exp(—if,x)dx, (2.42)
Zam = exp(—ildmhy)Sum, (2.43)
Ap = exp(lyn )h )Snm, (2.44)

ij m (%) exp(—iB,x)dx (p — pol.) (2.45)

.

L j m(x) exp(—if,x)dx (s— pol )’

(1)5

Hn 7’1, nm»

]/(3)
m_
— 8(3) (p - pOI) ,

(2.46)

(2.47)

fnm
r® (s —pol.)

and §&,,, is the Kronecker delta. The boundary condition problem is solved through
the system of equations as shown in equations (2.38)-(2.41). Alternatively, the t-matrix
as well as s-matrix method extended with a vector formalism could be utilized to solve
boundary condition problems. The complexed formalism or the convergence problem in
case of the multilayer structure can be avoided by matrix methods with reasonable
simplicity and convergence.

Rigorous coupled wave analysis (RCWA) is similar to modal analysis. In
homogeneous layers, the electromagnetic fields are decomposed by Rayleigh expansion
like modal analysis. In non-homogeneous layers, the permittivity profile is
Fourier-transformed in the x-direction. The electromagnetic profile in the
non-homogeneous layer is expressed as the sum of spatial harmonics. The amplitude of

each harmonic is derived from the boundary conditions like modal method. MATLAB
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codes [19] following the textbook [17] is available.

2.2.4 Near-field radiative heat transfer

The concept of emissivity is not applicable to the calculation of near-field radiative heat
transfer. Fluctuational electrodynamics [20][21] has been utilized to calculate near-field
coupling. Here, the heat flux across a planar gap is derived, assuming that both hot and
cold bodies are semi-infinite substrate and both bodies do not have temperature gradient
inside. In the following discussion, the coordinated system depicted in Figure 2. 9 is

utilized.

A
k,
S ¢ P
B
& TL
dB
£ B(B 21,22, @) f

Figure 2. 9 Two semi-infinite substrates separated with a gap.

The electric dyadic Green function G(x,x’, ) helps us write down the electric field

E(x,w).

Ex,w) = iwuoj G(x X', w) j(x', w)dx’, (2.48)
%

where u, is permeability of vacuum and V is the region where the body exists.

Thanks to the Maxwell-Farady equation, the magnetic field H(x, w) is derived from
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the electric field:

1
H(x,w) = o
0

VXE®X w). (2.49)

The emitted energy flux from the body observed at the point x, (S(x, w)), is calculated

by the ensemble average of the Poynting vectors:

1
(S(x,w)) = E(Re[E(x, w) X H*(x, w)])

1 =
= —Re liw,uof dx’f dx" G(x,x', w)(j(x', w)
2 % v (2.50)
xjr(x", a)))[V x G(x,x", w)]*l
The position x can be rewritten as
x=R+z%Z, (2.51)

where R does not have z-component, and Z is the unit vector in the z direction. The
absolute value of R is omitted because of the one-dimensional structure. Thus,

two-dimensional spatial Fourier transform can be applied to Green functions:
(:;(R - R’ Z Z, (l)) = ffco ig(ﬁ VA Z’ w)eiB'(R_R’) (2 52)
) ) ) o (27_[)2 ) ) ) ) M

where B is the wavevector in the x- and y- directions. Thanks to the azimuthal
symmetry of the structure, a cylindrical coordinate system (p, ¢, z) is utilized for the
modelling. Then the integration over wavevector is written as:
oo %) 21 Y
ﬂ dp =J J pdpde = 2n pdg, (2.53)
—o0 pL=07¢=0 B=0
where g = [B|.

Furthermore, Weyl components of the dyadic Green function g are expressed as:
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_ D ofs a s o oD o 1o ivoz—iviz!
g8B.zz,w) = ~2 [8t5,8 + Pot],py |22 17 (2.54)
1

where § and p; are the s-polarized and the p-polarized unit vectors, respectively,

—sin(¢)
S = ( cos(p) ), (2.55)
0
. [~vicos(9)
p; = —y;sin(@) |, (2.56)
n;w ﬁ

and t§, and t?, are the transfer function from the body 1 to the body 2 in the s and p
polarizations, respectively. The z-component Poynting vector observed at z = dj; is

expressed as the integration of the exchange function over all the wavenumbers as

follows:
+00
(S,(z =dgw))=0(w,T) z f Z(w,B,j)pAB, (2.57)
j=spo
where the Planck’s oscillator is written as:
hw
O(w,T) = (2.58)

exp(hw/kgT) — 1’

and the exchange function in the polarization j is written as:

1 Re(y1)Re(y2)
Z(w,B,j=5) = t5,]? ) 2.59
(w,B,j =s) e |t12 e (2.59)
Re(sy)Re(s,v5
Z(w,B,j = p) = oz |th 2 Re(&1y1)Re(g,73) (2.60)

m? [ |2 n2 21y 12

Z(w, B,j) is further simplified by discriminating the case of the propagative coupling

and evanescent coupling:
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1- |7'01|2)(1 - |7'02|2)

4|1 _ T.OlrozeZiyodng )

Z(w, B < ky) = (2.61)

Im(ro,)Im(rgy) e~ 2mPo)dg

_ 2
|1 — 79170262 M0)%|

Z(w, B >ky) = (2.62)

Radiative heat flux is calculated from the integral of the z-component Poynting vector

over all frequencies. Net heat flux ¢ is derived by subtracting the downward heat flux

from the upward heat flux:

1 e
6 == dwlo@ ) -0@11 Y [ 2@p.i8a8. 269
0 J=SpPo

If distance d is large enough, the evanescent components are eliminated and the

interference inside the gap can be neglected. The exchange function is approximated as:

w

(A= DA = Il .60
~ f - BdB .
0

+00

f Z(w, B, BB

0

In case that the reflectance is independent of frequency, wavevector, and polarization,
we can define the constant emissivity E;:
Ei =1- |T0i|2 . (265)

Then heat flux is approximated as

+00

f q hw3 [ 1 1 e
¢~ ©anzc exp(hw/kgTy) —1  exp(hw/kgTy) — 117172
0

(2.66)

4
T[ZkB

~ 60c2h3

(T — TDELE;,

which is consistent with the Planck’s law, and Stefan-Boltzmann law.
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2.3 Microfabrication technologies
In the last two decades, the precision of microfabrication technology is improved due to
the large demand from VLSI industries. Tremendous efforts have been paid to follow
Moore’s law by inviting numbers of new microfabrication techniques including
reactive-ion-etching (RIE) and deep ultraviolet lithography. Such technologies enable
subwavelength structure with novel nanophotonic response to control thermal emission
and absorption. These technologies contribute to manufacture submicron gaps, which is
mandatory for near-field radiative heat transfer.

In this work, electron-beam lithography, reactive-ion-etching, sputtering, deep
ultraviolet lithography, and wet-etching were utilized. In this subsection, the general

procedure and remarks on lithography and etching are explained.

2.3.1 Lithography techniques

Lithography is the technique to pattern the photosensitive organic film, or photoresist,
for subsequent processes including etching and implantation. In general, it contains six
steps as shown in Figure 2. 10. Taking the deep-ultraviolet-photolithography with

positive resist as an example, these steps are explained.
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1. Substrate preparation 4. Irradiation of UV photon or electron

J 1

~
~
~
~
~

2. Resist spin coating 5. Development

b= |

— | e

— |

3. Pre-bake 6. Post-bake

N
L |

Figure 2. 10 Six steps of lithography.

The first step of lithography is the substrate preparation. This is one of the important
steps because the adhesion between the photoresist and the substrate might affect the
yield, especially in case that isolated resist patterns are planned to be formed. The
isolated patterns with weak adhesion might be washed away during subsequent
processes. To improve the adhesion, the substrate should be cleaned with a proper
chemical solution like sulfuric acid with hydrogen peroxide or acetone. After cleaning,
the remaining water molecules should be removed by dehydration bake at the
temperature higher than 100 °C. Finally, the surface bonds of the substrate are
terminated with an organic functional group, by coating hexamethyl disilizane (HMDS).
Such organic functional group provides good adhesion between photoresist and the

substrates.
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The second step is spin-coating of photoresist. The rotation speed of spin-coating
controls the thickness of the resist. In general, thinner resist film is preferred for
lithography with fine patterns. The resist pattern with high aspect-ratio would be blurred
because of the finite depth-of-focus or fragility against development procedure. On the
other hand, resist pattern should have enough thickness for subsequent process such as
etching or lift-off. Etching chemicals do not only attack the film beneath the resist, but
also damage the photoresist. The photoresist should be sufficiently thick to be tolerant
against the designed etching time. Lift-off process needs thicker resist than the
deposited film, otherwise the opening at the edge of the pattern would disappear, i.e. the
failure of the lift-off. The rotation speed should be designed to coat the photoresist with
the required thickness.

The third step is pre-bake, which evaporates the residual solvent from the resist film.
Without this procedure, the resist does not become solid enough. In the case of contact
lithography, the substrate and the mask might stick to each other.

The fourth step is exposure. In the case of contact photolithography, the photomask
made of glass plate and chromium patterns is impressed towards the substrate. The
ultraviolet light illuminates the substrate through the photomask, and the organic
molecules in the resist film change its structure according to the illumination. In the
case of the electron-beam lithography, electrons affect organic molecules.
Highly-accelerated electron beam is scanned over the substrate to achieve designed
patterns. As well-known, the proximity effect deviates the resist pattern from the
designed pattern. The physical origins of the proximity effect are [22]: the diffraction
limit, the distance between photomask and the substrate, the non-ideality of the optical

beam, and the scattering of the electron. To eliminate such proximity effect, the dose or
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the exposure time should be optimized.

The fifth step is the development, which dissolves the part of the resist film. If the
resist have positive tone, the illuminated part is dissolved because the exposure induce
solubility to the development chemicals. On the other hand, the illumination links the
molecules of the negative resist to decrease the solubility to the developer solution. The
development time and the exposure dose should be simultaneously optimized to
minimize the proximity effect. Chemically amplified resist needs the
post-exposure-bake before development.

The sixth step is the post-bake. The remaining development chemical and the rinse
solution are evaporated for the subsequent processes.

As explained, each step of lithography as well as exposed patterns should be

optimized to achieve the best results.

2.3.2 Etching techniques

There are two types of etching techniques. The first one, wet-etching utilizes the
chemicals in liquid-phase. The substrate is immersed for certain minutes calculated
from the measured etch-rate and the desired etching thickness.

The ratio of the etch rate between two materials is called selectivity, and the etchant
with high selectivity is generally required. Selectivity against both the film underneath
the etched film and the mask for etching is important. For example, buffered
hydrofluoric acid (BHF) is widely utilized to etch silicon dioxide without damaging
silicon substrate because of the high selectivity against the silicon and the photoresist.
Furthermore, the etch-rate of BHF is relatively constant because BHF consists of

hydrofluoric acid (HF) and buffering agent such as ammonium fluoride (NH4F).
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Wet etching is known as an isotropic process. Because the chemical agent etches the
target material isotropically, etchant undercuts the masking layer. The resulting
sidewalls are slopes, and they are ideally round-shaped. The masking layer should be
designed considering the effect of the undercut.

The second etching technique, dry-etching, utilizes plasma to etch films. In case that
the pressure of plasma is high and acceleration voltage is low, the etching is driven by
chemical reaction between the free radicals from plasma and the material consist of the
target film. High-selectivity and isotropic etching profile is achieved by such a process
condition. In the other extreme where the pressure is low and the acceleration voltage is
high, the etching is driven by the sputtering against the film. Highly anisotropic etching
enables high-aspect trenches with the cost of low selectivity. The operation point of the
reactive-ion-etching (RIE) is set in the middle of these two extreme to achieve
acceptable selectivity and anisotropy. The chemicals of plasma, the ratio of these, the

pressure, and the RF power are optimized to find a compromise in the tradeoff.

2.4 Evaluation methodologies

The spectral response or the integrated heat flux of manufactured thermal radiation
devices is evaluated. The spectral response was measured by Fourier-transform infrared
spectrometer. A steady-state heat flux measurement system was developed to measure

the integrated heat flux.
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2.4.1 Fourier-transform infrared spectroscopy (FT-IR)
Fourier-transform infrared spectrometer consists of a light source, a Michelson
interferometer, a sample chamber, and a detector as depicted in Figure 2. 11. The light
source needs to cover a broad spectrum, thus blackbody radiator with an elevated
temperature is normally utilized. The Michelson interferometer splits the light from the
source evenly between toward the stationary mirror and the moving mirror. The light
reflected back from the mirrors interfere each other, and the interfered light illuminates
the sample. The spectrum of the interfered light depends on the position of the moving
mirror. The amount of the light pass through the sample is recorded by the detector. The
iterative measurement while moving the mirror achieves the relationship between the
position of the mirror and the amount of the light. The Fourier transform of this
relationship gives us transmittance spectrum of the sample by comparing the data with
and without the sample.

In this work, Nicolet iS50 FT-IR spectrometer from Thermo Scientific was utilized.
For the reflectivity measurement, a specular reflectance accessory (VeeMax I, 10 Spec)

was utilized.

Fixed mirror

S

Beam <>
splitter

Light source

Moving mirror

Interfered light

Sample chamber

U Detector

Figure 2. 11 Schematic illustration of Fourier-transform infrared spectrometer
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2.4.2 Steady-state heat flux measurement system

The heat flux measurement system built and utilized in this thesis works in the
steady-state. For ease of analysis, the heat is designed to flow in one-dimensional i.e.
the temperature distribution perpendicular to heat flow is quasi-uniform.

The schematic illustration of the apparatus is shown in Figure 2. 12. The heat
generated by the heater (Sakaguchi E.H. Voc. Corp., MS-M1000) is homogenized by the
copper heat spreader. Then heat flows into the emitter substrate through thermal gap pad.
The flux is radiatively transferred from the emitter surface to the receiver surface. The
heat flux is measured by the heat flux sensor (Concept Engineering) based on a
thermopile, in which thermocouples are connected in series to generate large voltage
according to the temperature difference of the opposing side of the sensor. The
temperatures of the substrates are monitored by the K-thermocouples (Okazaki
manufacturing company) inserted into the pads. The temperatures are controlled to be
constant by the heater and the thermoelectric device (Z-max, FPH1-12708AC) to enable
steady-state measurement. The bottom side of the thermoelectric device is cooled by the
refrigerant circulated by a chiller (Taitec, CL-150R). The diameter of the thermocouples
is only 0.15 mm, thus the parasitic heat conduction through the thermocouples is

smaller than 0.5% of the blackbody radiation.

Heater
Copper heat spreader

/ Emitter substrate \

K thermo-
couples Pad

\ Receiver substrate /

Heat flux sensor
Thermoelectric device

Figure 2. 12 Schematic illustration of the steady-state heat flux measurement
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The photograph of the apparatus is shown in Figure 2. 13. The size of the emitter and
the receiver is 19 mmx8.6 mm to fit the size of the heat flux sensor. The cooper heat

spreader is supported by the post made of ceramics.

Copper heat spreader Heater

thermo-
couple

Pad Heat flux sensor

Figure 2. 13 Photograph of the steady-state heat flux measurement

The conductive heat flux & through the rarefied air at a pressure P is calculated as:

Ay P/P,
@ = (Ty - TL)%—1 +/P;P0 , (2.67)
Ayivr(Ty + Tr) /2
y = alr( H L)/ ’ (2.68)
dvair
Vair = 3heg (T + T)/2 (2.69)
ar TTMyjy '

where P, is the critical pressure, A, = 0.0241 Wm™K? is the thermal conductivity
of the air, v,;, is the averaged velocity of the molecules, and m_;, = 4.78 x 10726 kg
is the averaged molecular weight. Ty is the temperature of the emitter substrate, Tj, is
the temperature of the receiver substrate, d is the distance between the emitter and the

receiver, kg is the Boltzmann constant. The calculated conductive heat flux across the
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air gap is shown in Figure 2. 14. The heat fluxes across 1 mm gap and 1 um gap are the
same at the pressures lower than 1 Pa, which indicates that the heat transfer is almost

ballistic in this pressure range.

Blackbody |
radiation

Heat flux (Wm-2K1)
'_\
o

10° 107 10" 10° 10' 10° 10° 10
Air pressure (Pa)

Figure 2. 14 Conductive heat flux through air as a function of air pressure.

In order to eliminate the conductive flux smaller than 0.5 % of the blackbody
radiation, whole the system are installed in a vacuum chamber evacuated to a pressure
lower than 5x10° Pa. Two turbo molecular pumps connected in series and a rotary

pump are utilized to realize the required vacuum condition.
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2.5 Chapter summary

This chapter has introduced the theory of thermal radiation and the methodologies
employed in this work. The Maxwell’s equation, spectral intensity, emissivity, and view
factor were explained for the discussion in the subsequent chapters. Electromagnetic
simulation techniques were described for the design and modelling of thermal radiation
devices. Fabrication methodologies were explained for the experimental demonstration
of microstructured thermal devices. Evaluation methodologies including
Fourier-transform infrared spectrometer and heat flux measurement system were also

described.
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Chapter 3 Dynamic modulation of thermal

radiation

This chapter theoretically demonstrates dynamic modulation of thermal radiation. The
guided mode resonance in a grating and the surface polariton on an interface are
resonantly coupled to each other in order to control emissivity. The coupling strength is
tuned by changing the distance between the grating and the interface, resulting in the
dynamic modulation of thermal radiation. The amplitude of emissivity modulation at a
wavelength of 12.13 um is larger than 0.9, which exceeds those reported in preceding
works. As practical implementations, surface phonon polariton on a silicon carbide
substrate and surface plasmon polariton on a doped silicon slab are investigated. The

factors which affect the sharpness of the resonance is also discussed.
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3.1. Introduction

3.1.1 Motivation

In the field of automotive engineering, various types of gases are measured for
monitoring the exhaust and the ambient of car-cabin. Nondispersive infrared (NDIR)
sensing [1]-[3], where the gas concentration is estimated from the absorption of infrared
light, has advantages of high reliability and selectivity compared to electrochemical [4],
catalytic [5], or metal-oxide gas sensors [6]. Each gas has a characteristic absorption
spectrum, thus the spectroscopic analysis gives us not only the concentration but also
the composition of the ambient. In this field, thermal emitter is widely utilized as a light
source, and the amplitude of infrared light is dynamically modulated in order to
eliminate the low frequency noise from background.

