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Abstract

Surface phonon-polaritons (SPhPs) are hybridization of phonons and photons at the interface of
a dielectric material, and those waves propagate along the interface in the infrared range. Recent
studies demonstrate theoretically and experimentally that SPhPs can contribute to thermal trans-
port in membranes in the in-plane direction. Thermal transport by SPhPs is even predominant in
nanofilms where surface-to-volume ratio is higher. Therefore, SPhP is now in great interest as
another heat carrier, especially in semiconductor industries where the device structure is minia-
turized into nano-scale and local heating causes crucial damage to transistor performances.

However, a suspended nanofilm is technically challenging to fabricate and not a realistic struc-
ture in an application point of view.

Here, we study SPhP propagation in Si0,/Si/S10; three-layered systems, in which SPhPs gen-
erated in SiO, nanolayers can couple inside a non-absorptive, 10-um-thick Si layer.

In our theoretical studies, we calculate SPhP dispersion relation in the system to investigate its
in-plane propagation length and thermal conductivity. We also analyse SPhP thermal conductivity
in the system as a function of SiO, and Si thicknesses.

In experimental studies, we experimentally investigate the SPhP in-plane propagation through a
gap. It is well-known that cross-plane evanescent component of SPhP can carry thermal energy to
another body at a close vicinity (near-field radiative heat transfer), and exceed the heat exchange
of blackbody limit. Recent studies have shown that the in-plane propagative component of SPhPs
can also contribute to far-field radiative heat transfer over the blackbody limit, as for absorbent
materials. In this work, we experimentally demonstrate that far-field radiative heat transfer be-
tween non-absorbent bodies can also overcome the blackbody limit by simply coating them with
an absorbent material. The demonstration was conducted by measuring the gap thermal conduc-
tance between Si0,/Si/Si0, three-layered systems, and compare it to its counterpart in pristine Si
layer system. We find that SPhP generated inside the SiO, layers couple with the resonant guided
modes inside the Si layer and transport energy through the non-absorbent thick Si layer. The gap

thermal conductance obtained for the three-layered system is almost twice higher than that of the
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Si-only system. We analyse the results based on the conventional Planck’s theory on radiative
heat transfer in far-field regime and find that it cannot explain the enhancement. We investigate
the in-plane SPhP energy distribution and calculate an effective gap thermal conductance of SPhP
resonant guided modes which is in a relevant agreement with the experimental results.

Our findings show that SPhP can propagate its energy in non-absorbent materials and also con-
tribute to the far-field radiative heat transfer beyond the blackbody limit, between non-absorbent
bodies of dimensions comparable to or greater than the dominant radiation wavelength. This out-
come was obtained with relatively simple geometries, and thus, opens new perspectives in terms

of thermal management in silicon devices and of radiation.
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Chapter 1

Introduction

1.1 Macro- and Nano- scale heat transport

Heat transfer is one of the most familiar phenomena in our daily life, with its mechanism being
well-studied over centuries. It is known that there are three different mechanisms to carry the
thermal energy: conduction, thermal radiation, and convection. Conduction is the transfer of
energy through microscopic collisions of particles such as molecules, atoms and electrons inside
a body, and it takes place in all phases of solid, liquid and gas. Radiative heat transfer is the
transfer by electromagnetic waves, generated from thermal motions of particles, carrying energy
in distances regardless of existence of medium. Convection is based on thermal transport by
movements of particles in a mass or fluids. In this work, we mainly focus on conduction and
radiative heat transfer. In both cases, recent studies have revealed that the thermal transfer physics
in micro-, to nano-scales are different from the macroscopic, well-known classical theories.

The establishment of the classical theory of thermal conduction dates back to 1822, when Jean
Baptiste Joseph Fourier formulated the so-called Fourier’ s law [20], which states that the heat

flux is proportional to the temperature gradient and opposite to it in sign:

Jj=-«VT, (L.1)

where j is the heat flux density and VT is the temperature gradient. The coefficient « is defined
as the thermal conductivity. This is a material-based value, which is independent of the body size
when the mean free path of phonons, quantized units of lattice vibrations which carries thermal
energy, is much smaller than the characteristic size length, L, of the body. We call this regime
diffusive. Mean free path (MFP) of phonons are typically in the range of micro-, nano-meters.
Therefore, when the system size is reduced to micro- or even nanostructures, which is as compa-

rable or smaller than the mean free path, phonon transport is not diffusive anymore. In such case,
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phonons are more likely to be scattered at boundaries of the system and probabilities of this event
start to substantially impact thermal conductivity, which is no longer independent of the size of
the system. We call this regime ballistic or quasi-ballistic if internal scattering still exists. (Fig.
1.1).

Thermal conduction becomes less efficient in the system of micro-, and nanometric scale, as
phonon-boundary scattering outperforms phonon-phonon scattering in suppressing phonons trav-
eling in distances [21, 22, 23]. Therefore, thermal management is more challenging in micro-,
nano-scale system and it is in great interest especially among semiconductor industries where
transistor sizes are dramatically decreasing, generating non-negligible heat damage to the device
and alter its performance. On the contrary, surface phonon-polaritons, hybridized electromagnetic
waves and phonons at the interface, show more efficient energy transfer as the system scales down,

which is introduced in the next section.

Diffusion regime =3 Ballistic regime

e C o o= 0

Figurel.1 Diffusive (left) and ballistic (right) regimes. As the system size is shorter than the
phonon mean free path, ballistic transfer becomes predominant.

1.2 Introduction of SPhP

Surface phonon-polaritons (SPhP) are the result of the hybridization between optical phonons at
an interface of a polar-material and electromagnetic waves (Fig. 1.2). As atoms of polar materials
oscillate, they act like dipoles and emit electromagnetic waves in the corresponding spectrum.
This radiation at the interface will again excite the charge oscillation and yield phonon and photon
coupling. This hybrid excitation is called surface phonon-polariton (SPhP). Its energy intensity
is confined at the interface, and decays exponentially in the out-of-plane direction. It propagates
in the in-plane direction and its resonance frequency lies in the infrared range, thus, it is known

to carry thermal energy along the interface. Recent studies have revealed that it can propagate
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by more than hundreds of um, and since the surface effects predominate over the volumetric
ones when the surface-to-volume ratio increases, it is now of great interest as another heat carrier

especially in nanomaterials.

Z
Evanescent

Propagative

Figurel.2 Schematic image of surface phonon-polaritons generated by the oscillation of polar
molecules coupled by electromagnetic waves at the interface of a polar material. The energy is
confined at the interface with an evanescent in the cross-plane direction and is propagating in
the in-plane direction.

1.2.1  SPhP thermal transport in the cross-plane direction

In macro-scales, Planck’s s law is the fundamental principle in the study of radiative heat trans-
fer. According to Stefan-Boltzmann’s law, which is a consequences of Planck’s law, the total
emissive power of an object is proportional to T#, the forth power of its temperature, with the
Stefan-Boltzmann constant o as proportionnality coefficient. This formula yields the maximum
radiative heat flux between two flat plates separated by a vacuum to be 0'(Ti1 - T;L ), when the tem-
peratures of the two plates are referred to as 7 and 7. This flux only depends on the temperature
to the fourth power difference and does not depend on the distance of separation. This regime
is called far-field radiative heat transfer. However, the Stefan-Boltzmann’s law is only consistent
when separation scales are much larger than the critical distance of A7 which is the Wien’s wave-
length [1]. Gap separation below this scale generates overlap of evanescent waves at the surfaces
of both plates (Fig. 1.3a).

This evanescent coupling contributes to energy exchange enhanced above Planck’s limit (Fig.
1.3b) [2] by a few orders of magnitude compared to that of far-field. Excitation of near-field
radiative heat transfer is stronger in polar materials or highly doped materials where there are more

charges to induce phonon-photon coupling [24, 3]. Radiation is also known to be monochromatic
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in this near-field regime, showing peak at the resonant frequency defined by the dielectric function
of the material (Fig. 1.4a) [24, 3].

a
1 i
\_—i Tunnelling of evanescent waves
b
108 :
7. J
o 10 Doping level
§ [ — 10® cm™3
6. i
E 0 — 10"%em=2 -
S 105, i
3] i
2 ‘
et I
2 104? .
1000.--Between blackblodies _____________ >

9 10 100 1000 “““1‘0;1
Gap distance (nm)

Figurel.3 a Schematic image of far-field and near-field radiative heat transfer [1]. b Net
energy flux between doped-Si at different doping levels versus gap width. The dashed line
refers to the net energy transfer between two blackbodies. The emitter side and the receiver
side are maintained at 400 K and 300 K, respectively [2].

Near-field radiative heat transfer is also demonstrated experimentally, although the number of
experiments is limited compared to the one of theoretical studies due to difficulties in making a

nanometric gap between two objects. One approach is to use atomic force microscopy (AFM)
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or scanning tunnelling microscope (STM) tips or spheres to achieve a gap in the nanometer scale
[25, 26, 27, 28, 29, 30]. This approach is successful in terms of achieving extremely small gaps,
down to a few nanometers. However, theoretical description of near-field radiative heat transfer
is complicated for curved surfaces. Another approach is to position two flat plates in their close
vicinity [31, 32, 33, 4, 6, 34, 35]. The results are often well-fitted, since theoretical calculations
of heat exchanges between flat surfaces is well established. But, due to the difficulties of aligning
large flat areas separated by a nano-gap without any dust or snap-in and with a good parallelism,
achievable gap size remains larger than the tip-plate cases (Fig. 1.4b). In both approaches, it is
challenging to estimate the gap size precisely with errors less than one nanometer, which is critical

for gap less than a few tens of nanometers.