Conventionally, such dynamic modulation of the thermal radiation is achieved by
modulating the emitter temperature or by using a mechanical chopper. Thus, the speed
of the modulation is limited by the heat capacity of the thermal emitter or the rotation
speed of the chopper. In contrast, the modulation of emissivity provides faster
modulation of thermal radiation. To this end, the deformation of a resonant
subwavelength structure is employed in this study. Because the electromagnetic
resonant frequency and strength are dependent on the geometrical parameters of
subwavelength structures, the deformation of the structure enables the dynamic control
of emissivity. The dynamic control of electromagnetic response is demonstrated in the
terahertz regime by utilizing microfabricated electrostatic actuators [7]. The next

subsection presents a brief review of emissivity control by subwavelength structures.
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3.1.2 Preceding works on emissivity control by subwavelength structures

Taming emissivity by subwavelength structures is attracting broad interest because of its
controllability through geometrical parameters. Pioneering works have shown that
emissivity is designed by utilizing several types of electromagnetic resonances around
the turn of the millennium [8][15][39].

Yugami and his colleagues utilized resonance in cubic microcavities made of metals
[8][9]. In each microcavity, standing waves are thermally excited at certain wavelengths
determined by the cavity length, and these waves are emitted as thermal radiation.
Arrayed microcavities made of metals were micromachined to enhance the emissivity in
a specific frequency band while suppressing that in lower frequencies. Numbers of
modes additively contribute to the enhancement, and thus the thermal emission become
broadband rather than monochromatic. The thermal emitter was designed for
thermophotovoltaics.

Lately, high-aspect metallic microcavities have been presented [10]-[14]. Selected
resonant modes are excited in these cavities, resulting in more monochromatic emission.
Miyazaki and his colleagues manufactured vertical grating cavities made of gold
[10][11]. The emission is observed around 5 um, and it is highly polarized due to the
grating structure. Padilla and his colleagues investigated horizontal cavities [14]. A gold
top layer is cross-shaped and it is placed on an insulator layer and a gold ground plane,
which form metal-insulator-metal (MIM) trilayer. Such MIM metamaterials are
discussed in Chapter 4 in this thesis.

Dielectric photonic crystal slabs have been utilized for the control [15]-[21]. The
guided mode inside the slab is diffracted by the periodically perforated holes, to couple

to propagative wave according to the dispersion relationship of the photonic crystal. If
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the permittivity of the slab has an imaginary part, the guided mode is thermally excited.
Thus, the resulting thermal emission characteristics show resonant behavior. Especially,
Noda and his colleagues have controlled the permittivity of the slab by multiple
quantum well [18]-[20]. The imaginary part of the permittivity is set to be large around
the emission wavelength, whereas it is low at the other part of spectrum. Thus,
monochromatic thermal emission is obtained by utilizing such a structure. The group
has also investigated the dynamic control [21]. The depletion of the quantum well is
achieved by applying a reverse bias voltage, thus thermal emission is suppressed. Their
thermal emitters demonstrate promising performance with the cost of the expensive
component: the quantum well based on epitaxial GalnAs.

Other subwavelength structures including metallic photonic crystals [22][23],
nano-antenas made of polar materials [24][25], and graphene [26]-[28] have been
presented. Recently, electronic modulation of thermal radiation was demonstrated by
doping graphene nano-ribbons [28]. The emissivity modulation with an amplitude of

4 % was observed.
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3.2 Coupling of guided mode resonance and surface polariton

This work presents a thermal emitter profiting from the coupling between the surface
polariton on a flat surface and the guided mode resonance in a dielectric grating. A
schematic of such coupling is shown in Figure 3. 1. This coupling enables the dynamic
modulation of emissivity and directional emission. The coupling is mediated by the
evanescent waves, and is achieved by carefully matching the lateral wavevector of the
surface polariton and that of the guided mode resonance. The coupling strength is
determined by the distance between the surface which supports the polariton and the
grating where the guided mode is excited, and thus the emissivity is also controlled by
the distance. A double-grooved asymmetric grating is employed to obtain asymmetric
thermal radiation, through asymmetric coupling between propagative wave and guided

mode resonance.

Guided mode
resonance Thermal emission

Die / )
Ctrij
%&/ “€rating

Surface polariton

Figure 3. 1 Coupling of guided mode resonance and surface polariton [56]
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3.2.1 Guided mode resonance (GMR)

A properly designed subwavelength grating reflects the incident light with the efficiency
close to unity [29]-[34]. Upon reflection, strong electromagnetic field is excited in the
grating layer. The excited resonant electromagnetic field is regarded as a guided mode
propagating in the grating layer, in the direction perpendicular to grating stripes. The
incident light couples to the guided mode through the diffraction phenomena. Figure 3.
2 shows the reflectivity of subwavelength gratings. Resonant reflection is attained by
selecting the width and the height of the grating. Guided-mode resonant gratings have
potential applications of filters [29]-[31] and reflectors [32][33]. In this study, the

grating for the guided mode resonance is set to be lossless i.e. thermally transparent.

10.8
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Grating height h, (um)

Figure 3. 2 Reflectivity of a subwavelength grating with silicon ridges (n = 3.48).

Grating period is 11.9 um, and incident wavelength is 12.13 pm.
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3.2.2 Surface polariton

Surface polariton is the collective oscillation of electromagnetic field around a surface
and charges in a material. It is excited at the frequencies where the real part of the
permittivity of the material is negative. In case that free electrons in metals or
semiconductors cause the resonance, it is called surface plasmon polariton (SPP).
Likewise, a polariton with a certain vibration mode of ionic atoms in a polar material is
called surface phonon polariton (SPhP). SPP is excited at the frequencies lower than the
plasma frequency, while SPhP is excited only around the resonant frequency of optical
phonon. Some surface polariton exhibit extremely high-Q resonance: SPP on noble
metals [35], SPP on graphene [36][37], and SPhP on a silicon carbide (SiC) substrate
[38].

Greffet and his colleagues employed SPhP on SiC for the control of thermal radiation
[38]-[41]. The authors etched an SiC substrate to achieve a surface relief grating, and
diffracted SPhP to couple to p-polarized propagative wave. The emissivity is
quasi-monochromatic when observed at a certain angle, and the relation of the emission
frequencies and the emission angles follows the dispersion relationship of SPhP.
Recently, the group investigated the electric modulation of emissivity through the
intersubband transition in a quantum-well [42]. The quantum-well is composed of polar
materials, namely GaAs/AlGaAs. The surface phonon mode around the quantum-well
decays through the intersubband transition, and it couples to the propagative wave
through the grating. By applying a voltage, the emissivity varies with an amplitude of

9 %.
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3.3 Thermal emitter with surface phonon polariton (SPhP)

3.3.1 Permittivity of silicon carbide (SiC)

The permittivity of silicon carbide is governed by optical phonons around the frequency
of 1.5 x 10** rad/s. The optical phonon of 3C-SiC splits into two modes, namely
longitunal optical (LO) phonon and transverse optical (TO) phonon. The relative

permittivity of 3C-SiC is described as:

2 2
Wro — Wto
€sic = ginf{l +— }, (3.1)

— w2 —i
Wi — W — iyw

where &, IS the permittivity in the high frequency limit, w; o and wrg are the
frequency of LO- and TO-phonon, respectively, and y = 8.92 x 10! rad/s is the

damping coefficient. The parameters of w;g, wro and &;,¢ are described as [43]:

27C
___ cme 3.2
@rLo 98108-297'0“d/5)' (32)
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_ 3.3
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£e = 6.52 4+ 0000326(T — 300) (3.4)

where T is the temperature of 3C-SiC. T = 773 K is employed to model the thermal

emitter using 3C-SiC. The permittivity of 3C-SiC is shown in Figure 3. 3.
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Figure 3. 3 Relative permittivity of 3C-SiC
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As shown in Figure 3. 3, the permittivity drastically changes according to the
frequency. This resonant permittivity induces a higly resonant SPhP at the interface

between SiC and dielectrics. The dispersion relationship of SPhP on SiC is calculated

W | Esicéd
¢ / , 35
IB C |E&sic + &4 ( )

where B is the lateral wavenumber, ¢ the speed of light, &4 the permittivity of

as:

dielectrics. The dispersion relationship is calculated with &4 = 1, and is shown in
Figure 3. 4. The wavevector is highly enhanced around 930 cm, owing to the resonant

permittivity of SiC.
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Figure 3. 4 Dispersion relation of the SiC-SPhP (green line)

and the guided mode resonance (GMR) (blue dotted line) [56]
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3.3.2 Structure of the thermal emitter

The thermal emitter utilizing SiC-SPhP is shown in Figure 3. 5. The thermal emitter
comprises a silicon grating and a semi-infinite SiC substrate. The emitter consists of 4
layers, and these layers are named from Layer 1 to Layer 4 as shown in Figure 3. 5. The
grating period p is designed so as to excite a diffracted wave with a lateral wavenumber
which matches with the dispersion relation of the SPhP. As shown in Figure 3. 4, the
dispersion relation of the SPhP and that of the guided mode resonance crosses out of the
light line, indicating that the guided mode and the SPhP interact with each other through
evanescent waves in Layer 3. The distance between the grating and the SiC substrate da
is chosen such that the interaction is constructive, i.e. normal incident light is totally
absorbed at the SiC/air interface. At first, the p-polarized incidence from the normal
direction is considered i.e., the Poynting vector is directed to the negative z-direction
and the magnetic field is parallel to the y-axis. Owing to the Kirchhoff’s law, the optical

absorption is translated to the thermal radiation toward the positive z-direction.

Figure 3. 5 Thermal emitter utilizing a resonant grating and SPhP on SiC substrate

[56]
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3.3.3 Modal analysis formalism

A modal analysis [48]-[51] was developed to calculate the emissivity of the emitter.
In the modal analysis, the electromagnetic field is written by the expansion of modes in
Layer 2 and that of plane waves in the other layers, as discussed in Section 2.2.3. The y

component of the magnetic field in each layer is given by

H,® = Hinexp(=iBox — ivo™Mz) + Z Hrnexp(=ifnx + ivaVz), (3.6)
n

Hy® = X (0O Un @ exp (i) + D Pexp(=il2)], (3.7)

m
H,®) = Z U, Pexp(=ipx + iy, @z) + Z D, Pexp(=iBpx —ira®z),  (38)

n n
Hy® =" Hryexp(=ifix = i1 7). (39)
n

where

Bn = (w/c)sin(0) + n(2n/p), (3.10)

JE0@/e2 -3, (£0wfo? = 5,7)

Vn(l) —

_ _ (3.11)
i\/ﬁnz —eO(w/c)? (eP(w/c)? < By?)

H,® denotes the magnetic field in layer i. Hr, and Hrn respectively represent
transmitted and reflected fields of the n-th order diffraction, and Hin is the incidence.
A, and Xm(x) are the m-th eigenvalue and eigenfunction, respectively. A,, is the
propagation constant in the z direction. Xm(X) corresponds to the mode profile of the

magnetic field. Un® and Dn® are the amplitudes of the mode in the grating layer,
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respectively. Un® and Dn® are the amplitudes of the plane wave of the n-th order
diffraction in Layer 3 for the upward (+z) and downward (-z) directions, respectively.
The magnetic fields of the whole structure are determined by six equations derived from
the boundary conditions at three interfaces of the four layer structure.

The developed modal analysis was utilized to select geometrical parameters of the
presented thermal emitter. Firstly, the period of the grating p was calculated from the
dispersion relation of the SiC-SPhP. Secondary, the reflectivity of the grating without
SiC substrate was calculated by modal analysis, and the grating width w and the grating
height hy were determined so as to reflect the normal incidence while exciting guided
mode resonance. Finally, the distance da between the grating and the SiC substrate was
selected through the modal analysis of the whole structure. The selected geometrical
parameters are p = 11.9 um, w = 5.7 um, hg = 1.01 um, and da = 36.2 um, so as to
maximize the coupling at 12.13 um in normal incidence. Note that the thermal emitter is
characterized by the absorptivity, then it is translated to emissivity according to the
Kirchhoff’s law [52], as discussed in Section 2.2. In the following simulation, the
absorption of incident light was simulated in order to understand the physics on the

thermal emitter.
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3.3.4 Magnetic field at resonance

Magnetic fields at resonances were simulated by CST microwave studio [53] as shown
in Figure 3. 6. Without the SiC substrate, resonant electromagnetic field is excited only
around the grating structure with the unity reflection as shown in Figure 3. 6 (a). With
the SiC substrate, on the other hand, the evanescent wave from the grating structure
excites SPhP at the surface of the SiC substrate as shown in Figure 3. 6 (b). The
magnetic field at the interface clearly indicates the signature of SPhP. The amplitude of
the first-order diffraction in the Layer 3 is plotted as red lines, and indicates that strong
evanescent field is excited due to guide mode resonance. The green dashed line in

Figure 3. 6 (b) illustrates that SPhP is excited with significant amplitude.
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Figure 3. 6 Magnetic field at resonance. (a) Without SiC substrate. (b) With SiC
substrate. The amplitude of each diffraction order in Layer 3 is calculated by the

modal analysis, and is plotted as a line in the right panel. [56]
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In case that the wavelength is different from the resonant condition, the grating is
almost transparent, and SiC acts as a simple mirror. The emitter reflects the propagative
wave without significant absorption as shown in Figure 3. 7 (a). If the distance between
the grating and the SiC is modulated, the evanescent wave and SPhP interfere
destructively, thus the excitation of the guided mode resonance and SPhP is weak as
shown in Figure 3. 7 (b). The modulation amplitude of emissivity exceeds 90 %, which

is enabled by the coupling through thermally transparent silicon grating. In both cases,

SPhP excitation is almost 2 orders of magnitude smaller than the resonant case (Figure 3.

6 (b)).

0 . 0 H '
37087 09 = 05
IHy(s)/Hinl |Hy(3)/Hin|
07 07—
/E / E 0
-10} | -10t |
o0l ! 20,
~30} ! 30 !
01 1 10 01 1 10
IHy(s)/Hinl |Hy(3)/Hin|
(a) (b)

Figure 3. 7 Magnetic field. (a) At an off-resonant wavelength of 12.4 pm. (b) With a

different distance between the grating and the substrate of 37.3 um. [56]
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3.3.5 Emissivity profile

Figure 3. 8 shows spectral thermal emissivity with a variation of angle 6. The incident
angle @ is defined as the angle between the incidence and the z-axis, and the incidence
in the xz-plane is considered in Figure 3. 8. The emissivity is almost unity around

A =12.13 um and normal incidence. The emissivity is almost zero at off-resonance

conditions.
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Figure 3. 8 Emissivity as functions of wavelength and angle in p-polarization. The
bottom panel shows emissivity as a function of angle 8at A =12.13 um (blue solid
line) and 12.4 um (green dashed line). The right panel shows emissivity as a

function of 4 at 8= 0° (blue solid line) and 2° (green dashed line). [56]
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Guided mode resonance which does not match the dispersion relationship of SPhP
causes high emissivity, but the emission peak is too narrow to affect the integrated
emission spectra. The incidence which couples to SPhP but does not excite a guided
mode resonance is slightly absorbed, because the evanescent wave is not excited with
sufficient amplitude. Such characteristics of the parasitic emission are also shown in
right and bottom panels in Figure 3. 8.

The emissivity profile at whole angles, i.e. azimuth rotation is considered, was
calculated by the extended modal analysis [49] and shown in Figure 3. 9. In
p-polarization, significant emission occurs around the normal incidence. In
s-polarization, significant emission around the normal incidence is extended like the
arcs of circle. These arcs are explained by the phase matching as discussed in Ref. [41].
In both polarizations, there are several circles centered at (kx/ko, ky/ko) = (0, 0), (1.02, 0),
and (-1.02, 0). They correspond to the Fabry-Perot resonance of the propagative mode

in the air region between the grating and the substrate.

Figure 3. 9 Emissivity at whole angles. (a) p-polarization. (b) s-polarization.
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3.3.6 Distance-dependent emissivity and dynamic modulation of thermal radiation

The emissivity at a wavelength of 12.13 um and at normal as a function of the distance
between the grating and the substrate is shown in Figure 3. 10. We see that the
emissivity is almost unity at da = 36.2 um, while the emission is suppressed at da = 37.3
um. This suppression is due to the destructive interference between the evanescent wave
and the propagative wave, because the contribution of the propagative waves is
suggested by the fact that the dips appear with a period equal to half the wavelength.
For further verification, an approximate calculation based on the scattering matrix
method, wherein the propagative components are removed, was developed. The
calculation allows us to investigate the contribution of the evanescent wave alone, and
the approximately-calculated result is plotted in Figure 3. 10 with the blue dotted curve.
The dips disappear, and the approximately-calculated result follows the emission peaks

well.
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Figure 3. 10 Emissivity as a function of distance da at A = 12.13 um and 8= 0°. (red
solid line: modal analysis, black circles: CST, blue dashed line: approximation)

[56]
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One may argue that there could be coupling at other wavelengths and angles even if
the distance is set to suppress the emissivity at a specific wavelength and an angle. In
order to answer such a question, the emissivity profile at da = 37.3 um is calculated as
shown in Figure 3. 11. The coupling between GMR and SPhP is not observed because
they have a different dispersion relationship and cross at only one point in the
wavenumber-frequency plane, as shown in Figure 3. 4. Note that the bright line

observed in Figure 3. 11 (b) is the excitation of GMR only.

12.8 puu———

0 20 40 60 0 2 4
6 (deg) 0(deg)

(a) (b)

Figure 3. 11 Emissivity profile at da = 37.3 um in (a) wide and (b) narrow

wavelength and angle ranges.

The distance dependent emissivity enables the dynamic modulation of the emissivity.
MEMS actuators can be designed to control the distance between the grating and the
SiC substrate. For example, electrostatic actuator is easily implemented to achieve such
dynamic modulation. Tuning of electromagnetic response through the modulation of the
vertical distance by electrostatic force is also shown in Ref. [7][44][45].

The modulation amplitude of thermal emissivity exceeds 90 % according to the
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theoretical calculation. One may compare the value with the value reported in Ref.
[28][42] (< 10 %) and that in Ref. [21] (50%). The large contrast is owing to the

presented coupling between guided mode resonance and SPhP.

3.3.7 Asymmetric emission

Figure 3. 12 shows the thermal emitter comprising an asymmetric grating. The emitter
exhibits asymmetric thermal radiation profile due to the asymmetric excitation of the
guided mode resonance [34]. The geometrical parameters were optimized so as to
absorb the incidence at the wavelength of 11.32 um and at the incident angle of +21°.
The geometrical parameters are: p = 15.4 um, w1 = 6.8 um, w2 = 2.8 um, hg = 3.5 um, gr
= 0.8 um, and da = 6.3 um. The magnetic field at the resonance is shown in Figure 3. 13
(a). Strong SPhP is observed at the surface of the SiC substrate with the absorptivity of
0.95. At the incident angle of -21°, the incident light is reflected back into the incident
direction as observed in Figure 3. 13 (b), without exciting SPhP. This reflective coupling
to the -1st order is due to the unique diffraction phenomena of the asymmetric grating

[34].

Figure 3. 12 Asymmetric thermal emitter. [56]

75



Chapter 3 Dynamic modulation of thermal radiation

(b)

Figure 3. 13 Magnetic field profile at A =11.32 um. (a) 8= +21°. (b) 8= -21°. [56]
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Figure 3. 14 shows the emissivity profile with a variation of the wavelength and the
angle. High emissivity is observed around an incident angle of +20° and the wavelength
of 11.3 um though the resonant excitation of SPhP. Emissivity is successfully

suppressed at negative angles, although lines with nonzero amplitude is seen.
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Figure 3. 14 Emissivity profile of the asymmetric thermal emitter. The right panel
shows emissivity as a function of 4 at = +21° (blue solid line) and -21° (green
dashed line). The bottom panel shows emissivity as a function of fat 4 =11.32 um.

[56]

77



Chapter 3 Dynamic modulation of thermal radiation

3.4 Thermal emitter with surface plasmon polariton (SPP)

3.4.1 Permittivity of doped silicon and the dispersion of surface plasmon polariton

In recent years, CMOS-compatible MEMS, integrated MEMS or silicon photonics is
attracting interests from academia and industry because they are manufactured by the
conventional silicon technologies. From this viewpoint, silicon-based surface polariton
is favorable. Highly-doped silicon exhibits metallic optical response in the mid-infrared
region and widely investigated as “engineered metal” in the plasmonics community
owing to the benefit that the plasma frequency is tuned by doping concentration [46].
The relative permittivity of doped silicon is expressed by the Drude model [54]:

2

p
OETL (3.12)

w
epsi(w) = &ing —

where &;,¢ is the permittivity in the high frequency limit, w, is the plasma frequency,
y is the scattering rate. In the first-order approximation, the plasma frequency w, and

the damping coefficient y is expressed as follows:

2
w0, = /Ne (3.13)
P m*e,

e

V= 3.14
-~ (3.14)
where N is the carrier concentration, e is the elemental charge, m* is the effective
mass of the carrier, g, is the permittivity of vacuum, . is the mobility of the carrier.
A doped silicon slab supports two SPP modes: symmetric and antisymmetric. The

symmetric SPP satisfies the following relationship:

it
€psiYo + €o¥psi tanh <YDZS; d) =0, (3.15)
where
Yo = (w/c)* — B2, (3.16)
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Ypsi> = epsi(w/c)* — B2, (3.17)
where ( is the SPP wavenumber parallel to the slab, y, and yps; are the SPP
wavenumber perpendicular to the slab in vacuum and in doped silicon, respectively, and
tas = 1 um is the thickness of the doped silicon slab. Likewise, the antisymmetric SPP

satisfies the following relationship:

it
Yps d) e (3.18)

2i
Assuming that the silicon slab is doped such that free electron is excited with a

€psiYo T €0YDsi COth(

concentration of 5 x 10° cm™, the dispersion relation is calculated as shown in Figure
3. 15. For the symmetric SPP, the real part of the wavenumber lies outside of light line,
indicating that the mode is confined around the slab. The imaginary part is relatively
small in the frequency of interest, due to the symmetric excitation of SPP. The
symmetric and antisymmetric SPP are also called the long-range surface plasmon
(LRSP) and the short-range surface plasmon (SRSP), respectively, according to their

imaginary part of wavenumbers.
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Figure 3. 15 Dispersion of SPP (a) real part (b) imaginary part of wavenumber g

[57]
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3.4.2 Structure of thermal emitter

A thermal emitter utilizing surface plasmon polariton (SPP) on a doped silicon slab is
shown in Figure 3. 16. Firstly, the grating period was determined such that the
wavenumber of guided mode matches with the dispersion relation of SPP. Secondary,
the reflectivity of silicon grating was calculated as a function of grating width and
thickness (Figure 3. 17), and they were chosen to excite the resonant guided mode.
Finally, the grating height was selected so as to maximize the evanescent coupling. For
the thermal emission at 9.35 um in the normal direction, the geometrical parameters

were set to be p = 8.4 um, w =4.79 um, hg = 1.09 um, and da = 3.9 um.

Figure 3. 16 Thermal emitter with surface plasmon polariton on a doped silicon

slab [57]
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Figure 3. 17 Reflectivity of silicon subwavelength gratings with a period of 8.4 um.

[57]
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3.4.3 Magnetic field at resonance

The magnetic field in the thermal emitter was simulated by CST microwave studio as
shown in Figure 3. 18. At da = 3.9 um, a strong magnetic field is excited in the grating
ridge and around the doped silicon slab. This indicates that an SPP is excited through
the guided mode resonance in the grating layer. Absorptivity is observed to be almost
unity at this condition. Such excitation is suppressed at da = 1.4 um as shown in Figure
3. 18 (b); periodic excitation around doped silicon slab is not observed, and absorptivity

is around 0.3.

(a) (b)

Figure 3. 18 Magnetic field amplitude at 9.35 um normal incidence, p-polarization.

(@) da=3.9 pm. (b) da = 1.4 pm. [57]

82



Chapter 3 Dynamic modulation of thermal radiation

3.4.4 Thermal radiation spectra

Thermal radiation spectra at da = 3.9 um and da = 1.4 um are shown in Figure 3. 19.
Heat flux was derived by multiplying the emissivity by the blackbody spectrum. Heat
flux is successfully modulated in the spectral range from 8.5 um to 10.5 pm.

Emissivity as a function of the distance is shown in Figure 3. 20. Emissivity
maximum is larger than 0.9, while the minimum is smaller than 0.35. The incomplete
suppression is because of the finite imaginary part of the permittivity of doped silicon,
which works as an absorptive mirror. The dips with the period of half the wavelength at

larger distances are attributed to the Fabry-Perot resonance of the propagative wave.
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Figure 3. 19 Thermal radiation spectra with different height. [57]
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Figure 3. 20 Emissivity as a function of the distance at 4 =9.35 um. [57]
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Emissivity as functions of wavelength and angle is shown in Figure 3. 21. Strong
bright spot around 9 um is observed when da = 3.9 um, whereas it disappears when da =
1.4 um. There exist several parasitic emission modes at da = 1.4 um. The parasitic mode
A is attributed to the Fabry-Perot resonance as shown in Figure 3. 22 (a). The parasitic

mode B is attributed to the guided mode resonance as shown in Figure 3. 22 (b).
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Figure 3. 21 Emissivity profile (a) da = 3.9 pm (b) da = 1.4 pm. [57]
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Figure 3. 22 Magnetic field at the resonance (a) » =15 um, 40° (b) A =7 um, 12°.

[57]
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3.4.5 Possible fabrication process

A possible fabrication process of the thermal emitter based on SPP on doped Si is shown
in Figure 3. 23. (1) The device layer of a silicon-on-insulator (SOI) wafer is doped by
ion implantation. The wafer is thermally annealed to activate carriers. (2) A thin silicon
nitride (SiN) layer is deposited by chemical vapor deposition (CVD). The thickness of
the SiN layer is 1.4 um, which is the height of stoppers. (3) Mechanical stoppers are
formed by photolithography and reactive-ion-etching (RIE). A silicon dioxide (SiO>)
film and a polysilicon film are deposited by CVD. The respective thickness of 3.9 um
and 1.09 um corresponds to the distance da and the thickness hg, respectively. (5) The
top silicon layer is patterned by electron beam lithography and Deep RIE so as to obtain
the grating. (6) The bottom silicon layer is etched by Deep RIE. (7) The grating is

released by vapor hydrogen fluoride (HF) etching of SiOa.
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() Doping
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Figure 3. 23 Possible fabrication process of the thermal emitter

based on SPP on doped silicon slab. [57]
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3.4.6 Electrostatic actuation of the distance between the grating and the slab

The thermal emitter presented in Figure 3. 24 modulates thermal emission around 9.35
um through electrostatic actuation as shown in Figure 3. 19. Initially, the distance
between the grating and the doped silicon slab is 3.9 um, corresponding to “ON” state.
By applying sufficiently large voltage between the grating and the slab, the structure is
electrostatically pulled in. The distance is determined by the height of the stopper,
which is 1.4 um. The condition corresponds to “OFF” state.

In order to estimate the pull-in voltage, a model was built in COMSOL multiphysics.
The grating area was assumed to be 200 um x 200 um. The grating is supported by four
silicon hinges of 200 um long and 10 um width. The hinge deforms to change the
distance between the grating and the slab. The simulation result is shown in Figure 3. 24

and reveals that the applied voltage of 10 V is sufficient to induce pull-in.

0 (um) 14
il 12 pull-in
R
= 03
=
8 06|
g
o
0 o
5 4 B 8
Applied Voltage (V)
(a) (b)

Figure 3. 24 Electrostatic actuation of the thermal emitter simulated by COMSOL.
(a) Deformation in the direction perpendicular to the grating plane by the applied
voltage of 7.8 V.  (b) Displacement as a function of applied voltage. The

displacement is measured at the center of the grating. [57]
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3.5 Discussion on the sharpness of the resonance
The sharpness of the resonance is affected by several factors: the material which
supports the surface polariton, the thickness of the slab, the Q-factor of the resonant
grating, and the evanescent decay factor in the air gap. The quantitative analysis
requires another theoretical framework similar to Ref. [96] and is beyond the scope of
this thesis, and thus we discuss qualitatively here.

The permittivity of the material which supports the surface polariton greatly affects
the resonance Q-factor. As shown in Figure 3. 3, the permittivity of SiC is resonant and
exhibits low-loss. On the contrary, the permittivity of doped silicon is lossy around the
plasma frequency. Clear contrast on the sharpness is observed between the structures
with SiC and doped silicon, as shown in Figure 3. 8 and Figure 3. 21 (a).

In the case that a slab is utilized as shown in Figure 3. 16, the surface polariton splits
into two modes, namely symmetric and asymmetric SPPs. The symmetric mode is
utilized because it is low-loss, and the imaginary part of its wavenumber decreases as
the thickness of the slab decreases. The resulting sharpness of the emission is controlled
by tailoring the thickness of the slab.

As shown in Figure 3. 2 and Figure 3. 17, other grating filling factor and thickness
also result in the guided mode resonance, and the Q-factor of the guided mode
resonance is different between parameter sets. The Q-factor of the guided mode
resonance affects the sharpness of the emission.

The evanescent decay factor x, in the air gap also affects the sharpness. It is

calculated from the relative lateral wavenumber g = S(c/w) at the coupling point:

ko= B 1. (3.19)
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Figure 3. 8 shows the emissivity of the grating with § = 1.02. As a comparison, we
calculated the emissivity with another structure with § = 1.1. The result shown in
Figure 3. 25 exhibits considerably broader emission spectra compared to Figure 3. 8.
Smaller Q-factor is obtained by employing larger evanescent decay factor through

taking a distance between the coupling point and light line.
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Figure 3. 25 Emissivity of the structure composed of silicon grating and SiC substrate
with § = 1.1. The geometrical parameters are: p = 10.29 pm, w = 4.94 um, hg = 1.40

um, and da = 10.6 pm
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3.6 Chapter summary

In this chapter, dynamic modulation of thermal radiation has been theoretically
presented. The modulation is enabled by the control of the coupling between the guided
mode resonance in silicon gratings and the surface polariton. Emissivity is shown to be
controllable by tuning the gap distance from 36.2 um to 37.3 um or 3.9 um to 1.4 um
between the thermally-transparent dielectric gratings and the interface for the surface
polariton. Two types of surface polariton, namely surface phonon polariton (SPhP) on a
silicon carbide (SiC) substrate and surface plasmon polariton (SPP) on a doped silicon
(DSi) slab were utilized. The modulation amplitude of emissivity exceeds 90 % with the
SiC emitter and 50 % with the DSi emitter. An asymmetric thermal radiation was
presented with a double-grooved grating. A possible fabrication process was presented

for DSi emitter. The bandwidth of the resonance is qualitatively discussed.
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Chapter 4 Monochromatic thermal emitter

This chapter demonstrates the control of parasitic electromagnetic modes excited in
metal-insulator-metal metamaterials. The suppression of these modes enables
quasi-monochromatic thermal emission. The suppression is performed partially owing
to the frequency shift of the second-order resonance, which is realized by arranging the
rectangular resonators in a diagonal manner or by densely placing square resonators.
Both arrangements of resonators utilize proximity interaction between resonators. Other
parasitic modes observed in conventional square resonators are successfully suppressed
by dense placement, and the integrated parasitic heat flux decreases from 11.8 Wsrim
to 4.0 Wsrim2 at an angle of 60°. The metamaterials are fabricated, and their reflection
or thermal emission spectra are measured by Fourier-transformed infrared spectrometer.

The measured spectra are supported by numerical simulations.
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4.1 Introduction

4.1.1 Motivation

In the field of automotive engineering, various types of gas should be measured for the
monitoring of the exhaust and the cabin ambient. Nondispersive infrared (NDIR)
sensing [1]-[3], where the gas concentration is derived from the absorption of infrared
light, has advantages of high reliability and selectivity compared to electrochemical [4],
catalytic [5] or metal-oxide gas sensors [6]. Each gas has a characteristic absorption
spectrum, thus the spectroscopic analysis gives us not only the concentration but also
the composition of the gas. In this field, thermal emitter is generally utilized as a light
source. Broadband thermal radiation from a blackbody-like emitter is filtered to produce
monochromatic light.

Alternatively, monochromatic thermal emitter is pursued in order to reduce number
of components and to improve energy efficiency. Subwavelength structures induce
resonances at certain frequencies, resulting in monochromatic thermal emissions. Such
tailoring of thermal emission by subwavelength structures has been already reviewed in
the previous chapter. In this chapter, we focus on the metamaterial that consists of

metal-insulator-metal trilayers.

4.1.2 Metal-insulator-metal (MIM) metamaterial

Metal-insulator-metal (MIM) metamaterials have been widely investigated [7]-[43]
because of their omnidirectional electromagnetic response and ease of fabrication. In
these structures, trilayers are deposited on a substrate, and the top metal layer is
perforated to form resonators. Incident light at the resonant frequency excites strong

magnetic field in the insulator layer and antiparallel currents in the two metal layers,
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resulting in total absorption through loss in the metal and/or the insulator. This resonant
absorption in the planar trilayer structure is called localized surface plasmon polariton
[14], magnetic polariton [9], and optical nanoantenna [41]. The spectral range of MIM
emitters spans from visible to terahertz, and their fundamental resonant frequency f.

satisfies
c

fr= (4.1)

2Wngge
where c is the speed of light, w is the width of the cavity resonator, n.¢ is the effective
refractive index in the cavity resonator. Thus, we can design the fundamental frequency
by properly choosing the width of the cavity.

As the metal layer, gold, silver, and aluminum have been frequently utilized because
of their low loss in the infrared range. Aluminum oxide is common for the insulating
layer. In this work, aluminum is employed as the metal because of their CMOS
compatibility. Silicon is adopted as the insulator because of high permittivity.

Several types of structures have been utilized as resonant cavities. One-dimensional
gratings have been adopted to achieve emission in p-polarization [7]-[13]. The magnetic
field of s-polarized light is perpendicular to the resonant cavity, thus s-polarized light
does not excite resonances. Circular resonators [14][22][23] have been investigated
because they are completely symmetric about the rotation in the azimuth direction.
Polarization-independent emissivity is obtained even at oblique angles. Recently, sphere
lithography has been introduced for such circular resonators in order to skip
electron-beam lithography [26]. Rectangular resonators have been widely investigated
[27]-[41], and we focus on them to control parasitic modes.