1.2.2 SPhP thermal transport in in-plane direction

While SPhP can carry thermal energy only within a wavelength scale in cross-plane direction,
it is known to carry energy for a larger distance along the interface. Propagation of surface waves
can be described by solving Maxwell’s equations at the interface under certain boundary condi-
tions. This derivation provides electric field decaying exponentially in the cross-plane direction
and propagating in the in-plane direction (see discussion in Chapter 2). In suspended nanofilms,
SPhPs propagating over typical distances of a few hundreds of micrometers along their interfaces
[36]. This fact positions them as powerful energy carriers to transport energy along the plane of
nanomaterials especially while phonons conduction is suppressed in such materials. Ordonez-
M., et al. also proposed that SPhPs would perform as an alternative channel to heat transfer in
nano-scale structures [37]. Although SPhP in-plane thermal transfer in a nanofilm is well stud-
ied theoretically, experimental demonstrations are very limited due to difficulties in suspending a
nanofilm and distinguishing SPhP contribution to heat from conduction by phonons [16, 15] (see

discussion in Part 3).
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1.3 Thermal management and applications

Near-field thermophotovoltaic systems (TPV) are of great interest to enhance the efficiency of
conventional TPV. A TPV system is an energy conversion device that generates electric power
out of heat through radiative heat transfer. The key advantage of TPV systems is utilization of
the wasted heat. The system consists of an emitter and a photovoltaic (PV) cell [38]. The cell
is basically a p-n junction semiconductor. As the emitter is heated, emitted radiation creates
electron-hole pairs inside the cell. Only the photons with energy within the band gap of the cell
can contribute to the generation of the electron-hole pair. By positioning the emitter and the TPV
cell closer in the near-field regime with monochromatic emission, radiative heat transfer into the
cell should dramatically increase. Fiorino, et al. has conducted an experimental proof of concept
[5]. A microfabricated emitter was located above a PV cell (Fig. 1.5 a). Photons are emitted from
the hot emitter and absorbed in the p-n junction cell. The gap size is controlled by piezoelectric
actuation underneath the cell. The power output was measured while reducing the gap size for
different temperature (Fig. 1.5 b). A 40-fold enhancement in power output in NFTPV systems was
reported in direct comparison to otherwise identical far-field TPV systems. The modelled energy
flux spectrum from emitter to cell is also plotted in Fig. 1.5c. The figure shows the computed
spectral energy flux at the smallest gap (d = 60 nm) when the emitter is at 655 K. The green
region represents the maximum energy extracted by the TPV at this gap size, whereas the red
regions represent losses. At a 60 nm gap, the energy flux exceeds the limit for blackbodies more
than threefold.

Using a phase change material enables a thermal switch or rectifier of a high energy density due
to the near-field radiative heat transfer. The group of L. Wang has reported theoretical prediction
of a thermal switch using vanadium dioxide [39]. The vanadium dioxide undergoes a phase-
change from the insulating state to the metallic state around 340 K [40]. They predicted that 80%
heat transfer reduction when the gap distance between the emitter and the receiver of vanadium

oxide is less than 30 nm. The experimental demonstration was done by K. Ito, et al. [6].
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They built up the setup in which an emitter and a receiver of silicon dioxide are brought into
contact by a compressive spring (Fig. 1.6a). Vanadium dioxide is deposited on the receiver to
modulate the radiative heat flux by its change of permittivity. They fabricated spacers to guarantee
the constant gap size, which was measured by an interferometer. Figure 1.6b shows the measured
heat flux. The gap and the temperature difference between the emitter and the receiver were fixed
at 370 nm and 60 K, respectively. The vanadium oxide was doped with tungsten to lower the
phase-change temperature. They obtained almost twice the difference in the heat flux when the
receiver temperature was lower at 7g = 295 K to maintain vanadium dioxide at insulator state and

when Tr = 325 K for vanadium oxide changing to metal state.
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Figurel.6 a Schematic of near-field radiative thermal rectifier [6]. b Measured transient heat
flux before and after the phase-change of the vanadium dioxide. [6].
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Another interesting application consists in modifying the emissivity of the surface by diffracting
the SPhPs. The first demonstration of a tuning SPhP emission was the work by Greffet et al. [7].
They fabricated the gratings on the surface of SPhP supporting material (SiC) with a periodicity
designed to couple surface waves with the far-field. A coherent thermal emission was achieved by

the diffraction of SPhPs (Fig. 1.7).

~ N40 =284 nm

60°

90°

01 02 03 04
Emissivity

Figurel.7 a Schematic of SiC gratings. b Polar plot of emissivity of the SiC gratings [7].

This demonstration was an important concept for applications in passive cooling. Rephaeli et
al. has integrated photonic crystals to modify emissivity matched with the atmospheric window.
Figure 1.8 shows their device with two different photonic structures: A multi-layered structure to
reflect radiations in the range of the solar spectrum and photonic crystals to emit radiations in the

range of the atmospheric window. The photonic crystals support efficient emission into the cold
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atmosphere and therefore ensure passive cooling. This is a beneficial idea in a way that it can be

integrated over a large area.
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1.4 Objective of this work

Although it is predicted theoretically that SPhP can act as another heat channel in the in-plane
direction, not many experimental demonstrations have been conducted to deepen the understand-
ing of its role as an energy carrier due to the difficulties in suspending a nanometric film. The
objective of this work is to investigate further the SPhP thermal transport in in-plane direction us-
ing a multilayered structure. We adapt the multilayer structure of a 10-um-thick silicon (S1) layer
sandwiched by nanofilms of silicon dioxide (SiO,), which we call Si0,/Si/Si0, three-layer sys-
tem throughout the rest of the thesis. The thick Si layer works as a mechanical support, whereas
polar material of SiO, nanolayers excite SPhPs. The SPhPs generated inside the Si0O, nanolayers
would couple inside the non-absorptive Si layer and would propagate along the system. Thus, the
system is expected not only to guarantee the mechanical stability, but also to show efficient thermal
transport even though it is not a nanometric film as demonstrated in previous studies. Moreover,
with this multilayered system, we aim an experimental demonstration of SPhP in-plane thermal
transport through a gap. While radiative thermal transport through a nanogap in the cross-plane di-
rection is well-studied, radiative thermal transport in the in-plane direction has never been proved.
It has been already demonstrated experimentally that SPhPs can enhance the heat conduction in
nanoiflms of polar materials [16, 15]. Therefore, if the in-plane SPhP energy is emitted from one
film and absorbed in another film, SPhPs could also contribute to the radiative heat transfer in
the in-plane direction through a gap. Our work is the first experimental demonstration of SPhP
transport along multilayered systems and through a gap. The obtained gap radiation exceeds the

far-field black-body limit according to an unexpected mechanism which is finally explained.

1.5 OQutline of the thesis

This work is organized as follows.

In Chapter 2, we present the theoretical studies on SPhP propagation and thermal properties
inside the S10,/S1/Si0, three-layer system. First, we start from analysis on SPhP propagation
along primitive systems of a single interface and a single film, as already shown in previous
studies. Next, we apply the calculations on the Si0,/Si/SiO, three-layer system to derive SPhP
dispersion relation and propagation length. The calculations are then compared with wave vectors
obtained from numerical simulations to verify the validity of the calculations. The SPhPs thermal
conductivity is also analyzed for different thicknesses of Si, and Si layers.

From Chapter 3 to Chapter 5, we present our experimental works.
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In Chapter 3, we introduce our experimental setup to measure the radiative thermal transport
between a hot and a cold plate through a gap. The setup is based on the combined techniques
of 3w technique and the Wheatstone bridge. We show our specified design of the device, which
has hot and cold plate, both consisted of SiO,/Si/Si0; three-layer system. We present the thermal
model according to the measurement techniques and the device design.

In Chapter 4, we show fabrication techniques and process methods of the device. We use
semiconductor microfabrication techniques to fabricate the suspended device and integrate metal
transducers to measure the temperature on the hot and the cold plates. Process flow is presented
with an introduction to each technique and machine.

In Chapter 5, we present the experimental results and provide discussions. We compare the
radiative heat transfer through a gap between Si-only plates and that between Si10,/S1/S10; three-
layer system and find the twice higher conductance for the Si10,/Si/Si0, three-layer system. We
analyse the data first by using the conventional Planck’s radiation theory to verify that it cannot
explain the enhancement. Then we investigated SPhP energy distribution and calculated effective
gap thermal conductance accordingly to find it can fit with the experimental results. We also
consider the contribution of near-field radiative heat transfer and the effect of metal transducers to
the SPhP thermal transport.

The general conclusion and the prospective are provided at the end of the thesis.
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Chapter 2

Theoretical studies on SPhP thermal
transfer in SiO5/Si layered syetems

2.1 Introduction to the state-of-the-art

As micro- to nanotechnology has rapidly developed, scientists focus on surface waves such as
surface plasmon-polaritons and surface phonon-polaritons to enhance the performance of devices.
Yang, F. et al. have demonstrated that a material with a complex dielectric function surrounded by
dielectric media can support long-range surface modes in a thin membrane via coupling between
two surfaces [41]. Many theoretical works then have been done on surface waves at the interfaces
of film-based structures of different polar materials such as SiC [42, 43, 44, 45], SiO, [46, 45, 47,
9,48, 10], SiIN [15], and hBN [49, 50, 51, 52]. Surface phonon polariton (SPhP) is a surface wave
existing at the interface of polar materials which have negative real part of the dielectric function,
meaning absorptive materials. It results in a hybridization of optical phonons and electromagnetic
waves. Significance of SPhP is that it propagates over hundreds of micrometers in thin films
and in the infrared range [47]. Therefore, it collects attentions for its capability to carry the heat
energy not only in perpendicular direction [25] but also in parallel direction to the interface, and
it becomes significant in nanometric structures. The group of G. Chen has analysed the thermal
property of SPhP in in-plane direction of nanofilm using the in-plane thermal conductivity defined

as follows [9]:

1 wH dfo
K= Ind LL hwABr aTdu), 2.1)

where d is the film thickness, w denotes the angular frequency, w; and wpy are lowest and

highest cut-off frequency for the SPhP modes. 7 refers to the reduced Planck’s constant, S is the
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real part of the wave vector along the interface, A represents the propagation length of SPhP, f
the Bose-Einstein distribution function, and T the temperature of the structure.