The conventional rectangular resonators with silicon as the insulator and aluminum

as the metal are shown in Figure 4. 1. In a certain condition, complete
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omnidirectionality against azimuth rotation is achieved. Furthermore, the Q-factor is

controlled by the aspect ratio of the rectangle [30].
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Figure 4. 1 MIM metamaterial thermal emitter. [46]

4.1.3 Fundamental and parasitic mode

The spectral reflectivity of a typical MIM metamaterial with a period of P = 2.0 um, a
width of W = 1.4 um, and a length of L = 0.95 um is shown in Figure 4. 2. Throughout
this section, spectra were simulated by CST microwave studio. The thickness of the
three layers ti, to, and ts, are set to be 0.1 um, 0.15 um, and 0.1 um, respectively. For
simplicity, the incidence in xz-plane is considered in this study. The fundamental and
the higher modes are excited in such an MIM metamaterial. The reflectivity dips are
observed in all cases at 28 THz. This dip corresponds to the fundamental mode, and
total absorption is obtained at normal incidence. The absorption corresponding to the
second-order mode is observed at 55 THz, in the case of the oblique incidence in
p-polarization. As expected, the ratio of the second-order to the fundamental frequencies

is almost two-fold. At normal incidence or in s-polarization, the second-order mode is
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not excited with sufficient amplitude, because the z-component of the electric field in

the incident light is indispensable in order to excite the second-order mode [31].
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Figure 4. 2 Reflectivity of the conventional emitter.

(a) p-polarization (b) s-polarization. [46]

The magnetic fields at the resonances are shown in Table 4. 1. Since the incidence is
p-polarized, the x- and z-components of magnetic field are zero. The snapshot of the
y-component of magnetic field across two neighboring periods is shown so as to reveal

the amplitude and the phase relationship across neighboring periods. The field is almost
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uniform in the y- and the z-directions in the insulating layer of the rectangular
resonators. In the x-direction, the field is zero on the edge of the rectangle. The field
takes the maximum amplitude at the center of the rectangle at the fundamental
frequency. At the second-order frequency, the field is zero at the center of the rectangle,

and the fields in the left-hand side and the right-hand side are antiparallel.

Fundamental mode, 28.22 THz | Second-order mode, 54.82 THz

XY-

plane

XZ-

plane

Table 4. 1 Magnetic field Hy in the conventional emitter at an angle of 60°. [46]

Thermal radiation spectra from square resonator arrays are shown in Figure 4. 3. The
geometrical parameters are: P = 1.96 um, W =L =1.26 um, t1 =t3 =0.1 um, and t> =
0.13 um. The selective emission is observed at a wavelength of 10 um. Meanwhile,
there are several parasitic peaks at shorter wavelengths. The peak at 5 um corresponds
to the second-order resonance. All the parasitic modes including the mode at 5 um and

others degrade the performance of the thermal emitter.
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Spectral radiance

4 6 8 10 12 14
Wavelength (um)

Figure 4. 3 Thermal radiation spectra from the conventional emitter with square

resonators. The emitter temperature is 400 K. [47]

4.1.4 Focus of this chapter

As already shown, the ratio of the second-order to the fundamental frequencies is fixed
to be two-fold in the conventional MIM thermal emitter albeit the control of the ratio is
required. Furthermore, several other parasitic modes are excited in square resonators.
The thermal emission originating from these parasitic modes reduces the
signal-to-background ratio of the system employing such an emitter. The control of
these parasitic modes independent of the fundamental frequency allows us to avoid the
false-detection through the parasitic modes. In this chapter, we focus on the control of
the parasitic modes. In Section 4.2, diagonally arranged rectangular resonators are used
to control the frequency interval between the fundamental and the second-order modes.
In  Section 4.3, densely-placed square resonators are investigated toward
quasi-monochromatic emission. Both geometries utilize proximity interaction between

neighboring resonators.
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4.2 Second-order control by a diagonal arrangement

4.2.1 Geometry

The geometry of the presented MIM metamaterial is shown in Figure 4. 4. Two
rectangular resonators are placed in one period. The shift S in the x-direction between
two resonators plays a key role in the frequency interval control. The gap G between
resonators in the y-direction determines the strength of the proximity coupling. The
period P is fixed at 2.0 um throughout this section, such that the diffracted reflections
are evanescent waves at the frequency lower than 75 THz in any angle of incidence. The
width of the rectangle and the thicknesses are the same as those of the conventional
rectangular resonators: W = 1.4 um, ty = 0.1 pm, t = 0.15 um, and t3 = 0.1 um,
respectively. The gap G is set at 0.05 um so as to enhance the proximity coupling. The
symmetric, diagonal arrangement is attained by the half-shift (S = 1.0 um). As shown
later, the frequency interval between the fundamental and the second-order mode is

maximized at this condition, through the proximity coupling between resonators.
L
w p 1z - X
A
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X

N
V

B
G
‘I/ = Al |¢t1 [V
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Figure 4. 4 Diagonally arranged rectangular resonators. [46]
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4.2.2 Second-order resonance control

The resonant frequency of the half-shifted MIM metamaterial is shown in Figure 4. 5
(). The second-order frequencies are sufficiently higher than twice the fundamental
frequencies at all the incident angles. The ratio between the second-order and the
fundamental frequencies is qualitatively shown in Figure 4. 5 (c). The ratio exceeds 2.5
at incident angles smaller than 20°. The ratio decreases as the incident angle increases.
The enhancement of the frequency interval is not observed in the metamaterial without

shift, as shown in Figure 4. 5 (b) and (d).
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Figure 4. 5 Resonant frequencies as a function of incident angle.

(a)(c) Half-shifted, S = 1.0 um. (b)(d) No shift, S = 0.0 pm.

(c)(d) Ratio between the second-order and the fundamental frequencies. [46]
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The y-components of the magnetic fields at the resonances are shown in Table 4. 2.
The neighboring resonators are almost in-phase at the fundamental frequency. At the
second-order frequency, the neighboring magnetic fields are antiparallel. For example,
the magnetic field in the left-hand side of resonator A is upward, whereas the field in the
right-hand side of resonator B is downward. Thus, the interaction between neighboring
resonators shortens the effective width for the second-order mode. The shortening is
larger as the incident angle is smaller, because the phase difference between the
magnetic fields is close to = in such cases. Such a trend is already observed in Figure 4.

5 (a).

Fundamental mode, 24.5 THz Second-order mode, 58.8 THz

XY-

plane

XZ-

plane

Table 4. 2 Magnetic field Hy at the resonant frequencies at an angle of 60°. [46]

Next we investigate how the geometrical parameter affects the frequency interval.
Firstly, the gap value is varied from 0.05 um to 0.50 um. As shown in Figure 4. 6 (a)
amd (c), the ratio between the second-order and the fundamental frequencies is
maximized when the gap G is minimized. This illustrates that the interval control is
possible though the proximity interaction. The shift of the fundamental frequency is
caused by the variation of the length of the rectangle. Secondary, the shift value S is

varied from 0.0 um to 1.0 um. The ratio is maximized when the shift is large, as shown
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in Figure 4. 6 (b) and (d). Interestingly, two other modes are excited in asymmetrically
shifted metamaterials. In particular, the higher mode fpn splits from the second-order

resonance. The mode is discussed in detail in the next section.
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Figure 4. 6 Resonant frequencies at an angle of 60°.
(a)(c) As a function of gap. (b)(d) As a function of shift.

(c)(d) Ratio between the second-order and the fundamental frequencies. [46]
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4.2.3 Asymmetrically-shifted resonators

The metamaterial with a shift of 0.7 um is investigated in order to understand the split
mode. Figure 4. 7 shows the reflectance of the metamaterial with t3 = 0.25 um, which is
chosen so as to maximized the absorption at the split mode. Interestingly, the split mode
is excited in the normal incidence at a frequency of 50.65 THz (i). The magnetic field is
shown in Figure 4. 8 (a). The field in the left-hand side of resonator A and that in the
right-hand side of resonator B interact to each other, and the fields are in the same
direction, i.e. constructive interaction. The field in the right-hand side of resonator A
and that in the left-hand side of resonator C are also in the same direction. The same
relationship of the fields is also observed at an oblique incidence as shown in Figure 4.
8 (b) (ii). Because of such a relationship between the fields, the split mode frequency
is lower than the second-order frequency (iii), where the magnetic fields between

resonators are antiparallel as shown in Figure 4. 8 (c).

Split  2nd order

o
0

o
o

©
~

Reflectivity

o
N

r r (“)r\ /(iii) _
20 30 40 50 60 70
Frequency (THz)

o

Figure 4. 7 Reflection spectra of the asymmetrically shifted MIM resonator [46]
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Figure 4. 8 Magnetic fields Hy in the asymmetrically shifted resonators.

(a) Split mode, normal (b) Split mode, 60° (c) Second-order mode, 60° [46]
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4.3 Densely placed square resonators

4.3.1 Geometry

Figure 4. 9 shows the schematics of the densely-placed square resonators. The
geometrical parameters are P =0.89 um, W=L =0.87 um, tt =t3 =0.1 um and t> =
0.09 um. The gap between resonators is 0.02 um, and it enables the strong interaction

between resonators.

Figure 4. 9 Schematics of the densely-placed metamaterial [47]

4.3.2 Parasitic control toward monochromatic emission

Thermal radiation spectra from the densely-placed metamaterial at a temperature of 400
K are shown in Figure 4. 10. The selective emission is observed at a wavelength of 10
um. The parasitic emission is significantly suppressed compared to the radiation from
the conventional emitter shown in Figure 4. 3. There is only one parasitic peak around a
wavelength of 4 um, and it corresponds to the second-order mode. Other peaks
observed in Figure 4. 3 disappear due to the densely-placed geometry. The parasitic heat
flux, which is defined as the integrated spectra from 3 to 7 um, is suppressed from 11.8

Wsrim to 4.0 Wsrm at an angle of 60°.
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Figure 4. 10 Thermal radiation spectra of the densely-placed MIM metamaterial

[47]

The emissivity profiles are investigated in detail, in order to explain the suppression
mechanism. The emissivity of the conventional and the densely-packed emitters in both
polarizations are shown as a function of angles in Figure 4. 11 and Figure 4. 12. In the
conventional thermal emitter, the second-order mode is excited in p-polarization at half
the wavelength of the fundamental mode. Additionally, the third-order mode is excited
at one third of the fundamental wavelength. Resonance originating from the propagating
surface plasmon polariton exhibits the dependence on the angle. There are other
parasitic peaks named mode A and mode B. Mode A is excited in both polarizations,
while mode B is excited only in the s-polarization. On the contrary, these parasitic
modes are suppressed except the second-order mode in the densely-placed emitter. The

wavelength of the second-order mode is successfully shifted toward shorter wavelength.
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Figure 4. 11 Emissivity profile of the conventional emitter. [47]
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Figure 4. 12 Emissivity profile of the densely-packed emitter. [47]
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Figure 4. 13 explains the reason why the ratio between the second-order and the
fundamental wavelengths are larger than twofold. In the densely-placed emitter, the
fields in neighboring resonators interact to each other. Because the magnetic fields at the
fundamental wavelength have almost the same phase, the effective width of the
resonator becomes wider. On the other hand, the fields at the second-order wavelength

are antiparallel, thus the effective width is almost constant.

Figure 4. 13 Magnetic field profiles in the densely-placed emitter at an emission

angle of 30° in p-polarization.

(a) Fundamental mode (b) Second-order mode [47]
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Figure 4. 14 shows the fields of mode A and mode B in the conventional resonators.
Considering the magnetic field of mode A, the field at position a is in the positive x-
direction, whereas that at position {3 is in the negative x-direction. These magnetic fields
connect to the far-field emission through the area where top aluminum does not exist, so
as to satisfy the Gauss’s law for magnetism. The area decreases as the gap becomes
smaller, and the Gauss’s law for magnetism is not more satisfied because the field at
position o and that at position § of the neighboring resonator interact destructively.
Thus, mode A is not excited in the densely-placed resonators. The same condition

applies to mode B.

(b)

Figure 4. 14 Magnetic field profiles in the conventional emitter.
(a) mode A, 4.27 um, 0°, p-polarization. (b) Mode B, 6.40 um, 30°, s-polarization.

[47]
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4.3.3 Gap dependence

Figure 4. 15 shows how the resonant emission is modified according to the gap values.
Changing parameters are (a) the gap gx in the x-direction, (b) the gap gy in the
y-direction, and (c) both gaps simultaneously from 0.02 um to 0.2 um. In all three case,
the amplitude of mode A decreases as the gap decreases. The wavelength ratio between
the fundamental and the second-order modes are larger than twofold in Figure 4. 15 (a)
and (c). This means that the proximity interaction in the x-direction plays the key role in
the control of the second-order harmonics, i.e., the effective width of the fundamental
mode is enlarged by the interaction, while that of the second-order mode is unchanged.
On the other hand, the proximity interaction in the y-direction shifts both the
second-order and the fundamental wavelengths, i.e., the effective lengths of both modes
are almost the same. Surface plasmon polariton (SPP) vanishes from this wavelength
range by the small period in the x-direction, because SPP is excited at the wavelength

where the first order diffraction becomes evanescent.
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Figure 4. 15 Emissivity at an angle of 60° in p-polarization

as a function of (a) gx, (b) gy, and (c) g = gx= gy. [47]
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4.4 Experimental investigations

4.4.1 Fabrication of the metamaterials

The presented MIM metamaterials were fabricated by electron-beam lithography and
reactive-ion-etching. Firstly, the trilayer were deposited by magnetron sputtering on a
4-inch silicon substrate with a standard thickness of 525 um. An electron-beam resist
(ZEP 520A, Nippon Zeon) was spin-coated onto the wafer with a rotation speed of 4000
rpm, and was baked on a hotplate at 180 °C for 5 min. Electron beam was irradiated to
the wafer by an electron-beam writer with a variable-shaped beam capability (F5112 +
VD01, Advantest) [48]. The metamaterial with an area of 11 mm x 10.5 mm was
written in 15 min with a dose of 110 pC/cm?2. The resist was developed by n-amyl
acetate (ZED-N50) for 120 sec, and was rinsed by the mixture of methyl isobutyl keton
and isopropyl alcohol (ZMD-B). The resist pattern was transferred to the top aluminum
layer by reaction-ion-etching. The fabricated metamaterials with the diagonal

arrangements were shown in Figure 4. 16.

Figure 4. 16 SEM of the fabricated metamaterials with the diagonal arrangements.

(a) Half-shifted resonators. (b) Asymmetrically shifted resonators. [46]
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4.4.2 Reflection spectra of diagonally arranged metamaterials

The reflectivity spectra of MIM metamaterial were measured by FT-IR. The ratio of the
second-order to the fundamental frequencies is sufficiently larger than two-fold in the
half-shifted metamaterial as shown in Figure 4. 17. As discussed, the second-order
frequency becomes higher as the incident angle decreases. Two parasitic modes are
observed in the asymmetrically-shifted absorber as shown in Figure 4. 18. The
frequencies of these two modes are close to the fundamental or the second-order modes,

respectively, as investigated in Subsection 4.2.3.
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Figure 4. 17 Measured reflectivity of the half-shifted resonators. [46]
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Figure 4. 18 Measured reflectivity of the asymmetrically shifted resonators. [46]
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The model shown in Figure 4. 19 was utilized for the numerical simulation in order
to support the measured spectra, Here, the depth of the overetch at position A (narrow
gap between rectangles) was set to be 0.05 um, whereas the depth at position B (other
positions) was set to be 0.15 um. Such position-dependent depth of overetch is
attributed to the etch-rate of RIE process, which is dependent on the opening width of
the resist mask. The permittivity of amorphous silicon ¢,5; is expressed by a Drude

model:

f2
Easi = €0 ﬁ, 4.2)

where the selected parameters &, = 3.85% , f, =54.59 THz, and y =9.024 THz are
consistent with Ref. [44][45]. The numerically calculated spectra are shown in Figure 4.
20 and Figure 4. 21. They agree with the measured reflectivity well. As shown in Figure
4. 22, the numerical calculation without overetch (OE) also exhibits the enhanced
frequency ratio and follows the measured spectra qualitatively, while the calculation

with OE quantitatively reproduces the resonant wavelengths.

Figure 4. 19 Model utilized for the numerical simulation.
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Figure 4. 20 Simulated reflectivity of the half-shifted resonators. [46]
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Figure 4. 21 Simulated reflectivity of the asymmetrically shifted resonators. [46]
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Figure 4. 22 Reflectivity of the half-shifted resonators at 50° in p-pol. Reflectivity

measured, simulated with overetch (OE), and simulated without OE are shown.
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4.4.3 Thermal radiation and reflection spectra of densely-placed square emitters

Thermal radiation spectra from the square emitters were measured by
Fourier-transformed infrared spectrometer with an accessory for emission measurement.
The measurement was outsourced, and the measured blackbody spectrum agrees well
with the Planck equation. This validates the quality of the calibration at the outsourced
company. The measured spectra of the conventional emitter are shown in Figure 4. 23.
Several parasitic peaks are observed at the wavelength shorter than 7 um. Such parasitic
modes are successfully eliminated or shifted to a shorter wavelength in the

densely-placed emitter as shown in Figure 4. 24.
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Figure 4. 23 Thermal radiation spectra of the conventional emitter. [47]
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Figure 4. 24 Thermal radiation spectra of the densely-placed emitter. [47]

Spectra were numerically simulated by the model shown in Figure 4. 25. Here, the
depth of the overetch at area B was set to be 0.15 um and 0.07 um for the conventional
and the densely-placed resonators, respectively. We assume an intact area A around the
metallic square, where the depth of the overetch is zero. The width wa of area A is set to
be 0.07 um for both resonators. The permittivity of amorphous silicon ¢,5; was set to
be a constant value of 13 + 1i. The numerically simulated spectra are also shown in

Figure 4. 23 and Figure 4. 24, and they agree well with the measured spectra.
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Figure 4. 25 Model for the numerical simulation.