According to their theoretical predictions, the SPhP in-plane thermal conductivity of a SiO;
film exceeds the phonon one when the film thickness is less than 50 nm (Fig. 2.1).

The film thickness analysis is further discussed in detail in terms of dispersion relations and
propagation lengths for a SiO; film in the work of J. Ordonez-Miranda, et al. [10]. For thinner
membranes, the dispersion relation becomes closer to the light line, showing photon-like behavior
of SPhP and the propagation length becomes longer due to less absorption inside the material
(Fig.2.2). The propagation length reaches ~1 cm for the thickness of 0.1 um. Although these
works indicate great possibilities of SPhP as an additional heat dissipation channel while thermal
conductivity of phonons tend to decrease when the structure scales down, nanometric suspended
thin films are mechanically unstable and incompatible with highly compacted structure. Taken
into account that in semiconductor industries where the local heat can cause serious damages to
the performance of microelectronics and vertical heterostructure with dielectric materials, further
studies on SPhP in multilayered structures have become active. Ordonez-Miranda et al. have
studied the thermal conductivity of nanolayered structure due to SPhP [11]. This study approached

theoretically the effective permittivity of a layered system from the permittivity of each layer.
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Figure2.1 Amorphous SiO, thermal conductivity due to phonons and surface phonon-
polaritons as a function of film thickness at 500 K [9].
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quency, for suspended Si0O; thin film [10]

They showed that, with optimizing both permittivities and thicknesses, layered structures can

yield higher thermal conductivities than a single membrane (Fig.2.3).

They demonstrated that an ensemble of different layers provide higher thermal conductivities
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due to more SPhP propagation channels. More interestingly, the nanolayered structure with a sub-
strate of KBr (slightly higher permittivity that air, exp, = 1.24) yields higher thermal conductivity
than the one surrounded by air. This result indicates the potential of SPhP to tackle the problem
of overheating in nanolayered structures. Lim et al. [5S3] have conducted a full analysis on various
combinations of different dielectrics in layered structures. They calculated analytically the dis-
persion relation for configurations of: Glass-Dielectric-Substrate, Dielectric-Glass-Substrate, and
Glass-Dielectric-Glass-Substrate. They established a genetic computation algorithm to scan for
the optimized permittivity and configurations to achieve the high thermal conductivities. Studies
on enhancing the SPhP thermal conductivity in realistic geometries seen in electric devices are

now in great need and interest.



2.1 Introduction to the state-of-the-art

a AX
£n+1
] d, &,
E . SPhP
R
] d, &4 z

T=500K — SiO,/BaF;
— SiOy

Phonon contribution in SiO,

Thermal conductivity (W/m.K)
N

0 50 100 150 200
Total thickness (nm)
Figure2.3 a Schematic of the cross-section of the layered structure. b thermal conductivity

for the single membrane of SiO, and layered structure of SiO,/BaF, as a function of the total
thickness at 500 K [11]



20 Chapter 2 Theoretical studies on SPhP thermal transfer in Si0,/Si layered syetems

Before showing the calculations on the dispersion relation of multilayered structure, let us start
from explaining the general phonon-polaritons and then to surface phonon-polariton (SPhP) dis-
persion relation at a single interface. After showing the calculations on SPhP in a single film, we

analyse the SPhP in the three-layered system.

2.2 Introduction of phonon-polariton
2.2.1 Polarization and relative permittivity

In electromagnetism, electric flux density is defined as,

D = E + P, (2.2)

where € is a permittivity in vacuum, E is an electric field and P is a polarization. Polarization is

a sum of dipole moment caused by the electric field E, described as

P = Nqu, 2.3)

where N is a number of dipoles in a unit volume, qu is a dipole moment in which positive and
negative charges of ¢ are separated by a position vector of u. Assuming that the polarization is

linearly dependent on the electric field, P can be expressed as

P = gyE, (2.4)

with the coefficient y being electric susceptibility. Combined with Eq. 2.2, the electric flux density

18 rewritten as

D=FE+ P =¢(l+y)E. (2.5)

The relative permittivity is defined as €, = 1 + y. To evaluate the relative permittivity of the
materials which possess ion polarization, we consider polarization of ion pairs and its equation of

motion which is described as

0*u

M-+ Mwju = qE, (2.6)

where M is an effective mass of an ion pair and wy is a frequency of lattice vibration. Applying
Eq. 2.3 to the above equation of motion gives
’P Ng*

E + (,()OP = WE 2.7
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—iwt+k-r

We assume the solution of e , which gives the above equation of motion as

N2
(ﬂf+w@P—]%E:O. (2.8)

Therefore, the relative permittivity is

P Ng* /M
6,=1+—=1+M

. 2.9
) Wi — w? 2.9)

This is a Lorentzian permittivity. Replacing w by w+i/7, where 7 is a relaxation time of diffusion,
the relative permittivity becomes a complex number and the attenuation can be considered. The

real and imaginary part of the relative permittivity are

20,2 2
wp(a) - w;)

er=1+ (2.10)

(w? - w%) + w2/’

2
a)pw/T

61 =1+ @2.11)

(? - W) + W72
respectively, with the plasma frequency of w, = ANl_i) [54]. Figure 2.4 shows the real and the
imaginary of the permittivity of silicon carbide. The imaginary part of the relative permittivity
corresponds to the absorption spectrum. The resonant frequency is at 12.56 um, which indicates

that silicon carbide is a lossy material in the infrared range.
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Figure2.4 Real (e;) and imaginary (¢;) parts of the relative permittivity of silicon carbide
reported in Ref [12].

2.2.2 Polaritons

In lattice vibrations, there exist acoustic and optical modes (Fig. 2.5). The optical modes can

hybridize with electromagnetic waves and this hybridization is called phonon-polariton.

Optical mode Acoustic mode

Propagation direction ———

Figure2.5 (Left) Optical and (Right) acoustic mode of lattice vibration.

To describe phonon-polaritons, we combine the equation of motion and Maxwell’s equations.

The Faraday’ s law and the Ampere’ s law are
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VXE:—E;—f = iwpoH, (2.12)
D
VxH:%?:4M@E+m. (2.13)

Substracting H from above equations gives

—W*P + (*k* — WHeE = 0. (2.14)

By combining Eq. 2.8 and Eq. 2.14, we can get the simultaneous equation as

2 2 2
W — wy Ng° /M P |
[ w? (w? — c*k?)eg E | 0. (2.15)
The condition to solve the simultaneous equation is
2 2 2
W — W Ng-IM _
w? (w?* — kg 0, (2.16)
which gives
wt - (w% + 2k + qu/eoM)eoa)2 + w%czkzeo =0. 2.17)
The solution is
1
LN 242 2 e M e, 212 - N JeM | zzkz2 218
w—i[wo+c + Nqg~/e ]i Z[w0+c + Nqg~ /e ]—a)oc , (2.18)
which is plotted in Fig. 2.6.
w ;{(g’ "%
Q“O@\/’/
T w = ck
Phonon-like
Vw >+ NqlegM —eemmrmmreanes SR
Wo b ; oo e
Phonon-like
'//' N (<]
0\0(\,\\‘@
)
k

Figure2.6 Dispersion relation of phonon-polariton in a bulk.



24 Chapter 2 Theoretical studies on SPhP thermal transfer in Si0,/Si layered syetems

The dispersion relation of the coupling between the lattice vibration and the electromagnetic
waves is plotted in solid lines in Fig. 2.6. The dispersion relation has two branches, one starting
from along the light line (photon-like behavior) and saturate along the acoustic mode of phonon
(phonon-like behavior), and the other one starting from the optical mode of phonon (phonon-like
behavior) and increases along the light line (photon-like behavior). The energy gap between two
branches (pink zone in Fig. 2.6) corresponds to the region where the wave vector is pure imaginary
and evanescent mode.

In the next section, we show the dispersion relation of surface phonon-polaritons.

2.3 SPhP dispersion relation calculation
2.3.1 SPhPs at a single interface

Surface phonon-polaritons are phonon-polaritons found particularly at the interface of dielectric
materials. In a dielectric material, the bound charges polarize as outside forces or thermal energy
makes charges to vibrate. According to two different types of polarizations, phonons, quanta of
vibrational energy, are categorized as acoustic phonons and optical phonons.Acoustic phonons
are the major carriers of heat and although optical phonons contribute negligibly to the thermal
transport for its small group velocity, they easily couple with electromagnetic waves as their large
polarization displacements generate electromagnetic waves. This coupling of optical phonons and
electromagnetic waves in the range of resonant frequencies are surface phonon-polaritons. Suface
phonon-polaritons are known to propagate along the interface and decay exponentially along the

cross-plane direction, and those waves can be described by Maxwell’s equations in matter:

V-D=p, (2.19)
V-B =0, (2.20)
OB
VXE=—— 221
X TR (2.21)
VxH:J+aa—lt), (2.22)

where D = eE and B = uH. Here we consider the situation of the free point charge and electrical
current, p = 0 as well as J = 0.
We first consider an infinite single interface in Figure 2.7. We take x and y axis along the

interface, and z axis perpendicular to the interface. Media 1 and 2 have a dielectric constant,
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which is defined as the following complex quantity:

€j=12 = €R,j — l'EI,j. (223)

.y X (811“1)
(E2,12)

z=0

Figure2.7 Schematic of the cross-sectional view of a single interface between medium 1 and
medium 2. (€, 1) and (&, y,) refer to dielectric functions and permeabilities of media 1 and 2
respectively.

When electric fields and magnetic fields fluctuate with time, they take forms of;

E(r,t) = E(r)e', (2.24)
H(r,t) = H(r)e'™'. (2.25)

Replacing Egs. 2.21 and 2.22 with electric field and magnetic field described above gives

V x E + iuwB = 0, (2.26)
V x B - iewB = 0. (2.27)

Applying rotor to both Eqgs. 2.26 and 2.27 yields

(V2 + pew)E = 0, (2.28)
(V2 + pew®)B = 0. (2.29)

Since TM mode is predominant for surface waves and propagates along the x axis, E; is inde-

pendent of y and Eqs. 2.28 and 2.29 are then reduced to
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PE.;
7 p;Ex;=0, (2.30)
Ho- —iwe; OF, ; 231)
» pz. oz’ ’
—iB OE, ;
— , 2.32
while p; is defined as
p; =B - €k, (2.33)

where j=1,2, kp=w/c and c is the speed of light in vacuum. To derive the dispersion relation,
we discuss the continuity on the interface region where z = 0 to set the boundary condition for

solving. The continuity of the electric field writes:

Eq1=Eqp. (2.34)

The continuity condition of the magnetic field yields:

B+ 2E, =0 (2.35)
D1 P2
We have the following solution:
g2, (2.36)
pPr P2

Together with Eq. 2.33, Eq. 2.36 leads to the dispersion relation of:

g=2 |22 (2.37)
Cc € +6&

In order to have surface modes localized at the interface, S as a real number, the dielectric

constants should satisfy the following condition:

€6 <0, +6 > 0. (238)

As an example, we consider vacuum as medium 1 and SiO, as medium 2. The important
parameter defining the materials for SPhP is their dielectric function. The dielectric function for
vacuum is € = 1. Figure. 2.8 shows the plot of the real and imaginary parts of the dielectric

function of SiO; [12].The relative permittivity of SiO, is complex and frequency-dependent.
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Figure2.8 Real (eg) and imaginary () parts of the relative permittivity of SiO, reported in Ref [12].

€; has its peaks at about 87 Trad/s and 202 Trad/s which indicates that the SiO, absorbs signifi-
cant energy from the electromagnetic field at those frequencies. On the contrary, the minimum of
€ at 174 Trad/s indicates that modes can propagate for relatively large distances within the SiO,,
at this frequency without being absorbed. According to Eq. 2.37, the dispersion relation is plotted
for vacuum-SiO, interface (Fig.2.9a).

The real part of the wave vector Sz becomes larger than the light line, meaning that the sur-
face waves are localized at the interface (evanescent in perpendicular direction to the interface),
typically at the two dips of € at 89 Trad/s and 207 Trad/s. Therefore, those frequencies are con-
sidered as SPhP resonance frequencies. The vicinity of the minimum of €; and the main dip of g
are expected to contribute the most to the SPhP thermal transport. The imaginary part of the wave
vector, S, also possess the important information on SPhP propagation. The mean free path of
SPhPs is defined as inversely proportional to the imaginary part of the wave vector, and is called

propagation length [55]:

1
281

The propagation length is is defined for SPhPs at the vacuum-SiO; interface in Fig. 2.9b.

A (2.39)
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2.3.2 SPhPs in a film

Next, we consider the SPhP dispersion relation in a film configuration. Figure.2.10 shows the

schematic of the system. A single film of thickness d is surrounded by media 1 and 3.

AZ

(&1,49) Z=d/2

dI (€ 1) 0
(534-’3) z=-d/2

v

Figure2.10 Schematic of the cross-sectional view of a thin film of thickness d, surrounded
by medium 1 and medium 3. (€;,u;) refers to dielectric function and permeability of medium
j=13.

Basically, Egs. 2.30, 2.31, 2.32 can be again used to derive the dispersion relation, but with
boundary conditions applied at both z = d/2 and z = —d/2. This combination yields the dispersion

relation as below,

_pa(pie + pse)

tanh(p,d) = > 5
D>€1€3 + p1p3€;

(2.40)

Detailed calculations can be found in [56]. When the film is surrounded by the same media,

€1 = €3, Eq. 2.40 leads to two cases;

pad D2€1

tanh(228y = _ 2281 (2.41)
2 P&
d
tanh(22%y = _ 212 (2.42)
2 D2€1

(2.43)

Equation 2.41 is a branch which gives odd magnetic field and Eq. 2.42 is a branch of even
magnetic field. Since even branch gives longer propagation length[57], we consider from now

on only the even branch. When the film is thick enough, meeting p,d/2 >> 1, Eq. 2.42 can be
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simplified to:

pi1& + prep =0, (2.44)

which is exactly the same as the case of the single interface. On the contrary, When the film
thickness is thin enough, p>d/2 << 1, Eq. 2.42 can be then simplified to:

rd__pa (2.45)

2 pe

Again, as an example, we consider vacuum as media 1 and 2, and SiO, as medium 2, assuming
a Si0; film suspended in vacuum. The dispersion relations of SPhPs in a film of different thick-
ness of 100 nm and 1 ym are plotted in Fig. 2.11a. In both cases, the dispersion relation was
below the light line, meaning evanescent modes, in most of the frequency range. As the thickness
decreases, the curve approach closer to the light line and almost superposed. Figure. 2.11b shows
the propagation length of SPhP in a SiO, film. The thinner the film is, the longer the propaga-
tion length since there is less material to absorb the energy, and SPhP at the top interface and the
bottom interface of the film can couple strongly inside the film before decaying completely in the

cross-plane direction.
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2.3.3 SPhPs in a three-layer system

From now, we demonstrate the dispersion relation calculation of three-layer structure(Fig.
2.12).

t Z
(&4,147) z = h/2+d

d { (&x00) Z = h/2
h (E3,U3) X

v

d | (Exly) = -h/2
(€5,15) z =-h/2-d

Figure2.12 Schematic of the cross-sectional view of a three-layer system. Medium 3 of thick-
ness h, sandwiched by medium 2 thickness d, is surrounded by medium 1. (ej,u;) refers to
dielectric function and permeability of medium j = 1 3.

Again, Egs. 2.30, 2.31, 2.32 are used to derive the dispersion relation. The continuity of fields
as boundary conditions were applied at z = —d — h/2,—-h/2,h/2 and d + h/2. This yields the

dispersion relation as:

283[S 12 + tanh(p2d)][S 12tanh(prd) + 1]

tanh(psh) = — ’
anh(psh) [S12 + tanh(p2d)PS 35 + [S 12tanh(pad) + 117

(2.46)

where S ., = pm€i/€npPn-

2.3.4 SPhP in a SiO,/Si/SiO, three-layer system

In the following discussion, we consider SiO; as medium 2, Si as medium 3, and vacuum as
medium 1. Both SiO, and Si are common materials in semiconductor industries and compatible
with existing fabrication technologies. We particularly consider the case where the Si layer is
relatively thick in micrometer range, so that the configuration can guarantee mechanical stability
compared to suspended nano-films. SiO, acts as the polariton active media while Si is treated
as non-absorptive material with the dielectric function of €3 = 11.7. The dispersion relation of
S10,-Si-S10; three-layer system is plotted in Fig. 2.13a. The thickness of SiO, and Si are set to
d = 1um and h = 10um respectively.
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The dispersion relation has multiple branches. This is due to the term, fanh(psh) in Eq. 2.46.
Since h is realtively thick, we cannot apply the simplifications and the equation does not reduce
to the linear relation, thus giving several solution or branches. The propagation length of each
branch are plotted in Figure. 2.13b Each branch has different propagation length, and 1st branch
shows the longest propagation length, even longer than that of a suspended SiO, film case in most

of the frequency range.

2.4 Numerical simulations of SPhPs in SiO,/Si structures
2.4.1 Computational cell

The numerical simulations were computed using Finite Element Method (FEM) simulation
software named "COMSOL”. It solves the Maxwell’s equations in each mesh, taking into account
certain boundary conditions. The advantage of using the simulation is that one can derive the wave
vectors of electromagnetic waves in the system as a result of Maxwell’s equations at each point,
therefore we applied it to cross-check the validity of the analytical calculation on the dispersion
relation for three-layer systems. Figure.2.14a shows the computational cell that we developed.
It is a basic two-dimensional model with the cross-section of SiO,-Si-Si0O, three-layer system
surrounded by air. The thickness of each layer is 1 um and 10 um for SiO, and Si, respectively.
The boundary of the computational cell was set to PML (Perfectly matched layer) to absorb the
incident electromagnetic waves encountering the boundaries. Input wave of a certain frequency
was injected from the side of the top SiO, layer. Another input was the dielectric function of each
material. The dielectric function of air and Si were €,;,,=1 and €5;=11.7, and the dielectric function

of Figure. 2.8 was applied for SiO,[12].
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2.4.2 Derivation of wave vectors

The wave vectors were derived by Fourier transform of the electric fields. We obtained the
profile of electric field along the interface between SiO, on top and air, which propagates and
decay in the in-plane direction. Such field typically has the plane wave term of ¢**#*_ Fourier

transform of this field is:

, 1 i
FlePribir] = : . (2.47)
V2n k+iBr + Br
The real part is:
1 Bi

Re(F [P Pr]) =

. 2.48
V2r (k = Br)* + B (248

Equation. 2.48 is typically called the Lorentzian function. The wave number at the peak cor-
responds to the real part of the wave vector, while the full width at half maximum corresponds
to the imaginary part of the wave vector(Fig.2.14b). The Fourier transform of the electric field
obtained at the interface was fitted by the Lorentzian function to derive both S and ;. Br gives

the dispersion relation and §; gives the propagation length for each frequency.