(a) Conventional resonator. (b) Densely-placed resonator.

The peak of the measured spectra differs from that of the measured spectra. This is
because the densely-placed resonator is sensitive to the fluctuation of the gap
originating from the fabrication error. Although the peak emissivity at the fundamental
mode is lower than the numerical simulation, the red-shift of the second-order

wavelength and the elimination of mode A and mode B are experimentally validated.
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The relationship between the resonant wavelengths and the gap size was
experimentally studied based on microscopic reflection spectroscopy. The observation
angle was set around 30°. The gap size was varied between 0.1 um to 0.5 um in the
GDS file, while the width of the metallic square was set to be 0.85 um. The observed
resonant wavelengths are shown in Figure 4. 26. The fundamental wavelength is almost
twice the second-order wavelength when the gap is large. The ratio becomes higher as
the gap becomes smaller, through the increase of the fundamental wavelength. On the
contrary, the second-order wavelength is kept almost constant in this parametric study.

This tendency follows the simulated results shown in Figure 4. 15 (c).
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Figure 4. 26 Resonant wavelengths as a function of the designed gap. The blue dots
denote the fundamental wavelengths, and the red crosses denote the second-order
wavelengths. The gray dashed curve denotes the half the fundamental wavelengths.

[47]
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4.5 Chapter summary

A quasi-monochromatic thermal emitter has been realized by utilizing the proximity
interaction between metal-insulator-metal resonators. The frequency interval between
the fundamental and the second-order modes is enlarged by diagonally arranging
rectangular resonators or densely placing square resonators. A ratio larger than 2.5 is
observed in both configurations. Other parasitic modes are eliminated in the
densely-placed resonators. The integrated parasitic heat flux in the densely-placed
resonators are suppressed from 11.8 Wsrm2 to 4.0 Wsr'm2 at an angle of 60°. The
presented metamaterial absorbers or thermal emitters were fabricated by electron-beam
lithography. The fabricated metamaterials were evaluated by Fourier-transform infrared

spectrometer, and the measured spectra agree well with numerical simulations.

124



Chapter 4 Monochromatic thermal emitter

Reference

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

J. Meléndez, A. J. de Castro, F. Lopez, and J. Meneses, “Spectrally selective gas
cell for electrooptical infrared compact multigas sensor.” Sens. Actuators A 47, 417
(1995).

J. Hodgkinson and R. P. Tatam, “Optical gas sensing: a review.” Meas. Sci. Technol.
24, 012004 (2013).

A. De Luca, M. T. Cole, A. Fasoli, S. Z. Ali, F. Udrea, and W. 1. Milne, “Enhanced
infra-red emission from sub-millimeter microelectromechanical systems micro
hotplates via inkjet deposited carbon nanoparticles and fullerenes.” J. Appl. Phys.
113, 214907 (2013).

W. Weppner, "Solid-state electrochemical gas sensors." Sens. Actuators 12, 107-119
(1987).

P. Krebs, and A. Grisel. "A low power integrated catalytic gas sensor." Sens.
Actuators B 13, 155 (1993).

C. Wang, L. Yin, L. Zhang, D. Xiang, and R. Gao. "Metal oxide gas sensors:
sensitivity and influencing factors." Sensors 10, 2088-2106 (2010).

C. M. Wang, Y. C. Chang, M. W. Tsai, Y. H. Ye, C. Y. Chen, Y. W. Jiang, Y. T.
Chang, S. C. Lee, and D. P. Tsai. "Reflection and emission properties of an infrared
emitter.” Opt. Exp. 15, 14673 (2007).

Y. H. Ye, Y. W. Jiang, M. W. Tsai, Y. T. Chang, C. Y. Chen, D. C. Tzuang, Y. T. Wu,
and S. C. Lee, “Localized surface plasmon polaritons in Ag/SiO 2 /Ag plasmonic

thermal emitter” Appl. Phys. Lett. 93, 033113 (2008)

125



Chapter 4 Monochromatic thermal emitter

[9] B.J. Lee, L. P. Wang, and Z. M. Zhang. "Coherent thermal emission by excitation
of magnetic polaritons between periodic strips and a metallic film." Opt. Exp. 16,
11328 (2008).

[10]M. Diem, T. Koschny, and C. M. Soukoulis. "Wide-angle perfecct absorber/thermal
emitter in the terahertz regime."” Phys. Rev. B 79, 033101 (2009).

[11]J. A. Mason, S. Smith, and D. Wasserman, “Strong absorption and selective thermal
emission from a midinfrared metamaterial” Appl. Phys. Lett. 98, 241105 (2011).
[12]C. Koechlin, P. Bouchon, F. Pardo, J. Jaeck, X. Lafosse, J. L. Pelouard, and R.
Haidar. "Total routing and absorption of photons in dual color plasmonic antennas."

Appl. Phys. Lett. 99, 241104 (2011).

[13] L. P. Wang, and Z. M. Zhang. "Wavelength-selective and diffuse emitter
enhanced by magnetic polaritons for thermophotovoltaics." Appl. Phys. Lett. 100,
063902 (2012).

[14] 1. Puscasu and W. L. Schaich. "Narrow-band, tunable infrared emission from
arrays of microstrip patches.” Appl. Phys. Lett. 92, 233102 (2008).

[15] X. Liu, T. Starr, A. F. Starr, and W. J. Padilla, “Infrared spatial and frequency
selective metamaterial with near-unity absorbance,” Phys. Rev. Lett. 104, 207403
(2010).

[16] N. Liu, M. Mesch, T. Weiss, M. Hentschel, and H. Giessen. "Infrared perfect
absorber and its application as plasmonic sensor." Nano Lett. 10, 2342 (2010).

[17] K. Aydin, V. E. Ferry, R. M. Briggs, and H. A. Atwater, “Broadband
polarization-independent resonant light absorption using ultrathin plasmonic super

absorbers,” Nat. Commun. 2, 517 (2011).

126



Chapter 4 Monochromatic thermal emitter

[18] X. Liu, T. Tyler, T. Starr, A. F. Starr, N. M. Jokerst, and W. J. Padilla. "Taming
the blackbody with infrared metamaterials as selective thermal emitters.” Phys. Rev.
Lett. 107, 045901 (2011).

[19] K. B. Alici, A. B. Turhan, C. M. Soukoulis, and E. Ozbay. "Optically thin
composite resonant absorber at the near-infrared band: a polarization independent
and spectrally broadband configuration.” Opt. Exp. 19, 14260 (2011).

[20] B. Zhang, Y. Zhao, Q. Hao, B. Kiraly, I. C. Khoo, S. Chen, and T. J. Huang.
"Polarization-independent dual-band infrared perfect absorber based on a
metal-dielectric-metal elliptical nanodisk array.” Opt. Exp. 19, 15221 (2011).

[21] Z. H. Jiang, S. Yun, F. Toor, D. H. Werner, and T. S. Mayer. "Conformal
dual-band near-perfectly absorbing mid-infrared metamaterial coating." ACS nano
5, 4641 (2011).

[22] C. W. Cheng, M. N. Abbas, C. W. Chiu, K. T. Lai, M. H. Shih, and Y. C. Chang.
"Wide-angle polarization independent infrared broadband absorbers based on
metallic multi-sized disk arrays." Opt. Exp. 20, 10376 (2012).

[23] M. G. Nielsen, A. Pors, O. Albrektsen, and S. |. Bozhevolnyi. "Efficient
absorption of visible radiation by gap plasmon resonators.” Opt. Exp. 20, 13311
(2012).

[24] K. Chen, R. Adato, and H. Altug. "Dual-band perfect absorber for multispectral
plasmon-enhanced infrared spectroscopy.” Acs Nano 6, 7998 (2012).

[25] J. A.Bossard, L. Lin, S. Yun, L. Liu, D. H. Werner, and T. S. Mayer. "Near-ideal
optical metamaterial absorbers with super-octave bandwidth.” ACS nano 8, 1517

(2014).

127



Chapter 4 Monochromatic thermal emitter

[26] T. D. Dao, K. Chen, S. Ishii, A. Ohi, T. Nabatame, M. Kitajima, and T. Nagao.
"Infrared Perfect Absorbers Fabricated by Colloidal Mask Etching of AI-AI203-Al
Trilayers." ACS Photonics 2, no. 7 (2015): 964-970.

[27] H. Wang, V. P. Sivan, A. Mitchell, G. Rosengarten, P. Phelan, and L. Wang.
"Highly efficient selective metamaterial absorber for high-temperature solar
thermal energy harvesting.” Sol. Energy Mater. Sol. Cell. 137, 235 (2015).

[28] P.E.Chang, Y. W. Jiang, H. H. Chen, Y. T. Chang, Y. T. Wu, L. D. Tzuang, Y. H.
Ye, and S. C. Lee. "Wavelength selective plasmonic thermal emitter by polarization
utilizing Fabry-Pérot type resonances.” Appl. Phys. Lett. 98, 073111 (2011).

[29] C. Wu, B. Neuner Ill, G. Shvets, J. John, A. Milder, B. Zollars, and S. Savoy.
"Large-area wide-angle spectrally selective plasmonic absorber." Phys. Rev. B 84,
075102 (2011).

[30] A. Sakurai, B. Zhao, and Z. M. Zhang. "Resonant frequency and bandwidth of
metamaterial emitters and absorbers predicted by an RLC circuit model.” J. Quant.
Spec. Rad. Trans. 149, 33 (2014).

[31] J. Hao, L. Zhou, and M. Qiu. "Nearly total absorption of light and heat
generation by plasmonic metamaterials.” Phys. Rev. B 83, 165107 (2011).

[32] D. Costantini, A. Lefebvre, A-L. Coutrot, I. Moldovan-Doyen, J-P. Hugonin, S.
Boutami, F. Marquier, H. Benisty, and J-J. Greffet. "Plasmonic Metasurface for
Directional and Frequency-Selective Thermal Emission." Phys. Rev. Appl. 4,
014023 (2015).

[33] J. Hao, J. Wang, X. Liu, W. J. Padilla, L. Zhou, and M. Qiu. "High performance
optical absorber based on a plasmonic metamaterial.” Appl. Phys. Lett. 96, 251104

(2010).

128



Chapter 4 Monochromatic thermal emitter

[34] P. Bouchon, C. Koechlin, F. Pardo, R. Haidar, and J. L. Pelouard. "Wideband
omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas."
Opt. Lett. 37, 1038 (2012).

[35] J. Hendrickson, J. Guo, B. Zhang, W. Buchwald, and R. Soref. "Wideband
perfect light absorber at midwave infrared using multiplexed metal structures.” Opt.
Lett. 37, 371 (2012).

[36] T. Maier, and H. Brueckl. "Multispectral microbolometers for the midinfrared."
Opt. Lett. 35, 3766 (2010).

[37] H.Wang and L. Wang. "Perfect selective metamaterial solar absorbers." Opt. Exp.
21, A1078 (2013)

[38] H. T. Miyazaki, T. Kasaya, M. lwanaga, B. Choi, Y. Sugimoto, and K. Sakoda,
“Dual-band infrared metasurface thermal emitter for CO2 sensing”, Appl. Phys.
Lett. 105, 121107 (2014);

[39] W. Streyer, K. Feng, Y. Zhong, A. J. Hoffman, and D. Wasserman. "Selective
absorbers and thermal emitters for far-infrared wavelengths.” Appl. Phys. Lett. 107,
081105 (2015).

[40] M. Makhsiyan, P. Bouchon, J. Jaeck, J. L. Pelouard, and R. Haidar, “Shaping the
spatial and spectral emissivity at the diffraction limit,” Appl. Phys. Lett. 107,
251103 (2015).

[41] C. Ciracl, J. B. Lassiter, A. Moreau, and D. R. Smith, “Quasi-analytic study of
scattering from optical plasmonic patch antennas,” J. Appl. Phys., 114, 163108
(2013).

[42] H.T. Chen, “Interference theory of metamaterial perfect absorbers,” Opt. express,

20, 7165-7172 (2012).

129



Chapter 4 Monochromatic thermal emitter

[43] J. Nath, S. Modak, I. Rezadad, D. Panjwani, F. Rezaie, J. W. Cleary, and R. E.
Peale, “Far-infrared absorber based on standing-wave resonances in
metal-dielectric-metal cavity,” Opt. Express 23, 20366 (2015).

[44] J. E. Fredrickson, C. N. Waddell, W. G. Spitzer, and G. K. Hubler. "Effects of
thermal annealing on the refractive index of amorphous silicon produced by ion
implantation.” Appl. Phys. Lett. 40, 172 (1982).

[45] S. Basu, B. J. Lee, and Z. M. Zhang. "Infrared radiative properties of heavily
doped silicon at room temperature.” J. Heat Trans. 132, 023301 (2010).

[46] Reprinted from Journal of Applied Physics, Vol. 119 (2016), 063101, K. Ito, H.
Toshiyoshi, and H. lizuka, © 2016 AIP, with permission from AIP Publishing LLC.

[47] Reprinted from Optics Express, Vol. 24 (2016), 12803-12811, K. Ito, H.
Toshiyoshi, and H. lizuka, © 2016 Optical Society of America.

[48] The samples were fabricated using an electron-beam (EB) lithography apparatus
(F5112 + VvDO01) donated by the Advantest Corporation at the VLSI Design and
Education Center (VDEC) of the University of Tokyo, through MEXT

Nanotechnology Platform Project.

130



Chapter 5 Thermal rectification

Chapter 5 Thermal rectification

This chapter demonstrates thermal rectification utilizing thermal radiation from a
phase-change material. Vanadium dioxide (VOz), which exhibits metal-insulator
transition around 340 K, is employed to achieve a thermal rectification contrast ratio of
2, which is the largest value ever measured around room temperature. The
sputter-deposited VO film is characterized by an infrared spectrometer to obtain the
mid-infrared permittivity. A theoretical model based on fluctuation electrodynamics is
developed to predict the heat flux across the rectifier. The measured heat flux agrees
well with the model. Tuning of operation temperature range from 300-350 K to 275-325

K is also demonstrated.

131



Chapter 5 Thermal rectification

5.1. Introduction

Thermal management without consuming power is of crucial importance in highly
integrated systems or mobile systems. Conventionally, heat is mainly managed by
placing thermal path made of materials with high conductivity, and/or connecting to
heat sink which is cooled by convection. More intelligent thermal devices such as
thermal rectifier or thermal diode is long expected.

Thermal rectifier is a two-terminal device whose heat transfer coefficient is
dependent on the direction of heat flow. One of the main performance parameters of
thermal rectifiers is thermal rectification contrast ratio:

Rt = (Pp — PR) /PR, (5.1)
where & and dp respectively denote the heat flux amounts in the forward and the
reverse temperature biased scenarios. Considerable numbers of studies have been done
to realize solid-state thermal rectifier since the first observation by Starr [1]. He
observed thermal conductance of the interface between the copper and the cuprous
oxide. The physical mechanism of the rectification is explained as the
direction-dependent energy transport rate between electron and phonons. There are
growing interests in the rectification utilizing nanostrucutrured material around the turn
of millennium. Teranneo and his colleagues theoretically predicted the rectification on
one-dimensional nonlinear chains [2]. Chang measured heat transfer across
asymmetrically loaded nanotubes to achieve rectification ratio of 0.07 [3]. Alternatively,
several groups have investigated rectifiers consisting of two materials which have
different temperature dependence of thermal conductivity [4]-[7]. Other mechanisms
have been introduced for the solid-state thermal rectifier [8]-[10], but experimentally

validated rectification ratios have been relatively small except the case of the
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temperature below 1 K [11].

To achieve high rectification contrast, we focus on the radiative path [12]-[19]
rather than diffusive conductive path. The high tunability of radiation compared to
conduction adds more flexibility on the design of thermal rectifiers. The abrupt change

of the infrared response found in a phase-change material is utilized in this work.

5.2. Phase-change material

Phase-change materials change their physical properties according to external stimuli
including temperature, electric field, and magnetic field. The most famous examples are
germanium-antimony-tellurium (GST) for rewritable digital versatile disc (DVD) and
phase-change memory (PCM) [20]. Another examples is the storage of latent heat,
which is released according to melting and solidifying. In this work, we utilize
vanadium dioxide (VOz2), which is classified as a Mott-insulator. Its crystal structure
changes from monoclinic to tetragonal around 340 K as shown in the inset of Figure 5.
1, simultaneously inducing metal-insulator transition (MIT). With MIT, the electrical

resistance of VO drops around three orders of magnitude as plotted in Figure 5. 1.

3 3 3 3

Tetragonal

10 3 Monoclinic

Electrical resistance (a. u.)

10

320 340 360 380
Temperature (K)

Figure 5. 1 Electrical resistance of VO2 as a function of temperature.