2.4.3 Comparison of the wave vectors obtained from the analytical calcula-
tion and the numerical simulation

Figure. 2.15a shows the dispersion relation obtained for SiO,(1 pum)-Si(10 um)-SiO,(1 um)
by both analytical calculation and numerical simulation. The solid lines refer to the analytical
solutions, while the dots show what we obtained by numerical simulation. The numerical simu-
lation also showed several branches, and both results met a good agreement. Figure.2.15b shows
the propagation length obtained by both methods. Again, both results met a good agreement for
each branch. The propagation length longer than 1800 um were not fited properly since the com-
putational cell has length limitation at 1800 um. These results demonstrate the validity of our

analytical calculations of a Si0,/Si/SiO, three-layer system.
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2.5 SPhP thermal conductivity
2.5.1  SPhP thermal conductivity of a SiO, film

In this section, SPhP thermal conductivity k of a SiO, film is calculated according to Eq. 2.1.
In Fig.2.16a, the thermal conductivity of SiO; films of different thicknesses are plotted dependent
on temperature. As we saw in Fig.2.11b, the propagation length of a film increases by orders
of magnitude as the film thickness decreases due to less absorption inside the material. There-
fore, the in-plane thermal conductivity of SPhP which is dependent on the propagation length,
also increases dramatically along with the thickness reduction. For the thickness of 1 um, k ~0.4
mW/m.K even at 700 K and is negligible compared to the phonon contribution, while for the
thickness of 50 nm, k& is already comparable with the phonon contribution at 300 K. The tempera-
ture dependency is shown as well in the figure. In any thickness case, the thermal conductivity is

higher at higher temperature.

2.5.2 SPhP thermal conductivity of a three-layer system

For the S10,-Si-S10; three-layer system, the thermal conductivity has contributions from each
branch. Figure. 2.16b shows the thermal conductivity of each branch and sum of them as "Total”
thermal conductivity for the SiO,(1 um)/Si(10 um)/SiO; three-layer system. The 1st branch with
the longest propagation length contributes the most to the total thermal conductivity at ~ 75%.
The higher the order of branch, the lower the contribution to the total thermal conductivity, ~ 16%,

~ 5.8% for 2nd and 3rd branch respectively.
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Figure2.16 a SPhP thermal conductivity of SiO, film of different thicknesses d against tem-
perature. b SPhP thermal conductivity of each branch for SiO,(1 um)/Si(10 pgm)/SiO, three-
layer system against temperature. Total thermal conductivity corresponds to the sum of the
thermal conductivity of each branch.
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2.6 SiO, thickness dependence of SPhP thermal conductivity
of a 3-layer system

We investigated the SiO; thickness dependence of SPhP thermal conductivity of Si0,-Si-S10,
three-layer system. Regarding the effect of the film thickness reduction for a single film case, the
SPhP thermal conductivity enhancement is expected by reducing the thickness of polariton active
media, SiO; in this three-layer system case. Figure. 2.17a shows the SPhP thermal conductivity
of three-layer system of different SiO, thickness, while the Si thickness is fixed at 10 um. As
expected, thinner the SiO, layer is, higher the SPhP thermal conductivity is. In Fig. 2.17b, we
compared the SiO, thickness dependence of the SPhP thermal conductance for a SiO, film and
S10,-Si-Si10, three-layer system cases. The thermal conductance was defined as:

w

= % wLH thﬁR%dw, (2.49)

with W and L being the system width and length, respectively. The impact of SiO, thickness
reduction is weaker on the three-layer system since the total thickness of the system is much larger
than SiO; thickness. We found that for SiO, > 150nm, the SPhP thermal conductnace is higher
for the three-layer system compared to that of a film. It indicates that a micrometric structure can
achieve comparable or even higher thermal conductance than a film case, and this is technically
interesting finding since it had been always believed that thickness of the system should be thinner

to yield high thermal conductance, although such thin suspended film is mechanically unstable.
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2.7 Sithickness dependence of SPhP thermal conductivity of
a three-layer system

In this section, we report the Si thickness dependence of SPhP thermal conductivity in Si0,-Si-
SiO, three-layer systems. Our hypothesis was that when the thickness of Si is small, especially
smaller than the typical wavelength of SPhP, the coupling between the SPhP at the top interface of
Si and the SPhP at the bottom interface of Si becomes stronger, providing the longer propagation
lengths therefore higher thermal conductivity. Figure. 2.18 shows the thermal conductivity of the
three-layer systems with different Si thickness 4. SiO, thickness was fixed at 100 nm. Contrary
to our hypothesis, the system with thicker Si showed higher thermal conductivity. To investigate
deeper, the dispersion relation is plotted for different Si thickness in Fig. 2.19a. Only the first
branch is chosen for comparing its largest contribution to the thermal conductivity. For thickness
thinner that the typical wavelength for SPhP, ~10 um, the dispersion relation is more along the
light line in vacuum especially at lower frequencies, and start to separate and approach the light

line in Si, as the thickness becomes larger, especially for higher frequency range.
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Figure2.18 Dependence of SPhP thermal conductivity to Si thickness 4 in Si0,/Si/SiO, three-
layer system. SiO, thickness is fixed at 100 nm.
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For thickness larger than 10 um the dispersion curve is along the light line in Si. The red line
for 4 =100 ym and the blue line for 4 =50 um are superposed on the light line in Si. The SPhP
propagation lengths for different Si thicknesses of three-layer systems is plotted in Fig.2.19b.
Again, SiO;, is fixed at 100 nm and the 1st branch is only taken into account. The thicker Si shows
the longer propagation length for most of the frequency range which leads to higher thermal

conductivity.

2.7.1 Oblique propagative waves inside Si

For further understanding of SPhP propagation inside the three-layer system for thick Si, we
used FEM (Finite Element Method) simulation software named "COMSOL” to visualize the elec-
tric field. With the same computational cell as shown in Fig.2.14a, we set the Si thickness as 100
um. The wave with frequency of 172 Trad/s was input on the sidewall of top SiO, of 1 um thick-
ness. Figure. 2.20a shows the y component of electric field propagating in the positive direction
of the x-axis. It indicates that the electromagnetic wave input is partially propagating inside Si
with an oblique angle. As this oblique wave reach the interface between Si and the bottom SiO,,
it partially excites in-plane waves at the interface, the rest of it is reflected. The reflected oblique
waves reach the interface of Si and the top SiO, and activates the in-plane surface waves while
being reflected partially again, and keep propagating in that manner.

Those oblique propagative waves result from the difference of refractive index between SiO,
and Si. According to the Snell’s law, the incident light entering from the media with the refractive
index np, into the media with the refractive index n, at an angle of 6y, is refracted by an angle of
6, (Fig.2.20b) and this refracted angle of 6, is defined as;

0, = arcsin(ﬂ sin 6;). (2.50)
ny

As the SPhP propagates along the interface, the incident angle is 90° which gives the refracted
angle of 6, as 6, ~ 34° for the frequency of 172 Trad/s. We assumed that this oblique propagative
waves returned to the interface excite surface waves and therefore provide longer propagation
length since oblique waves do not lose energy while traveling in Si, a nonlossy material. In
order to prove the contribution of oblique propagative waves, we investigated several different
configurations; SiO; layer on a Si substrate (infinite thickness), SiO, layer on a Si film with Si

thickness smaller than the wavelength of the oblique propagative waves.
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2.7.2 SiO, layer on a Si substrate

We conducted an analytical calculation of the dispersion relation and numerical simulations on
the configuration of SiO; film on a Si bulk substrate. The computational cell is shown in Fig.
2.21a. SiO; layer of 1 um thickness is placed on top of Si with infinite thickness. As shown in
Fig.2.21b, The oblique propagative waves propagates into deeper Si and are not reflected back to
the interface between SiO, layer and Si substrate to excite again surface waves.

Figures 2.22a and b are the dispersion relation and the propagation length of SPhP in the
same configuration respectively, obtained by both analytical calculation and numerical simula-
tion. There is only one branch for this configuration and propagation length is always less than 1

mm.

2.7.3 SiO, layer on a Si film

Another configuration is Si0; layer on a Si film thin enough to prevent the existence of oblique
propagating waves. For frequencies in the range of 50 Trad/s ~ 250 Trad/s where the SiO, per-
mittivity has resonances, wavelengths in Si are in the range of 2.2 yum ~ 10.9 um. The wavelength
of 2.2 um gives the refractive angle of 14.6°. When the Si film is thinner than 1 um, with the
angle above, the oblique length is smaller than half of the wavelength of 2.2 um, therefore no
oblique propagative waves can exist inside Si. Figure.2.23a presents the computational cell of nu-
merical simulations for the corresponding configuration. As seen in the electric field distribution
shown in Fig. 2.23b, the oblique propagation waves do not exist inside Si and it works more like
a waveguide.

Dispersion relation and propagation length of SPhP in the configuration, obtained by both ana-
lytical calculation and numerical simulation are plotted in Figs. 2.24a and b respectively. Again,
the dispersion relation has only one branch, since the dispersion relation can be simplified to a lin-
ear relation for a thin enough Si. The propagation length at this frequency range is mostly below

1 mm and shorter than the case in which Si is thicker to accommodate oblique propagating waves.
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Figure2.21 a Computational cell for FEM simulations of a SiO, layer on a Si substrate. SiO,
is of 1 um and Si of infinite thickness. Boundary condition is set at perfectly matched layer
(PML). Electromagnetic waves of certain frequencies were introduced from the side of the top
Si0O; layer. b Electric field distribution in SiO, (1 um)/ Si substrate structure.
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2.7.4 Further scan of the Si thickness

We calculated the SPhP thermal conductivity for wider range of Si thickness in order to fully
understand the Si thickness dependence. For thinner Si, there are two regimes; The regime in
which the evanescent coupling is predominant and the regime in which the oblique propagative
waves are predominant. Figure. 2.25 is a plot of thermal conductivity for Si thinner than 2 ym.

When Si thickness is thicker than 1 um and capable of accommodate the oblique propagative
waves, this contribution is predominant. Therefore the SPhP thermal conductivity reduces as the
Si thickness is decreased. However, for thinner Si in which the oblique propagative waves do not
exist, the thermal conductivity is enhanced as the Si thickness is decreased. This is due to the

stronger coupling of evanescent waves at the top interface of Si and the bottom interface of Si.
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Figure2.25 Thermal conductivity due to SPhP for Si0,/Si/SiO, three-layer systems depend-
ing on temperature. SiO, thickness is 100 nm.
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Figure2.26 a Dispersion relation and b in-plane propagation length of SPhP for SiO,/Si/SiO,

three-layer systems with various Si thickness. SiO, thickness is 100 nm.
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Figure. 2.26a shows the dispersion relation for various Si thickness. The light line in Si, the
h = 100 um case, and the 4~ = 50 um case are superimposed. When the Si is thinner than 1
um, the curve is more along the light line in vacuum and similar to a single film case. As the Si
thickness becomes thicker, or the wavelength in Si becomes shorter compared to the thickness,
the dispersion curve starts to depart from along the light line in vacuum and approach the light
line in Si. This is the indication of the emergence of the oblique propagative waves inside Si.
Figure. 2.26b shows the propagation length of each case. The case of 2 = 0.1 um has propagation
length as long as the case of 4~ = 10 um due to the strong evanescent coupling. We plotted the
in-plane propagation length and the cross-plane decay length inside Si, for the first and the second
branches, in Fig.2.27a and Fig.2.27b respectively. Both the in-plane propagation length and cross-
plane decay length decreases as the Si thickness is reduced from 10 um. However, the propagation
and the decay lengths start to increase once the Si thickness is less than ~ 1 ym (~ 2 um for the
second branch). This is typically the half of the wavelength inside Si. When the Si thickness is
smaller than half of the wavelength, the evanescent coupling becomes predominant. The smaller
the Si thickness is, the stronger the evanescent coupling is, thus, the in-plane propagation length
and the cross-plane decay length becomes longer for thinner Si. The minimum peak in the in-
plane propagation length causes a minimum peak on the in-plane thermal conductivity as well.
Figure 2.28 shows the sum of thermal conductivity given by the first and the second branches for
different Si thicknesses.

Despite all the discussion above, it is unlikely that the thicker the Si, the higher the SPhP thermal
conductivity for any semi-infinite thickness of Si. We scanned the thermal conductivity for even
thicker Si and found a peak at Si thickness 7 = 140 ym (Fig. 2.29). The reduction of thermal
conductivity for Si thicker than 140 um is possibly due to decoupling of SPhPs at the top and the

bottom interface.
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2.8 Conclusions

In this chapter, we explore the SPhP propagation in three-layer systems, specifically, SiO,-Si-
SiO; 3 layer systems. The SPhP thermal conductivity of this configuration is enhanced as the
thickness of SiO, reduces, due to less absorption in the active polar material. For the Si thick-
ness dependence of SPhP thermal conductivity, we found two different regimes; (1)The regime in
which the evanescent coupling is predominant and (2)the regime in which the oblique propagative
waves are predominant. (1) regime is when Si is thinner than any wavelength in Si, in the range
of frequencies where SiO, permittivity has resonances, which is approximately ~ 1 um. In this
regime, the SPhP thermal conductivity is enhanced as the Si thickness is reduced, due to stronger
coupling between evanescent wave at the top interface of Si and the bottom interface of Si. (2)
regime is when Si is thicker than wavelength in Si for at least some frequencies. In this case, we
witness waves inside Si, propagating with oblique angle which corresponds with the refractive
angle defined by the refractive index difference between SiO, and Si. This oblique propagative
wave propagates inside Si without energy loss, and excites surface waves when it reaches the
interface. As the Si thickness increases, the oblique propagative wave can travel for longer dis-
tance without losing energy before reaching the SiO, interface, which yields longer propagation
length. This leads to higher SPhP in-plane thermal conductivity with thicker Si. This finding is
counter-intuitive since it had been believed that thinner structure is always better to yield high
SPhP thermal conductivity, although such structure is mechanically unstable and not realistic for
applications. Our results of Si and SiO, thickness dependency give insights to thermal design of

the transistors and various other semiconductor devices.
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Chapter 3

Experimental measurement setup

3.1 Introduction to experimental work of previous studies

In this chapter, we will introduce experimental researches conducted regarding the SPhP in-

plane thermal transport, and their methods of measuring in-plane thermal properties of the sample.

3.1.1 The measurements of in-plane SPhP contribution to thermal conduc-
tion

Along with theoretical predictions of the in-plane component of SPhP enhancing the thermal
conduction in nanofilms, several experimental demonstrations were reported [16, 17, 15]. Wu et
al. have experimentally demonstrated SPhP thermal tranport inside SiN film using micro time-
domain thermoreflectance (uTDTR) [15]. They used an optical approach to obtain the thermal
property via sample reaction to the optical signals over different temperatures. The micro time-
domain thermoreflectance setup is shown in Fig. 3.1a, consisted of 2 different lasers. One is a
probe laser for monitoring the changes in the reflectance coefficient of the aluminium pad on the
sample due to temperature changes, and the other is a pump laser which gives a pulse to the pad to
periodically heat up the sample. In the work of Wu, Y. et al., they placed the aluminum transducers
on SiN films of four different thicknesses (30, 50, 100 and 200 nm) and measured in 300 ~ 800
K conditions. For films thicker than 100 nm showed the measured thermal conductivity of film
decreasing with the elevation of temperature, which indicates the phonon conduction is more
predominant in relatively thick films (Fig. 3.1b). However, thinner films of 30 and 50 nm showed
the thermal conductivity enhancement along with the temperature elevation. This is clearly due to

the increasing contribution of SPhP over the reduction of phonon conduction.



Chapter 3 Experimental measurement setup

a
. Detector
N
Osciloscope
»
Light \
y . Camera
Probe laser ‘
Q
' Pump laser
Objective'f
G Vacuum chamber
Cryostat
Sample
Linear stage
b —_~
§ 2.0r u
n
8 ° u " ° : - o
T</ - ] L [ ] ‘ m
= [ ] o BN . o o o
E . .
k 15’ e N
>'“ | | [ [
:-g ¥ * L4 " . ° =
[$] L] * DS
S 1.
5 1.0 -;-f---% ----------- i 5
o a a . . LK I 4
« 4Lt A * e
£ - . A, T, AR T
5 A
g 05l « d=30nm .
g L = d=50nm ~
N a
= + d=100nm Lo
E A A A 4
5 a d=200nm
Z 0.0c_. ‘ . ‘ ‘ 7
300 400 500 600 700 800

Temperature (K)
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Another work on the SPhP thermal conduction of nanofilms is reported by L. Tranchant, et
al.. They demonstrated the thickness dependence of SPhP in-plane thermal conductivity in SiO,
film. They used both optical method and electrical method, a transient grating technique and a
3w method respectively. The transient grating technique is a non-contact measurement without a
need of heater or transducers, in which two lasers crossed at the sample film give an interference
pattern as a spatially periodic temperature profile [58]. The electric measurement on in-plane
thermal transfer is based on the general physics that electric resistance varies with temperature.
Therefore, it requires a metal wire for joule heating and for monitoring the electrical resistance
changes due to temperature changes. 3w method is named after AC modulated input signal at
lw, producing the resistance change at 2w, given a component modulated at 3w which is filtered
by a Wheatstone bridge and a lock-in amplifier [59]. tranchant2019two observed the in-plane
thermal conductivity increasing with the reduction of SiO, film thickness with both transient

grating technique and 3w method (Fig.3.2).
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Figure3.2 Normalized in-plane thermal conductivity of SiO, film as a function of film thickness [16]
As for 3w method, it is also possible to measure the in-plane thermal transfer through a nanos-

tructure by integrating an electrical sensor. Shin et al. have achieved far-field coherent thermal

emission in the regime of SiO, resonance, by tuning the thickness and width of a SiO, [17]. They
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investigated the optimized thickness and width which is smaller than the skin depth and compara-
ble to the thermal wavelength respectively, in order to suppress incoherent emissions and increase
the coherent emission(Fig.3.3).

In their setup, they also built up a differential circuit on both heater and sensor side. For sensor
side, they input DC signal and filtered 2w signal to extract the electrical resistance modulation
due to the heat dissipation from the heater. They have observed the enhanced thermal radiation
losses in higher temperature and longer nanoribbons, and experimentally derived the emissivity
of the nanoribbons (Fig. 3.4a). The nanoribbon with the width of 6.28 um yields 8.5-fold higher
emissivity compared to the thin film of the same thickness and the infinite width, due to the

coherent resonant effect of SPhP (Fig. 3.4b).

Is,DC

1t lock-in Suspended SiO, ribbon I

R, 2nd lock-in % R,

L

Figure3.3 Schematic of the device and the electrical setup for temperature modulation mea-
surement. Platinum heater and sensor are integrated together with a Si0O, nanoribbon in be-
tween [17].
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3.1.2 The measurements of in-plane SPhP contribution to radiative heat
transfer

The cross-plane component of SPhP contributing to the near-field radiative heat transfer is
mentioned in the Chapter 1. This near-field radiative heat transfer can overcome the Planck’s
blackbody limit when the separation is smaller than the dominant wavelength. Another condi-
tion for overcoming the blackbody limit is the dimensions becoming smaller than the wavelength,
typically in nanoscale [60, 61]. Since SPhPs can enhance thermal conduction in nanofilms, the
in-plane energy of SPhPs, emitted by one body and absorbed by another, could contribute to the
radiative heat transfer over Planck’s limit, even in the far-field regime. The first experimental
demonstration of in-plane SPhP contribution to the far-field radiative heat transfer was the work
by D. Thompson, et al. [18]. They have measured the enhanced radiative heat exchange between
SiN thin planar structures via electrical measurement. Figure. 3.5a shows their platform with
two SiN thin planar structures suspended by 4 beams and Pt thermometries on to. When the
thickness of the structure becomes smaller than the thermal wavelength, as predicted by Planck
himself, radiative heat transfer exceeds Planck’s blackbody limit. They demonstrated this theory
experimentally, by introducing the concept of the absorption cross-sections, which explains the
experimental data well (Fig. 3.5b).