(Inset) Crystal structures in the insulating state and the metallic state.
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The optical constant of VO, was reported to change drastically due to the excited free
electrons in the metallic state around half a century ago [21]. In the insulating state, the

permittivity e(w) is governed by optical phonons, and is expressed by Lorentz model:

N S]a)jz
€(w) = € + Z R > (5.2)
j=1Wf = iYjw —

where €, is the permittivity at the infinite frequency, N the number of oscillators, S;
the amplitude of the oscillator, w; the phonon vibration frequency, y; the scattering
rate, and w the angular frequency. The permittivities parallel and perpendicular to the
optical axis, €, and e, , respectively, have different Lorentz parameters. For
polycrystalline film of such a uniaxial material, the effective permittivity €. is

€1+ ’ei+8€le"

isotropic and calculated as [22][23] €. = "

On the contrary, the permittivity of metallic VO is governed by induced free

electrons and is expressed by the Drude model:

WhEo

e(w) = — (5.3)

w? +iwy,’
where w, and y,, are the plasma frequency and the scattering rate, respectively.
Although the metal-insulator transition of VO is reported to change mid-infrared

response [24]-[30], radiative thermal rectifiers based on phase-change materials have

not been experimentally demonstrated.
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5.3. Proposal of the thermal rectifier based on the phase-change of VO2

The sketch of the proposed thermal rectifier is shown in Figure 5. 2. It utilizes thermal
radiation, which is largely modulated due to the metal-insulator transition of VO2. The
emitter temperature Tw and the receiver temperature T, are set so as to satisfy T < 340
K < Tn. In the forward scenario, the VO film is in the insulating state, thus the radiative
flux from the fused quartz substrate is accepted by the underlying silicon substrate
through the quasi-transparent VO film. In the reverse scenario, the VO film in the
metallic state reflects back the thermal radiation from the silicon substrate, resulting in a
small radiative heat flux toward the fused quartz substrate. Note that VO- in the metallic
state is far from perfect electric conductor, thus finite amount of thermal emission is

transferred to the emitter.

Forward Reverse
z
Fused quartz
T, T, 3 ol
VO, film with E d % 0 VO, film with
insulating state \sm—t— R ] .~ metallic state
T Th 2 F—~ Silicon

Figure 5. 2 Sketch of the thermal rectifier based on the phase-change of VO2[34]
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5.4. Deposition of the VO3 film

A vanadium target was sputtered to deposit a metallic vanadium film. The film was
thermally annealed in an oxygen flow at a temperature of 600 °C. The SEM image from
the top and the side are shown in Figure 5. 3. From an optical point of view, the granular
film is treated as homogenous because the size of grains (200 nm) is considerably
smaller than the wavelength of the interest (2 um). The X-ray diffraction (XRD)

spectrum is shown in Figure 5. 4, and clearly indicates that the VO film is

stoichiometric.

(b)

200

u
w
o O
o O

200
100

Intensity (a.

20

Figure 5. 4 X-ray diffraction spectrum of the VO2 film [34]
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5.5. Analysis of infrared response

The infrared response of the deposited film on the silicon substrate was measured by a
Fourier transform infrared spectrometer (FT-IR). A FT-IR attachment which enables
reflection measurement was utilized and the incident angle was set to be 30° and 60°
from the normal. The reflectance was measured by comparing the intensity of the VO

and that of a gold film. The reflectance Ry, of the VO film was calculated as:

_ Ko,m —Iggm

Ryo, = (5.4)

RAu S
Ipum — IBGM ’

where Iyo, m: Iaum: @aNd Iggy are the measured intensity of the VO, the gold film,
and background, respectively. Ray s is the reflectance of the gold film calculated by

Fresnel’s equation and the permittivity of gold. The measured reflectance of the VO

film at 300 K and 400 K is shown in Figure 5. 5.

Reflectivity
Reflectivity

. -
gt 8

2 4 6 2 4 6
w X 10 (rad/s) ' w X 10 (rad/s)
(a) T (b) o

Figure 5. 5 Measured reflectance of the (a) insulating and the (b) metallic VO2 film.
Green dashed line: 60 s-pol. Blue solid line: 30 s-pol. Red dotted line: 30 p-pol.

Cyan dash-dotted line: 60 p-pol. [34]
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By utilizing the measured reflectance, we estimated the permittivity of the deposited
VO, film. The reflectivity of the insulating film was calculated by the transmission
matrix method, using the Lorentz parameters reported in Ref. [21] as shown in Figure 5.
6 (a). The calculated reflectivity reproduces the measured spectra, indicating that the
reported Lorentz parameters is applicable to the insulating state. On the contrary, the
reflectivity of the metallic film calculated using the reported Drude parameters (w, =
8000 cm™ and ¥p = 10000 cm) [21] deviates from the measured spectra as shown in
Figure 5. 6 (b). Thus, the Drude parameters are fitted to be w, = 14000 cm? and Yp =
10000 cm™ and the recalculated spectra are shown in Figure 5. 7. The recalculated
Drude parameters indicate that the carrier density of the deposited film is higher than
that of the reported VO_ [21]. The carrier scattering also seems to be weaker than the

reported film. These differences on electronic property might be explained by the

granularity of the deposited film.

1 » 1
---- 60° s-pol
> >
z . — 30° s-pol g
S O R
T N~ — %
o O e o
R
w X 101* (rad/s) w X 101 (rad/s)
(a) (b)

Figure 5. 6 Calculated reflectance of the (a) insulating and the (b) metallic VO2

film utilizing the parameters reported in [21]. [34]
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Figure 5. 7 Fitted reflectance of the metallic VO2 film [34]. The graph legend is the

same as that in Figure 5. 5.

5.6. Numerical prediction of heat flux

The heat flux across the thermal rectifier was estimated by fluctuational
electrodynamics. Here, near-field components are ignored because the gap between the

emitter and the receiver surface is 1 mm, which is considerably larger than the Wien’s

peak wavelength at 400 K (7.2 um). Thus the heat flux ¢ is written as:

1 <
¢= ﬁf dw[0(w, Ty) — 0(w, T1)] Z f Z(w, 8,))BdB . (5.5)
0 J=Spo
where
T = hw 6
o) = exp(hw/kgT) — 1’ (5.6)
(5.7)

(1 = Iro11*)(1 = Ir21?)

4|1 - T017”0232iy0dg|2 |

Z(w,B,)) =

w s the angular frequency, c is the speed of light, B is the lateral wavenumber, j is the

polarization, h is the reduced Planck’s constant, kg is the Boltzmann constant, 1,
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and ry, are the reflection coefficient of the fused quartz and the VO, y, is the vertical
wavenumber in the gap, and d is the gap width.

The steps of w and B was determined for the numerical integration in Eq. (5.5)
such that the calculated results converge. As an example, the calculated exchange
function Z(w, B,j) with various steps of wavenumber is shown in Figure 5. 8. The
results are shown with normalized wavenumber § = Bc/w. The selected frequency
range is shown to compare the difference. In case that the step of wavenumber or that of
frequency is large, the exchange function significantly differs from others. The
wavenumber step of Af = 2.5 x 10~* and the frequency step of 2 x 10'* rad/s were

chosen for the numerical integration.

0.2 0.4 06 0.8 " 0.2 04 06 08
B B

Figure 5. 8 Calculated Z(w, 8,j) with various steps of g = Bc/w.

Figure 5. 9 (a) shows the numerically calculated exchange function profile in the
forward scenario in p-polarization. The optical constants of fused quartz reported in Ref.
[32] are employed. There are several spectral bands where the exchange functions are
smaller than 0.5. These bands correspond to the Restrahlen region of SiO2 or VO2. The

exchange function is integrated with respect to the wavenumber, and is multiplied by
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Planck’s distribution, in order to derive the spectral heat flux as shown in Figure 5. 9 (b).

High heat flux contrast between two scenarios is clearly observed.
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Figure 5. 9 Numerically calculated heat flux. (a) Exchange function Z(w, ,j) in

the forward scenario in p-polarization. (b) Spectral net heat flux transferred from

5.7. Heat flux measurement

hot body (370 K) to cold body (300 K). [34]

The heat flux across the thermal rectifier was measured in steady-state conditions,

which have been widely utilized to measure thermal conductivity of materials. The

receiver temperature is fixed at 300 K, and the apparatus explained in Chapter 2 is

utilized. The heat flux was measured twice with inverting the direction of the thermal

rectifier, which is required because the measurement apparatus cannot be applied to

upward heat flux. Such an inversion of the direction allows us to evaluate the forward

and the reverse scenario. The measured heat flux is shown in Figure 5. 10. In the

forward scenario, the heat flux increases with the increase of the emitter temperature. In

the reverse scenario, the heat flux decreases in the range from 340 K to 350 K due to the
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phase change of VO; from the insulating state to the metallic state. During cooling, the
heat flux get back to the high values through the phase change from the metallic state to
the insulating state. The transition temperature differs between heating and cooling, and
the hysteresis is due to first-order phase transition of VO,. Such a hysteresis was also
reported in literatures [29].

The high contrast between the forward scenario and the reverse scenario is observed
above 350 K. The thermal rectification contrast ratio reaches almost 2, which is the
highest value ever reported in solid-state rectifiers working around room temperature.

The numerically predicted heat flux explained in the last section is plotted as lines in
Figure 5. 10. The numerical calculation and the measured data agree well, indicating
that both the numerical prediction and the measurement are done in a proper manner.

Note that the heat flux is measured at a pressure lower than 5 x107 Pa. In the case
that the pressure is around 10 Pa, the heat flux is considerably higher and the

rectification vanishes due to heat conduction through air.

400 : L :
Blackbody -
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i 300" .__. w Forward v |
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>3 e « Reverse iy i’
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Figure 5. 10 Heat flux across the thermal rectifier. [34]
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Phase change

Insulator 1 Metal (W/m2)
380 400
X 370 350
% 360 1300
*é 350 - 1250
o 340 - 1200
5 330 - {150
o) 320 100
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300 320 340 360 380
VO, temperature (K)

Figure 5. 11 Estimated heat flux as a function of temperatures of SiOzand VOa.

The square regions indicate the area where thermal rectification occurs.

Figure 5. 11 presents the heat flux across the thermal rectifier in a different way. The
heat flux was numerically estimated by varying the emitter temperature and the receiver
temperature. The exchange function was derived from the measured heat flux during
heating. The heat flux is significantly different across the VO temperature of 340 K.
Thermal rectification is observed between the right-bottom and the left-top square
regions. If the temperature condition is outside these two squares, heat flux is not
rectified. We call it a thermal rectifier even though the absolute temperature range is
limited. Note that the rectification in electrical semiconductor diode does not occur in
the case the bias voltage is smaller than the built-in potential or larger than the

breakdown voltage.
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5.8. Tailoring the operation temperature range

Until now, the emitter temperature was set to be higher than 340 K, and the receiver
temperature was set to be lower than 340 K. The control of the transition temperature
allows us to apply the thermal rectifier to other operation temperature ranges.

Tungsten was doped into the VO film to control the transition temperature. Tungsten
doping induces strain in the VO film, which lowers the transition temperature. The
alloy of tungsten and vanadium with the atomic ratio of 0.01 was used as sputtering
target for the deposition of the film.

The heat flux across the thermal rectifier with modified transition temperature was
measured with the receiver temperature of 275 K. The result is shown in Figure 5. 12. In
the forward scenario, the heat flux increases as the emitter temperature rises. In the
reverse scenario, the heat flux decreases in the range from 310 K to 330 K due to the
metal-insulator transition. The transition temperature is estimated to be tuned from 340
K to 315 K. The reduction rate of transition temperature is consistent with the reported
value of 19.5 K/at% in Ref. [33]. The rectification contrast ratio is shown in Figure 5.
12 (b). We see that the high rectification ratio of 2 is maintained while tuning the
transition temperature. The operation temperatures were successfully tuned from 350 K

and 300 K to 325 K and 275 K.
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Figure 5. 12 Thermal rectifiers with / without the tungsten doping.

(a) Heat flux. (b) Thermal rectification contrast ratio. [34]
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5.9. Chapter summary

In this chapter, radiative thermal rectifiers with a phase-change material have been
successfully demonstrated. The metal-insulator transition of vanadium oxide allows us
to obtain a high thermal rectification contrast ratio of 2. The emitter and the receiver
were optically characterized by an infrared spectrometer to model the rectifier by
fluctuation electrodynamics. The modeled heat flux captures the measured values,
validating the theoretical and the experimental procedure employed in this work. The
operation temperature range was successfully tuned from 300-350 K to 275-325 K by

tungsten doping with an atomic ratio of 0.01 into the vanadium dioxide film.
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Chapter 6 Near-field radiative heat transfer

This chapter demonstrates a submicron gap formation methodology for near-field
radiative heat transfer. Spacer pillars are micromachined on fused quartz chips, which
are placed face-to-face to form a uniform submicron gap. A pressure as high as 6 kPa is
applied toward the gap with the width of 0.5 um, 1 um, or 2 um, in order to compensate
the intrinsic deflection of the chips. The uniformity of the submicron gap is evaluated
by inspecting the optical interferometric spectra attained at the four corners of the chip
stack with the area of 19 x 8.6 mm. The measured heat flux across the gap is found to
be twice as smaller than the electromagnetic heat transfer predicted by fluctuation
electrodynamics, indicating that the parasitic heat conduction through the spacers is
successfully suppressed to be smaller than the electromagnetic transfer. The heat flux

across the gap is modelled by an equivalent thermal circuit model.
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6.1. Introduction
The amount of the radiative heat transfer is limited by Stefan-Boltzmann’s law in the
far-field regime, where the distance between the hot body and the cold body is
sufficiently larger than the Wien’s peak wavelength. On the other hand, the radiative
transfer between two materials placed in proximity is no more explained by Planck’s
law or the concept of emissivity [1]. In some conditions, it is larger than the blackbody
radiation calculated by Stefan-Boltzmann’s law. This heat flux enhancement due to
near-field coupling is called near-field radiative heat transfer or near-field thermal
radiation.

As discussed in section 2.2.4, near-field radiative heat transfer from a hot
semi-infinite plate with a temperature 7k to a cold plate semi-infinite plate with a

temperature 71, across a planar gap d is calculated as follows:

+oo + 00
1
¢ = F,f dwl[O(w,Ty) — 0(w,T)] z f Z(w,B,j)BdB, 6.1)
0 j=spo
where exchange function Z(w, B,j) is
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where w is the frequency, c is the speed of light, £ is the lateral wavenumber, j is the
polarization, @(w,T) = hw/(exp(hw/kgT) — 1) is the mean energy of the Planck
oscillator at the temperature T, kg is the Boltzmann constant, h is the reduced Planck
constant, 7; is the Fresnel reflection coefficient incident from the vacuum to the plate
in j-polarization, and y, is the wavenumber perpendicular to the plate surface in the
gap. The electromagnetic heat fluxes between silicon carbide (SiC) plates and between

silicond dioxide (SiO2) plates were calculated utilizing Eq. (6.1), and is plotted in
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Figure 6. 1 as a function of the gap.

Around 1970, two research groups experimentally investigated near-field radiative
heat transfer between two metallic plates [2][3]. They observed the enhancement of heat
flux according to the decrease of the distance between plates but the amount of the flux
was still smaller than the blackbody radiation. At almost the same time, the theoretical
treatment of near-field thermal radiation was investigated in a rigorous manner [4]-[6].
The framework of the calculation is called fluctuation dissipation theorem, and is
explained in section 2.2.4 of this thesis. The calculation of the heat transfer have been
developed so as to calculate that between multilayers [7], spheres [8], sphere and plates
[9], and arbitral shaped objects [10], as summarized in a review [11].

By utilizing the fluctuation dissipation theorem applied to the multilayered systems,
theorists have explored applications based on near-field radiative heat transfer [12]-[25].
Thermophotovoltaics, where radiative heat is converted to the electricity, is improved in
terms of the output power due to the heat flux enhancement. Narayanaswamy and his
colleagues presented that surface modes could tune the spectral characteristic of the heat
transfer [12]. Laroche calculated the energy conversion efficiency of the system by
introducing photovoltaic cell model [13]. Park introduced a more detailed photovoltaic
cell model including carrier transport inside semiconductors [14]. Francoeur presented
that the temperature rise inside photovoltaic cell impacts the conversion efficiency [15].

Heat transfer control is another important application of near-field thermal radiation.
In this context, thermal rectification [16]-[21], thermal modulation [22]-[24], and
thermal transistor [25] have been proposed.

On the experimental side, significant reduction of the gap across which radiative heat

flux is transferred have been achieved by employing the cantilever of atomic force
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microscope [26][27] or the sphere-plate configuration [28]-[37]. On the contrary to the
parallel-plate geometry, the alignment of two bodies is simpler in these configurations.
The minimum gap width less than 5 nm was successfully achieved in the sphere-plate
configuration, with the reasonable agreement with the theoretical calculation [37].

Although submicron gaps have been achieved by utilizing the sphere-plate
configuration, the heat transfer across these gaps is relatively small compared to the
parallel-plate configuration. Figure 6. 1 plots the measured heat transfer coefficients
reported in Ref. [30] as blue circles. The sphere area projected to a plate is utilized to
normalize the transferred flux. It is clear that these points in the deep submicron regime
are more than one order of magnitude smaller than the heat transfer between SiO2 plates
calculated by fluctuation dissipation theorem. This is because the area of the submicron
gap is a small fraction compared with the total area.

Recently, the parallel-plate configuration has been revisited by experimentalists.
They utilized positioners with the precision finer than 1 um to control the angle and the
distance between plates. Ottens achieved a minimum gap of 2 um while monitoring the
gap by capacitance measurement [38]. Kralik applied the methodology to the cryogenic
condition to achieve 4 orders of magnitude enhancement [40]. ljiro achieved a
mimimum gap value of 1 um [41].