The same group has demonstrated the concept of thermal switch by the in-plane SPhP propagat-
ing along nanofilms [62]. They positioned a set of the emitter and the receiver of SiN nanofilms
above another SiN membrane, which works as a modulator. They modulated the gap distance
between the set of the emitter and the receiver and the modulator while measuring the radiative
conductance between the emitter and the receiver (G..,). As the gap distance decreases, Ge.p, 1S
reduced, with enhanced heat losses through near-filed radiative heat transfer between the emitter

and the modulator (Fig. 3.6).
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Figure3.6 Measured radiative conductance G, , as a function of gap size for the 524-nm-thick
(red) and 3.3-p m-thick (green) SiN modulator. [18].

The highly sensitive 3w method is beneficial especially for measuring radiative thermal transfer
between two separated systems. In our experimental work, we utilise the electrical measurement,
combining 3w method with Wheatstone bridge, in order to achieve highly sensitive setup to ob-
serve SPhP in-plane thermal transfer between separated systems through a gap, which is explained

in details in the following chapters.
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3.2 Experimental setup and device fabrications
3.2.1 3 w method coupled with Wheatstone bridge

For detection of radiative thermal transfer through a gap, high sensitivity measurement setup
with separated platforms for a heater and a sensor is required. 3w method is a method in which
AC modulated input generates temperature modulated temperature, thus electrical signals also
modulating at a certain frequency so that the signal can be filtered to achieve high sensitivity.
When a current of I = Iycos (wt) = IyRe(e™") is input into an electrical resistance of the heater,

Ry, the input power given by Joule’s law is

Pinpus = Riol” = Rioly cos® () = Py [1 + cos Qwi)] = PycRe(l + e, 3.1

while P, = %Rholg. Meanwhile, Joule heating generates temperature elevation, leading to the

electrical resistance increases which can be described as below.

R(T) = Ry |1 + a(T = To) + B(T - To)* + ...] . (3.2)
.

(To) B = R"(Tp)
R(To) > 2R(To)

ambient temperature and T — Ty = AT} 4 + Re(Th2,e%¢"). This resistance changes induce the

The coefficients are defined o = as temperature derivatives, while T is the

voltage on the resistance elevated accordingly.

Vi=RI = Vo[l +a(T = To) + BT = To)* + ... |Re(e™), (3.3)

where V) = Rylp. Assuming that contributions from higher than the third order are negligible,

the voltage above can be rewritten as,

v, =V, [1 +a(T = To) + (T - To)z] Re(e™) = Re(V, e + Vi,e?@ + Vs, ). (3.4)

In the end, the relation between the voltage terms and temperature rise is

1
Vo =Vo [1 + cyATh,dc +ﬁAT/idc + E(a + zﬁATh,dc)TZw + §|Th,2w|2] R (35)
v
Vi = 2 [(@+ 288T 100 i + ST, (3.6)
v
Vsw = —BT2,. (3.7)

4
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The coeflicients are defined from the calibrations curve of V,, for different temperatures by

measuring the V,, at high frequency where 7}, 5, 1s negligible and V,, can be reduced to as follows,
Vilw — 00) = Voo, = Vo(1 + AT} 4¢ +,3ATidc). (3.8)
Here, we defined a coefficient S as @ + fAT) 4. = VS The coefficient S can be obtained by
Veo
S :a2—4/3(1 ——). (3.9)

The temperature elevation by Joule heating on the heater side 7}, »,, is derived from the 3w signal

and the coeflicients:

Viw Th20 Thow\
= $] £ ‘1
Vo VS > + ,3( > ) , (3.10)

Th,2w =

VS +4ﬁv3w/V0 - \/E (3 11)
,8 . .

On the sensor side, small d.c. current (/) is input to detect the sensor voltage (V) elevation by

the sensor resistance (R;) increase due to the heat flux coming from the heater, oscillating at 2w,

V=R, = Vy [1 +a(Ty — To) + B(Ty — To)* + ] : (3.12)

Taking account that s — Ty = AT 40 + Re(TAg,zweZi“’t ), the sensor voltage is rewritten,

V, = V,, + Re(Va,e?@ + Vy, e, (3.13)
where
_ » B 2
Vm - VSO I+ a/ATs,dc +ﬂATS’a'C + §|Ts,2w| s (314)
V2w = Vs0 (a + 2ﬂATs,dc) Ts,2an (315)
Vi
Vi = TOﬁTS%Zw. (3.16)

The coefficients are defined by the calibrating V,, by temperatures at high frequencies:

Vi(w = ) = Voo = Vio(1 + ATy 4 + BAT? ). (3.17)
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The coefficient S was defined again o + BAT,;. = VS and derived by S = o? — 48 (1 - “;—T)) The

temperature elevation on the sensor side due to the heat flux from the heater side was obtained by

V.
Ts,2w = 20 .
\/§sz

In order to achieve a highly sensitive thermal measurement setup, especially on the sensor side,

(3.18)

we have coupled the 3w method with the Wheatstone bridge. The heater resistance was connected
to the half-bridge and the sensor side to the full-bridge (Fig.3.7).

Both bridges were balanced at the beginning of the measurement. On the heater side, only the
voltage changes due to the temperature increases remain after being filtered by the third differ-
ential amplifier. The V3, which gives T}, the heater temperature elevation, is finally filtered
by a lock-in-amplifier. On the sensor side, the voltage signal due to the temperature changes are
detected at between point A and B (V). Assuming the voltage on the fixed resistance of R; as

V1, solving the Wheatstone bridge circuit gives Vyp as,

RyVy = Ry, V)

A
R2+Rsp (3 9)

Vap =

Since V = V,,+Re(V,,e*“ +V,,,e*“"), V45 can be also described as V3 = Wy +Re(Wa,e? +

W4, Typically, 2w component Vs, which gives T 5, is

Ry
Vow =11+ Wow- (3.20)
Ry

This signal is filtered again by a lock-in amplifier connected in between the point A and B.
Therefore, the temperature rise on the sensor, 75, can be rewritten using the actual detected

signal of Wy,,:

Ry,\ W,
o0 = (1 + p) e (3.21)
R2 \/§VSO

Figure. 3.8 shows the probe station in which the sample is positioned with 4 probes (2 on the

heater side and 2 on the sensor side) probing the electrodes of the heater and the sensor.
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Heater Sensor

Figure3.7 Electrical circuit schematics of our setup of 3w coupled with Wheatstone bridge
technique. There is a differential circuit on the heater side and a Wheatstone bridge on the
sensor side to filter 3w and 2w signal respectively.

Figure3.8 Picture of the probe station of 3w coupled with Wheatstone bridge setup. Four
probes are integrated in the sample chamber, which is pumped to be vacuum.
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Figure. 3.9 shows devices and equipment consisting the setup. Two lock-in-amplifiers (LIA)
filter the 1w signal and the 3w signal at each output of the differential amplifier on the heater
side. The LIA at the output of the differential amplifier on the R, monitors 1w component in order
to calculate Rjo. The LIA at the output of the third differential amplifier filters 1w component
and 3w component in order to minimize the differential 1w component and to calculate AT}, 4¢ amp
respectively. On the sensor side, 2 nanovoltmeters measure Vg, and Vg, to derive Ry and I,
therefore R;,. Another voltmeter measures the DC component between the bridge for balancing.
The LIA filters 2w component between the bridge. The temperature in probe the station chamber
is manipulated by a temperature controller, varying from the room temperature to 400 K.

A specific labview interface is built up for this setup. What is unique about this interface is that
it scans the parameters: temperature of the probe station, Ac amplitude and frequency of the input
current, DC current input, by remote controls. This allows us to extract TCR for each parameter

conditions, instead of reusing the value which was obtained for one certain condition.

Heater
side

Figure3.9 Picture of the equipment and devices of 3w coupled with Wheatstone bridge setup.
The abbreviation "LIA” stands for lock-in-amplifier.
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3.2.2 Device design and thermal model

The thermal property was measured using our 3w coupled with Wheatstone bridge setup, there-
fore the fabricated device was consisted of a heater platform and a sensor platform suspended by
beams, with a metal heater and a metal sensor integrated on each platform. Figure 3.10a shows the
schematic of the device. The device was fabricated from a silicon-on-insulator (SOI) wafer with
top device layer of Si (10-um thick), oxide layer of SiO, (2-um thick), and bottom handle layer
of Si (400-um thick). The handle layer was removed underneath the device in order to suspend it.
The heater and the sensor were integrated by depositing thin metal wires symmetrically. Both Si
plates are sandwiched by SiO, nanolayers, which generate SPhPs, and integrated with platinum
(Pt) thermometers on top. A sinusoidal electrical current /(w) is applied to the Pt thermometer of
the hot plate, causing temperature rise due to Joule heating. The radiative heat flux emitted from
the hot plate is absorbed in the cold plate. The resulting modulated temperature rise on the cold
plate is calculated from the voltage fluctuation at 2w measured by flowing a d.c. electrical current
1,;. along the thermometer. The hot plate and the cold plate were separated by a gap of ~ 10 um
(Fig. 3.10b). Each Si plate had two extra beams used for thermal passes during the deep reactive
ion etching of Si layer. The extra beams were cut by focused ion beam (FIB) at the end of all
the fabrication process to achieve a high thermal isolation, thus high sensitivity to the temperature
modulation.