One of the reasons why a submicron gap has not been achieved by positioners is the
non-ideality of flat surfaces. For instance, the modern polishing technology cannot
achieve atomically flat surface, and the deviation of the semiconductor wafers is
characterized by bow and warp. As another example, all materials deform their shapes
with the variation of temperatures due to thermal expansion. For another instance, if one

deposits a film onto a substrate, the difference of the thermal expansion coefficients
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causes residual stress to deflect the substrate because the deposition temperature is

generally higher than room temperature.
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Figure 6. 1 Heat transfer coefficient across gaps. Thermal conduction through

homogenous spacer layer with thermal conductivities of 10+, 10°, and 10°

Wm1K-1 are shown as green dash dotted lines. Conductive heat flux through air

with pressures of 10 and 1 Pa are shown in horizontal blue dotted lines. [47]
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6.2. Gap formation methodology

6.2.1. Analysis of heat transfer

In this work, submicron spacers are utilized to position two surfaces across a narrow
gap. The gap width is equal to the height of the spacers. In order to compensate the
non-ideality of flat surfaces, a pressure is applied across the gap. Several researchers
have tried to form a gap by utilizing spacers [42]-[44] but the gap uniformity was not
monitored or discussed in these works.

Fused quartz was chosen as the hot body and the cold body for the large heat flux
enhancement owing to the excitation of surface phonon polariton. As shown in Figure 6.
1, the electromagnetic transfer between fused quartz substrates increases as the gap d
becomes smaller, and the curve mostly follows 1/d? trend. Figure 6. 1 also shows the
heat transfer coefficients of the parasitic thermal conduction through homogeneous
spacer layer with low thermal conductivity. The thermal conduction also follows the
1/d? trend by definition, and the parasitic conduction through a material with a thermal
conductivity of 10° W/mK is the same order of magnitude as the thermal radiation.

Pillar structures are utilized as the spacer layer for low effective thermal conductivity.
If a material with a thermal conductivity of 1 W/mK is employed, spacers with a size of
3 x 3 pum placed with a density of 1 mm gives the same amount of conductive heat

transfer as that of electromagnetic transfer.
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6.2.2. Evaluation of the wafer surface
The non-ideality of substrates discussed in Section 6.1 is compensated by the exertion
of force as shown in Figure 6. 2. A uniform gap whose width is equal to the spacer

height is achieved. Both chips have spacers, and thus the spacer density is 2 mm2,

Pressure
| 19 |
|

8.6
\j Fused quartz/

Yy
wJ w w w

Pillar
[<—|

Figure 6. 2 Gap formation (Unit: pm) [47]

For the estimation of the pressure required to compensate the non-ideality, the chip
surface was monitored by a 3D optical surface profiler (Zygo, NewView 5022). Figure
6. 3 shows the height profile of fused quartz chip surface. We see that the surface is
locally smooth enough for a 500 nm gap. On the other hand, the surface is globally
deflecting by 100 nm peak-to-vally. Such deflection should be compensated for

submicron gap formation.
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Figure 6. 3 Surface of fused quartz chip
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The mechanical deformation of the fused quartz chip by the exerted force was
simulated by COMSOL Multiphysics. The length and the thickness of the fused quartz
chip were set to be 19 mm and 600 um, respectively, which reflect the actual chip size.
On the other hand, infinite width was chosen by setting periodic boundary condition, in
order to avoid the convergence problem. The half of the chip is placed on a fixed plane.
Then a 1 N force is exerted to the whole chip as a uniform pressure, and the deformation
is monitored as shown in Figure 6. 4. Maximum deformation of 6 um is observed at the
edge of the chip. This simulation result indicates that a 1 N force is enough to

compensate the intrinsic bending of the chip, whose amplitude is in the order of 100 nm.

-6 (pm)

Figure 6. 4 Simulated mechanical deflection of the chip
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The local deformation between spacers was simulated as shown in Figure 6. 5. A
rectangular solid of fused quartz with a size of 1 mm x 1 mm x 0.6 mm was simulated
with the periodic boundary condition in the x- and the y-direction. The bottom corners
of the solid are fixed against the exertion of the pressure. A pressure of 6 kPa, which
corresponds to a force of 1 N over the chip, is applied in the z-direction from the top of
the solid. The deformation in the z-direction is shown in Figure 6. 5. The maximum
deformation owing to the force is smaller than 10 nm at the bottom of the solid. The

local deformation between spacers is negligibly small compared to the gap width and

Spacer
-"”/// 0 nm
0.6 mm
B k

t 1 mm
Spacer

(a) (b)

the global bending of the chip.

6 kPa

co o ~ N

Figure 6. 5 Simulated local deformation between spacers

(a) Bird’s-eye view (b) Bottom view
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6.2.3. Selection of spacer material

The spacer material should be chosen so as to satisfy two requirements, namely low
thermal conductivity and tolerance to the exerted pressure. As discussed in section 6.2.1,
the thermal conductivity of the spacer material, the density of the spacer, and the top
area of the spacer determine the amount of the parasitic thermal conduction. As
discussed in section 6.2.2, a pressure is exerted to compensate the non-ideality of the
chip surface, and thus the spacer should possess sufficient mechanical tolerance. Fused
quartz satisfies these two requirements: its thermal conductivity is 1.3 WmK?, and its
compressive strength is 1.1 GPa.

When spacers with a top area of 2 x 2 um are placed with a density of 2 mm, the
parasitic thermal conduction across the 1 um gap is calculated to be 10.4 Wm2K™. This
value is slightly smaller than the electromagnetic transfer predicted by fluctuation
electrodynamics. When a force of 1 N is applied over the chip, the pressure applied to
the top of the spacer is calculated to be 760 MPa. The value is smaller than the

compressive strength of fused quartz.
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6.2.4. Microfabrication of spacers

The spacers were fabricated by the standard microfabrication process. Two processes,
namely deep-ultraviolet contact lithography and bufferd hydrofluoric acid (BHF)
etching were utilized for the fabrication.

Deep-ultraviolet contact lithography was utilized to transfer the spacer pattern from
the photomask shown in Figure 6. 6 to the photoresist on a fused quartz substrate.
Positive photoresist iP3100 (TOK) and developer NMD-3 (TOK) were employed. In the
contact lithography, sticking between the photomask and a fused quartz substrate was
sometime observed. This is due to the lack of asperity on the photomask; the most part
of chromium on the photomask is etched because the density of spacers is low as shown
in Figure 6. 6. The adhesion was avoided by the optimization of the pre-bake
temperature and time. One might avoid the adhesion by using projection exposure or

electron-beam lithography.

|

9 um Square

Test pattern

| omm_ ] 100

Figure 6. 6 GDS data of the photomask for 2 um gap
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The resist pattern was transferred to the fused quartz substrate by wet-etching using
BHF. The substrate was etched in a thermostated bath with a temperature of 23 °C. The
etch-rate was measured to be 70 nm/min. Etching durations of 7 min, 14 min, and 28
min were adopted for spacers with heights of 0.5 um, 1 um, and 2 um, respectively.

Undercut is observed because of the isotropic nature of wet-etching. Such undercut
should be monitored and compensated to fabricate the spacers with designated top area.
Figure 6. 7 shows the SEM image of the fabricated spacer with a height of 2 um,
observed at the top. Although BHF etching of fused quartz is isotropic process, the ratio
of the horizontal to the vertical etch rate is around 1.5, which is attributed to the
non-ideal adhesion between the fused quartz and the photoresist. During wet-etching,
BHF soak into the interface between the photoresist and the fused quartz, which causes

the enhanced etch-rate in the horizontal direction.

Figure 6. 7 SEM of the manufactured spacer with a height of 2 um. The spacer is
observed at the top. For SEM observation, platinum is sputtered on the surface

with a thickness of a few tens of nanometers.
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Different photomasks were designed for the spacers with different heights. The sizes
of rectangles on the photomask are 6 um, 7 um, and 9 um, for the spacers with heights
of 0.5 um, 1 um, and 2 um, respectively. The SEM images of the fabricated spacers are
shown in Figure 6. 8. The substrate was diced into chips with a size of 19 mm x 8.6 mm

after the fabrication of the spacers.

Figure 6. 8 Bird’s eye view SEM of manufactured spacers. [47]
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6.2.5. Mechanical tolerance of spacers

As discussed in 6.2.3, high pressure was exerted to the top of spacers. In order to
validate that the spacers are mechanically tolerant to the exerted pressure, the spacers
was observed after the gap formation, as shown in Figure 6. 9. As expected, the spacer
with a size of 2 x 2 um placed with a density of 2 mm maintains its shape after the gap

formation, with a slight damage on the top of the spacer.

(b)
Figure 6. 9 SEM of a spacer with a density of 2 mm-,

(a) Before the gap formation. (b) After the gap formation. [47]
On the contrary, spacers with a density of 1 mm2 were found to have fractured as
shown in Figure 6. 10. This is because of the high pressure exceeding the compressive

strength of fused quartz.

(b)
Figure 6. 10 SEM of a spacer with a density of 1 mm2,
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6.3. Evaluation of the gap

The gap width and the gap uniformity were optically evaluated. Such an evaluation
assures the uniformity of the gap.

6.3.1. Optical setup

An optical setup shown in Figure 6. 11 was developed for the optical measurement. The
light from the white light source is transformed to be a parallel beam by Lens A, and is
reflected by the beam splitter. Then the light is focused onto the end of Fiber B by Lens
B. The light is transmitted to a thin (a diameter of 0.9 mm) optical fiber whose sleeve is
stainless steel (Ocean Optics, FL-400). The light illuminates the chip stack and
interferes with itself due to the gap. The reflected light passes through the thin fiber
again, and couples to the end of Fiber C though the beam splitter. The interference is
analyzed by the spectrometer. The numerical aperture of the fibers is 0.22, which

corresponds to a divergence angle of £12.7°.

Beam splitter
Lens B L p
Fiber B Fiber C
— Spectrometer
Lens C

FL-400

O White light source

° L
1Y 254" Chip stack C\y
E/ Fiber A

Figure 6. 11 Schematics of the optics for the gap evaluation
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6.3.2. Interferometric optical spectra

Theoretically, the reflectance spectrum R at normal incidence is calculated as follows:

. 2
tsyTystyse ™ /4

— 12 p4mid/A !
1 — rggetmid/

R = RO + gy + (63)

where R, is the background reflection from the top and the bottom of the substrates,
rgy and tgy are respectively the reflection and transmission coefficient incident from
the fused quartz, rys and tys are respectively the reflection and transmission
coefficient incident from vacuum, and A is the wavelength. In Eg. (6.3), the
background reflection is assumed to be incoherent with the reflection from the gap. This
assumption is justified because the substrate is thick (600 um) compared to the
wavelength (< 1 um), and the divergence angle from the optical fiber is large enough
(£12.7°). According to Eq. (6.3), the reflectivity spectrum has dips when A = 2d/n
and has peaks when A = 2d/(n + 0.5), where n is an integer.

The measured reflectance spectra are plotted in Figure 6. 12 as black lines. The
envelope of the measured reflectance agrees well with the theoretical reflectance. The

observed fluctuation is attributed to the multiple reflections within the developed optics.
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Figure 6. 12 Measured spectra for gaps with nominal sizes of 0.5 um, 1 pm, 2 um

(black lines). Calculated reflection spectra (blue dotted lines) [47]
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6.4. Developed apparatus

An apparatus shown in Figure 6. 13 was developed in order to achieve three
functionalities required for this work, namely the exertion of the force, the evaluation of
the gap uniformity, and the measurement of the heat transfer. The apparatus is based on
the heat flux measurement system discussed in Section 2.4.2. For the exertion of the
force, the copper heat spreader is connected to the compression spring through ceramic
posts. The compression spring has a small spring constant of 1.0 N/mm, which enables
the precise control of the applied force. For a soft gap formation, two extension springs
with a smaller spring constant of 0.06 N/m are connected in parallel to the compression
spring. In order to allow the thin fiber to access the chips, the copper heat spreader is
perforated at four points, as shown in Figure 6. 14. All the plates positioned above the
spreader are perforated at the same positions. Likewise, the upper thermal gap pad is cut
at the four points. After the gap formation, the optical fiber is inserted to each hole
sequentially for the reflectance measurement.

Optical fiber Compression

Optical Force ‘ \v spring
fiber o AF

Heater Extension

Ty \l Copper heat spreader spring
Upper chip |
Pd Copper
] hi heat
T % P d spreader
> $~Pa
. Heat fluxsensor  ~ i\ = Chip stack

Thermoelectric device

(a) (b)

Figure 6. 13 Developed apparatus. (a) Schematics. (b) Photograph. [47]
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Figure 6. 14 Position of the perforated holes for optical measurement. [47]

6.5. Measurement of the heat flux across the gap

6.5.1. Calibration of the thermal series resistance (Rs)

We estimated the temperature drop between the thermocouple and the chip surface in

order to accurately determine the heat flux by utilizing the developed apparatus (Figure

6. 15). The temperature drop is represented by the thermal series resistance Rs in the

equivalent thermal circuit model shown in Figure 6. 15 (b). For the estimation of Rs, the

heat transfer across a single chip was measured by the setup shown in Figure 6. 16. The

measured heat flux is shown in Figure 6. 17, and the thermal resistance Rcaiib is derived

from the slope. The thermal resistance Rs is derived as the sum of Rcaiib and the thermal

resistance of a single chip, and it is calculated as Rs = 4x1073 m?KW,

Heater

Ty \l Copper heat spreader

Upper chip

¢a I 0 N

Lower chip

I—>
Heat flux sensor

Thermoelectric device

(a)

Figure 6. 15 (a) Developed apparatus shown in Figure 6. 13. Components related to

the heat flux measurement are illustrated. (b) Equivalent thermal circuit model.
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Figure 6. 16 (a) Setup for the calibration of Rs.

(b) Equivalent thermal circuit model.
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Figure 6. 17 Heat flux measured in the calibration of Rs.

The thermal resistance Rt between the two chip surfaces is the measurement target
in this study. The resistance Rt is evaluated by the thermal series resistance Rs and the

measured heat flux @ as written in below:

Ty —T
Rp = H(p L _Rs. (6.4)
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6.5.2. Heat flux as a function of temperature difference
The measured heat flux in the setup shown in Figure 6. 15 (a) is shown in Figure 6. 18.
The temperature T was maintained at 293 K. The flux is plotted as a function of
calculated temperature difference between the two chip surfaces A7. Figure 6. 18 also
shows theoretical electromagnetic heat flux calculated by fluctuation dissipation
theorem as reference. The measured heat flux is larger than the theoretical prediction,
and the difference is attributed to the parasitic heat conduction through spacers.

In the temperature range, the measured and the calculated heat fluxes are linear to the
temperature difference because the temperature difference (20 K) is sufficiently smaller
than the absolute temperature (293 K). The slope is regarded as the heat transfer

coefficient of the gap in this study.
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Figure 6. 18 Measured heat fluxes. Lines are theoretical electromagnetic fluxes.

[47]
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6.5.3. Heat transfer coefficient

The gap formation and the heat transfer measurement were repeated four times for each
nominal gap of 0.5 um, 1.0 um, and 2.0 um. The measured heat transfer coefficients are
shown in Figure 6. 19. The standard deviation of the optical interferometry at the four
points is shown as the errorbar in the x-direction, and that of the heat flux measurement
is in the y-direction. The theoretically calculated radiative heat transfer is plotted as
solid lines. Twice the theoretical heat flux is plotted as dashed lines.

It is clear that the measured flux is equal to or smaller than twice the theoretical flux.
This means that the parasitic heat conduction through spacers was successfully
suppressed to be equal to or smaller than the electromagnetic heat transfer. The
suppression is achieved by the presented gap formation methodology with the proper

spacer design.

D
o
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Figure 6. 19 Measured heat transfer coefficients [47]
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6.6. Discussion

The measured heat transfer across the gap is modeled by using the equivalent thermal
circuit model shown in Figure 6. 20 (a). The electromagnetic heat transfer is represented
by the thermal resistance Rr. The parasitic thermal conduction through spacers is
represented as the series of thermal resistances Rc and Rg; these are the contact
resistance between the spacer top and the opposing chip surface and the thermal
resistance of the spacer body, respectively. The resistance Rg is simulated by COMSOL
with the model shown in Figure 6. 20 (b). In Figure 6. 20 (b), the spacer is colored so as

to indicate the corresponding thermal resistance Rc and Re.

J
\
I
I
]
/&

(a) (b)

Figure 6. 20 Equivalent thermal circuit model of the gap (a) Circuit model.

(b) Spacer model for the simulation of Rc. [47]
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Figure 6. 21 Modelled thermal resistance of one spacer. [47]

The contact resistance between bodies is dependent on numbers of factors including
materials and surface roughness [42]. Thus, the contact resistance Rc is utilized as a
fitting parameter so as to explain the heat transfer across the gap. The determined
thermal contact resistance per area is 4x10° m®>KW-. The value is in the same order of
magnitude as the reported value in Ref. [46], in which the heat transfer across a
polysilicon/nitride interface is evaluated. The fitted contact thermal resistance Rc and
the simulated thermal resistance of the spacer body Rg per one spacer are shown in
Figure 6. 21. The result indicates that the contact resistance Rc plays a key role in the
suppression of the parasitic thermal conduction through spacers.

The radiative thermal resistance Rr is calculated by using the determined Rc and the
simulated Rg. The inverse of Rgr, which has the dimension of the heat transfer
coefficient, is plotted in Figure 6. 19 as green dots. The modeled heat transfer
coefficient and theoretical electromagnetic transfer agree well with the single fitting

parameter of thermal contact resistance per area.
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6.7. Chapter summary

In this chapter, a methodology to form and to validate a submicron gap for near-field
radiative heat transfer has been presented for the first time. The parallel-plate
configuration, which enables large heat flux enhancement per area, was employed in
this study. The micromachined spacers with a height of 0.5 um, 1 um, and 2 pm were
utilized to determine the gap width. A pressure as high as 6 kPa was applied to the chip
stack with an area of 19 mm x 8.6 mm to make a uniform gap, which was validated by
the optical interferometry at the four corners. The heat transfer across the gap was
measured to be smaller than twice the calculated radiative heat transfer, which means
that the parasitic heat transfer was successfully suppressed smaller than the radiative
heat transfer. The heat transfer was modelled by an equivalent thermal circuit model,
which suggests that the suppression of the parasitic conduction is dominated by the

thermal contact resistance between the top of spacers and the opposing chip.
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Chapter 7 Discussion and Conclusion

This chapter discusses the results obtained in this study. Firstly, each preceding chapter
is summarized. Secondary, the achievements are quantitatively compared with other
reported works. Thirdly, the relationship between the fabrication error and the
performance of the radiation control is examined. Fourthly, the significant implication
of the achievements toward mid-infrared light source for non-dispersive infrared
sensing and thermal management in artificial satellites is discussed. Finally, this study is

concluded.
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7.1 Summary of this work

Chapter 1 has introduced the backgrounds of this work. The applications of thermal
radiation were briefly reviewed. Then, four vital types of thermal radiation control,
namely dynamic control, monochromatic emission, thermal rectification, and near-field
effects were explained, toward mid-infrared light source for non-dispersive infrared
sensing (NDIR) and thermal management in artificial satellites. The organization of the
thesis was described.

Chapter 2 has introduced the theory of thermal radiation and the methodologies
employed in this work. The Maxwell’s equation, spectral intensity, emissivity, and view
factor were explained for the discussion in the subsequent chapters. Electromagnetic
simulation techniques were described for the design and modelling of thermal radiation
devices. Fabrication methodologies were explained for the experimental demonstration
of microstructured thermal devices. Evaluation methodologies including
Fourier-transform infrared spectrometer and heat flux measurement system were also
described.

Chapter 3 has theoretically presented the dynamic modulation of thermal radiation.
The modulation is enabled by the control of the coupling between the guided mode
resonance in silicon gratings and the surface polariton. Emissivity is shown to be
controllable by tuning the gap distance between the thermally-transparent dielectric
gratings and the interface for the surface polariton. Two types of surface polaritons,
namely the surface phonon polariton (SPhP) on a silicon carbide (SiC) substrate and the
surface plasmon polariton (SPP) on a doped silicon (DSi) slab were utilized. The
modulation amplitude of emissivity exceeds 90 % with the SiC emitter and 50 % with

the DSi emitter. An asymmetric thermal radiation was presented with a double-grooved
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grating. A possible fabrication process was presented for the DSi emitter.

Chapter 4 has demonstrated a quasi-monochromatic thermal emitter by utilizing the
proximity interaction between metal-insulator-metal resonators. The frequency interval
between the fundamental and the second-order modes is enlarged by diagonally
arranging rectangular resonators or densely placing square resonators. Other parasitic
modes are eliminated in the densely-placed resonators, and the integrated parasitic heat
flux is suppressed from 11.8 Wsrm to 4.0 Wsr'm2 at an angle of 60°. The presented
metamaterial absorbers or thermal emitters were fabricated by electron-beam
lithography. The fabricated metamaterials were evaluated by Fourier-transform infrared
spectrometer, and the measured spectra agree well with numerical simulations.

Chapter 5 has demonstrated radiative thermal rectifiers with a phase-change material.
The metal-insulator transition of vanadium oxide (VO) allows us to obtain a high
thermal rectification contrast ratio of 2. The emitter and the receiver were optically
characterized by an infrared spectrometer to model the rectifier by fluctuation
electrodynamics. The modeled heat flux captures the measured values, validating the
theoretical and the experimental procedure employed in this work. The operation
temperature range was successfully tuned by tungsten doping into the VO film.

Chapter 6 has developed a methodology to form and to validate a submicron gap for
near-field radiative heat transfer, which has never been proposed before this study. The
parallel-plate configuration, which enables large heat flux enhancement per area, was
employed in this study. The micromachined spacers were utilized to determine the gap
width, and a pressure was applied to the chip stack to make a uniform gap, which was
validated by the optical interferometry at the four corners. The heat transfer across the

gap was measured to be smaller than twice the calculated radiative heat transfer, which
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means that the parasitic heat transfer was successfully suppressed smaller than the
radiative heat transfer. The heat transfer was modelled by an equivalent thermal circuit
model, which suggests that the suppression of the parasitic conduction is dominated by

the thermal contact resistance between the top of spacers and the opposing chip.

7.2 Comparison with other works

In Chapter 3, the dynamic modulation of thermal radiation has been theoretically
demonstrated. The modulation amplitude of emissivity exceeds 90 % in the SiC emitter,
which is larger than the highest value ever reported (69 %) [1] by utilizing a photonic
crystal composed of quantum wells. Furthermore, the emitters consist of silicon, doped
silicon, and silicon carbide, which are materials with relatively low cost. The materials
utilized in the preceding works, quantum well [1]-[2] or high-quality graphene [3], are
still expensive compared to the material used in this work.

In Chapter 4, parasitic modes of metal-insulator-metal (MIM) thermal emitters have
shown to be suppressed by the arrangement of patch resonators. Although numbers of
researchers have reported the control of the fundamental mode of the MIM metamaterial
thermal emitter, a limited number of works investigated [4][5] or targeted on [6]
higher-order modes. However, the control of parasitic modes while keeping the
fundamental frequency constant has never been discussed before this study. This work
has utilized the proximity interaction between resonators in order to suppress the
parasitic modes including the second-order mode and others, and the proposed method
was successfully validated by the numerical simulation and the experiment. For
mid-infrared light source, another requirement other than the parasitic suppression is the

line-width of the emission. Because absorption spectra of various chemical compound
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are narrow, Inoue and his colleagues developed a photonic crystal emitter composed of
quantum wells, and they achieved a Q-factor larger than 100 [7]. Although the Q-factor
of the presented MIM emitter is low (Q<10) and the densely-tiling slightly lowers
Q-factor [8], the Q-factor of MIM emitters is improved by utilizing cross-shaped
resonators [9][10]. Note that there might be some applications which do not need high
Q-factor but the parasitic suppression, such as infrared drying.

In Chapter 5, thermal rectification has experimentally investigated by employing the
radiative property of a phase-change material. For conductive thermal rectifiers, various
physical phenomena have been utilized for the experimental demonstration [11]-[13].
However, the measured rectification contrast ratios remain relatively small values; e.g.,
Ref. [13] reported rectification contrast ratio of 0.6 by utilizing temperature dependent
thermal conductivity of a quasicrystal. For radiative thermal rectifiers, several
theoretical works have utilized the temperature dependence of the optical constants
[14]-[18]. However, the experimental implementation of the radiative thermal rectifier
was rare and showed low contrast ratio [19] before this study. Owing to the
metal-insulator transition of VO, the presented thermal rectifier exhibits a large
contrast ratio of 2 experimentally. An alternative thermal diode based on mechanical
switches and shape memory alloy was recently demonstrated [20]. A high contrast ratio
of 90 was achieved with the cost of bulky mechanical components. A detailed
comparison requires further optimization and specifications from applications. Note that
the radiative heat transfer between VO and other materials is also a platform of
functionalities other than thermal rectification [21]-[24]. Furthermore, VO, can be
employed to tune thermal conduction [25] and the optical response in the visible

spectrum [26].
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In Chapter 6, a methodology to form submicron gaps has been presented. Submicron
gaps for near-field radiative heat transfer have been realized by the sphere-plate
geometry [27]-[29]. The smallest gap width of 2 nm was recently reported [29].
Meanwhile, the heat flux enhancement is smaller than that in the parallel-plate
configuration. The smallest gap achieved using the parallel-plate configuration has
remained 1 um [30]-[32] before this study, because the alignment of two parallel plates
is extremely difficult due to the deviation of the real surface from the ideal flat surface.
The presented methodology successfully compensates the intrinsic deflection of
substrates and achieves submicron gap with an area exceeding 1 cm?. Recently, several
research groups also achieved a submicron gap in the parallel-plate configuration by
utilizing large mechanical support [33]-[35]. Lim and her colleagues achieved 400 nm
by using wafer bonding [33]. St-Gelais and his colleagues achieved 40 nm between
integrated SiC nanobeams [34]. Song and his colleagues achieved 60 nm with an area of
50 um x50 um by utilizing a complexed alignment system [35]. Since our method

utilizes tiny spacers to support the gap, the area of our gap is scalable.

7.3 Discussion on the fabrication error
Chapter 3 and Chapter 4 discuss the electromagnetic resonances in the microstructures.
Such resonances are sensitive to the fluctuation of geometries originating from the
fabrication error as reported in Section 4.4.3. This section discusses the fabrication error
by simulating the electromagnetic response of the structure presented in Chapter 3.

The guided mode resonance in grating structures is sensitive to the grating
geometries. The grating height, which is one of the grating geometries, is determined by

the deposition process. Since the area of the structure should exceed 1 cm? in order to
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obtain enough amount of thermal radiation, the uniformity of the deposition process
potentially affects the performance of the thermal emitter. Figure 7. 1 shows the
emissivity of the structure with SiC, when the height hg of the grating is varied from
0.95 um to 1.07 um with a step of 20 nm. Small fluctuation (4 %) of the grating height
degrades the peak emissivity from near unity to a value lower than 0.5. Figure 7. 2
shows the emissivity of the structure with doped silicon when hg is varied from 1.03 um
to 1.15 um. The peak emissivity remains almost constant.

The clear contrast between Figure 7. 1 and Figure 7. 2 originates from the sharpness
of the resonance. The electromagnetic response is sensitive to the fluctuation of
geometries in the case that the Q-factor is high. Thus, it is better to acquire information
related to the fabrication error before designing the Q-factor of the structure. Otherwise,
one should repeat the trials and errors before finally designing the Q-factor, as shown in
Figure 7. 3. Of course, it is better to take care of not only the uniformity in a wafer but

also the repeatability between wafers and runs.
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Figure 7. 1 Emissivity of the structure with SiC substrate. The height hg of the

grating is varied with a step of 20 nm.
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Figure 7. 2 Emissivity of the structure with doped silicon slab. The height hg of the

grating is varied with a step of 20 nm.

The same scenario is applied to the MIM emitters presented in Chapter 4. The ratio
of the fundamental to the second-order wavelength is enhanced when the gap between
resonators becomes smaller, as shown in Figure 4.15. When the gap is small, the
fluctuation of the gap worsens the response such that the emissivity peak does not reach
near unity, as discussed in Section 4.4.3. Thus, it is better to iterate the fabrication in
order to optimize the gap size and wavelength ratio considering fabrication error, as

shown in Figure 7. 3.

Fabrication error

v

—] Design structure Fabrication » Optimized structure

- Q-factor
- Wavelength ratio

Figure 7. 3 Flowchart of the design and fabrication iteration.
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7.4 Significant implication of this work and future research directions
The achievements in this work can be applied to two scenes of thermal radiation control,
namely, mid-infrared light source for non-dispersive infrared sensing (NDIR) and

thermal management in artificial satellites.

7.4.1 Mid-infrared light source for NDIR

Mid-infrared light source for NDIR requires two functionalities: dynamic modulation
and monochromaticity. The direct modulation of thermal emissivity has been
theoretically realized by coupling guided mode resonance and surface polaritons. The
modulation enables the high-frequency infrared light while maintaining the emitter
temperature constant. The background noise in NDIR system is eliminated by
synchronizing the thermal emitter and the detector. Higher modulation frequency allows
us to reduce the noise with a 1/f spectrum. The amplitude of the modulation was
theoretically predicted to exceed 90 %. This large modulation amplitude will contribute
to suppress background efficiently.

A quasi-monochromatic thermal emitter has been realized by suppressing parasitic
modes of metal-insulator-metal (MIM) thermal emitters. The second-order mode is
shifted toward higher frequencies, and other parasitic modes are eliminated. The control
of the parasitic modes is enabled by the geometrical design of the resonators, and the
detailed investigation on the geometrical parameters enables the further design
optimization to a specific constrain. The infrared light from MIM emitters is purified,
and the power efficiency of such emitters is improved. The spurious detection in NDIR
sensing is avoided by the control of parasitic modes.

In this thesis, these two functionalities have been realized by utilizing different types
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of electromagnetic resonance. In future, these two functionalities will be merged into
one device, such as an MIM emitter with electrostatically movable top aluminum
patterns. Such a device is readily manufacturable with the current MEMS technologies,

and the device is going to be optimized to detect specific molecules in NDIR systems.

7.4.2 Thermal management in artificial satellites

Artificial satellites requires intelligent thermal management based on thermal
conduction and radiation, because the environment is vacuum. The tough constrain on
payload also limits the components for thermal management, e.g. controllers and
Sensors.

A thermal rectifier working in vacuum has been experimentally presented by
utilizing thermal radiation. A high contrast ratio of 2 is achieved by the metal-insulator
transition of VO,. The heat flux across thermal rectifiers is modulated according to the
direction of temperature gradient, and thus they will be utilized as autonomous
temperature regulation systems in artificial satellites.

The heat flux of thermal rectifier is enhanced by the near-field radiative heat transfer.
In this thesis, a methodology to form submicron gaps has been presented for near-field
radiative heat transfer. The gap uniformity is validated by observing optical
interferometric spectra. Such validation will contribute to assure the quality of thermal
management systems utilizing near-field thermal radiation. The presented methodology
allows us to suppress the parasitic heat conduction by low-density pillars and to
compensate the intrinsic bending of wafers simultaneously.

In the case that near-field thermal rectifier is realized, the modulation amplitude is

enhanced. The contrast between the forward and the reverse scenarios will be kept large
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by suppressing the parasitic heat conduction through the spacers. Such a suppression
will be enabled based on the presented design strategy of spacers based on the physical

constants of fused quartz and equivalent thermal circuit model.

S
un Outerspace
To =3K
As = PS = EO =
0.9 1.4 kWm™ 0.83

T, C, ComponentA

* f(ThTe)

Ts Cg Component B Pg @
Py =3 Wm=

Figure 7. 4 Situation in an artificial satellite, where the heat flux is managed by a
thermal rectifier. A one-dimensional problem is considered, and the heat flux is
normalized per area.

In order to discuss more quantitatively, we consider a situation shown in Figure 7. 4.
Component A and B are installed in an artificial satellite, and component A is exposed
to outerspace. The satellite is rotating around the earth with a period of 90 min.
Component A is exposed to the sunlight with a power Ps = 1.4 KWm2 during half the
period, and absorbs it with an absorptivity As of 0.9, and it radiates to outerspace with
an emissivity Eo of 0.83. Component B is thermally connected to component A through
a thermal rectifier, and generates heat internally with a rate Ps of 3 Wm. The generated
heat is wasted through the thermal rectifier and component A toward outerspace, and the
increase of the temperature Tg of component B is assumed to decrease the lifetime of

the satellite. The temperature of component A and component B follows the equations
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below:
dTy _ 4 4
CAW = DAgPs — 0Eq(Ty — Tg) + Nf(Ta, Tg) , (7.1)
drT,
Cg— = Ps = Nf(TaTy), (7.2)

where Ca = 10° JK'm? and Cg = 5x10* JK'm™? denote the thermal capacity of
component A and B, respectively, D is equal to unity or zero when the sunlight
illuminates or does not illuminate, respectively, and o is the Stefan-Boltzmann

constant. The transfer function f of the thermal rectifier is assumed to be:

f = {0.6a(Tg —TX) (Ty < 340 K) (7.3)

0.20(Tg — Tx) (T, = 340K)’

following Figure 5.11. The heat flux enhancement factor N is set to be 5 in order to
include the near-field coupling across a submicron gap. The calculated transient
temperature is shown in Figure 7. 5. The periodic temperature history converges after
1500 min, and the duration between 1830 min and 1950 min is shown. Thermal
rectification is observed around the 1865 min and 1915 min, and the rectification due to
VO slows down the heating while it boosts the cooling. The temperature reduction is
clearer with an ideal rectifier with a contrast ratio of 98. For the comparison, thermal
rectifier is replaced with a conductive or a radiative path. With the conductive path, Ts
almost follows Ta because of the large heat transfer coefficient of 80 WK™m, and thus
the maximum temperature of Tg is as high as that of Ta. With the radiative path, f =
0.050(Ts — Tx) and N = 1 are assumed, and Tg is kept at high because the internally
generated heat does not dissipate enough through the almost insulating radiative path.
The unique transfer function including the rectification lowers both the maximum and
the average temperatures. Note that the aging of the phase transition should be

investigated before implementations.
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Figure 7. 5 Transient response of the temperatures in the artificial satellite.
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7.5 Conclusion

In this study, four different types of thermal radiation control, namely dynamic
modulation, monochromatic light source, thermal rectification, and near-field radiative
heat transfer, have been investigated. These controls have been achieved by coupling
surface polariton and guided mode resonance, proximity coupling between neighboring
MIM resonators, metal-insulator transition of VO, and submicron gaps formed by
micromachined spacers, respectively. The obtained results are outstanding compared to
other works. These achievements enable dynamic, monochromatic thermal emitter for
non-dispersive infrared sensing, and intelligent thermal management system for
artificial satellites. Furthermore, the achievements opens a pathway to more flexible
thermal radiation control, which may be realized by merging the knowledge from other

research fields including solid-state physics and material science.
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