Effective gap thermal conductance was calculated by using the input power (Pgy.) on the heater
side, Tho, and T,,, derived as explained in the section 3.2.1. Using the input power on the
heater, the gap conductance between the hot and the cold plate (G,), and the losses through the
supporting beams (Gy) and radiation (Gjeg), One can solve the thermal circuit equations as below

due to the energy conversion (Fig. 3.10a):

Pyc = Go(Th — To) + Go(Th — T) + Gioss(Th — Tp), (3.22)

Gg(Th = Ts) = Go(Ts — To) + Gioss(Ts — To), (3.23)

where G, G, and Gy, are thermal conductance of the beams, through the gap and of radiation

losses, respectively. Equations above can be recalculated as

Py = (Gb + Gloss)(ATh + ATS)’ (324‘)

(ATy + AT)G, = (Gy + Giogs)AT,. (3.25)
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Therefore, the gap thermal conductance can be obtained as

Ts,Za)

dc—>H> 5
2 _ 72
Th,2w Ts,2u)

Gy =P (3.26)
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T ——

Figure3.10 a Schematic of the device. Each Si plates are suspended by two support beams.
The right bottom inset is the zoom-in on the hot and the cold plate. b Scanning electron
microscope (SEM) images of the top view of the device and the zoom-in on the region marked
with the rectangular box. After all the fabrication process, the extra beams were cut by focused
ion beam (FIB). The actual size of the gap is measured to be g =10.7 um
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Sample fabrication

4.1 Fabrication techniques

The fabrication of the device can be roughly divided into 3 steps; backside etching, front side
metal patterning, and front side Si structure patterning. Figure. 4.1 shows the schematic of fabri-
cation process flow.

The SOI we used had the top device layer of 10 um thick Si, the box layer of 2 um thick
Si0;, and the handle layer of 300 ym thick Si. The wafer was first processed by the backside
etching by deep reactive ion etching (DRIE) of a Bosch process (Fig.4.1(1)—(2)). An aluminium
mask was used to leave a large suspended area of the 10 um thick device layer. The DRIE back
etching process was followed by RIE process to remove the 2 um thick SiO, box layer with
CHF; gas (Fig.4.1(2)). Then the sample was processed in the thermal oxidation (Fig.4.1(3)). It
was a dry process with O, gas flow of 1.5 L/min. For each SiO, thickness of 30 nm, 70 nm
and 200 nm, the process conditions were 850 °C 90 min, 1000 °C 90 min and 1100 °C 180
min respectively. After oxidizing both the front and backside of the top 10 um thick Si layer,
we deposited chromium/platinum resistors of 10 nm/100 nm thick by lift-off (Fig.4.1(4) — (6)).
Chromium of 10 nm was under the platinum (Pt) resistors as an adhesion layer. Silicon and
oxide layers were etched according to the pattern drawn by photolithography (Fig.4.1(7)—(8)).
The layers were etched by RIE, with SFq and CHF; gas for Si and SiO, layer respectively. The
suspended Si0,/Si/Si0O; structures with heater or sensor resistors were fabricated. The remaining
photoresist was cleaned by the O, plasma process (Fig.4.1)(9)). The details of the techniques and

machines we used for fabrication are introduced in the following subsections.
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(1) (2)  Backside etching ()  Thermal oxidation

Si SiO,

SiO,
Si
Al
Mask for metal pattern Metal deposition (6) Metal lift-off

B H ﬁ
(7) Mask for Si pattern (8) SiO, and Si etching O, plasma cleaning

Figure4.1 Schematic of the fabrication process flow, showing the cross-sectional view of wafer sample.
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Laser photo lithography

Lithography is a method to print the pattern. Later, this pattern will work as a mask for metal
deposition or etching of the material underneath. The wafer is first coated by a polymer resist
which is sensitive to light or electron beams. Once it is exposed to the light or beams, the chemi-
cal in the resist changes its formation and becomes either soluble or resistive to the certain solvent.
The former type is named “positive” photo resist, while the latter is named “negative” photo resist.
This process is called “development” and the solvent is called ”developer”. Figure. 4.2a shows
the schematic of the photo lithography technique using positive photoresist. In our fabrication, we
used photo lithography with positive photo resist (AZ1500 series) sensitive to UV light. The pho-
tolithography machine we used was laser drawer, uPG101Heidelberg, which enables the direct
writing of the pattern onto the photoresist without the need of photomasks. Figure. 4.2b shows

the tabletop machine.

Deep reactive ion etching (DRIE)

Reactive ion etching is a technology to remove the material either by chemical reaction between
ions of the injected gases and the material atoms, or by physically sputtering the material with the
ions. For etching of Si, the SFg plasma is used to chemically create the gas of SiF, and detach Si
from the surface. However, this process is isotropic etching. In order to etch Si anisotropically in
depth with high aspect ratio, a particular etching method called Bosch process is needed. Figure.
4.3 shows the schematic of this Bosch process. It has etching step and passivation step switched
to one another by quickly changing the gas injection. In the step of etching, Si is isotopically
etched by SFg ions. In the passivation step, a Teflon based layer is deposited on surfaces by C4Fg
plasma. In the beginning of the next etching step, directional etching is conducted to remove the
passivation layer at the bottom caused by ion bombardment, however, sidewalls will be protected

to achieve etching of high aspect ratio.
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a
(1) (2) UV light 3)

Vb

Resist

HEIDELBERG

iINSTRUMENTS

Figure4.2 a The schematic of photo lithography process. (1) The sample surface is coated
with photo resist, using spin coater. Positive photo resist is used in this schematic. (2) The
resist is exposed to UV light while masked by a photomask. The exposed area becomes soluble
to the developer. (3) After the development, resist under the photomask, which was not exposed
to the UV light, remains. b The laser writer for photo lithography, uPG101Heidelberg
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Figure4.3 The schematic of Bosch process. [19]

Figure4.4 The DRIE machine.
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Metal deposition

For metal deposition, we used electron beam (EB) deposition system. Figure. 4.5 shows the
inside of the EB deposition machine. The sample is fixed at the sample holder with its surface
facing down. The electrons emitted from the filament will be directed to the target by magnetic
field, and the target will be sputtered. The sputtered vapors will fly to the sample surface to form

the deposition.

Sam*pllé"‘-?“
holder

Figure4.5 The inside of the EB deposition machine.
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4.2 Fabrication processes

In this section, we give explanations to each step of the fabrication flow.

Backside etching

In order to suspend the structure of the device layer in the end, the bulk of the handle layer
has to be removed by etching it from the backside. This backside etching requires DRIE of a
few hundreds of um thick Si. Under such long etching process, a mask of photo resist cannot
survive till the end. Therefore, we used Al mask for this particular DRIE step. Aluminium of
100 nm thickness was deposited on the backside of the SOI wafer, and laser photo lithography
was used to pattern the backside Si to be etched. Aluminum was then etched by an Al etchant
(mixture of acetic acid, nitric acid, and phosphoric acid) according to the photoresist masking.
This corresponds to the step (1) in Fig.4.1. Then, we etched the handle layer by DRIE machine
shown in Fig.4.4. This is followed by the removal of the box layer of SiO, by RIE using CHF,4
gas. This corresponds to the step (2) in Fig.4.1.

Thermal oxidation

In order to finally have a suspended structure of SiO,-Si-S10; three-layer system, we thermally
oxidized the sample at this point (Fig.4.1, step (3)). We cleaned the sample carefully and put it
into the oxidation furnace (Fig. 4.6). Thermal oxidation was conducted under dry condition with
O, gas injections at 1000 °C for 90 minutes. The thickness of oxide layer was confirmed to be

approximately 76 nm by interferometry method (Fig.4.7).

Frontside metal liftoff

In order to have metal wires as a micro-heater and a micro-sensor, metal patterning was done by
liftoff process. The laser photo lithography was used again to pattern the metal pattern (Fig.4.1,
step (4)). After the development, we removed SiO; layer in the open area by BHF to have no
oxide layer under the metal. The metal of Cr, 10 nm thick, and Pt, 100 nm thick, were deposited
using EB deposition machine (Fig.4.1, step (5)). Chromium was deposited as a adhesion layer.
The photo resist was then removed by acetone to lift-off unnecessary metal in surrounding area
(Fig.4.1, step (6)).
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Frontside Si structure patterning

In order to have fully suspended structure of SiO,/Si/SiO, three-layer system, front side pat-
terning and etching are needed, leaving the heater and the sensor platforms and suspension beams.
The laser photo lithography was used to pattern the frontside Si pattern to be etched (Fig.4.1, step
(7)). Then, top oxide layer was removed by RIE CHF, plasma, followed by DRIE of 10 um thick
Si, and again the etching of bottom SiO, layer by RIE CHF; plasma. We got suspended SiO,-Si-
Si10; three-layer system, protected by photoresist (Fig.4.1, step (9)), at the end of the process. The
sample will go through FIB process of cutting the heater platform and the sensor platform apart

with a gap, then the photoresist protection was finally removed by RIE O, plasma.

i |
-
|
|

Figure4.6 The thermal oxidation furnace.
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Figure4.7 The result of thermal oxide layer thickness obtained by the interferometry. The
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Chapter 5

Results and discussions

5.1 Resulis

The measured G, between Si plates (Si-only system) is shown in Fig.5.1a (blue circles) for
different holder temperatures. It increases with the holder temperature as it is an expected behavior
of radiative heat transfer. The measured G, for Si0,/Si/SiO; (3-layer) system of different SiO,
thicknesses are shown in Fig.5.1b. The experimental G, of Si-only system shown in Fig. 5.1a are
also plotted in comparison. The G, for three-layer system increases with the holder temperature
for all the SiO; thicknesses, indicating the heat exchange is due to radiative heat transfer. Although
difference between three SiO, thicknesses was not clear, G, for three-layer system were almost

twice as higher than that of Si-only system.
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Figure5.1 Experimental gap thermal conductance for a Si-only system b SiO,/Si/SiO,three-
layer system with SiO, thickness of 30, 70 and 200 nm, compared with that of only-Si layer
device. Theoretical estimation of the far-field radiative heat transfer between SiO,/Si/SiO,
structure with a maximum SiO, emissivity (pink region) is much smaller than the experimental
G,.
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5.2 Discussion

5.2.1 Temperature distribution on the hot plate

a b
= 320-
3 315
~
g
=]
® 310+
(9]
Q.
£
(0]
2
z 305 —— Pt wire
y _____ g
I<x Emitting surface Emitting surface
300+
0 1 2 3 4 5

Figure5.2 a, Schematic of the computational model for the temperature distribution on the
hot plate. The 10 um-thick Si layer (in grey) is sandwiched with SiO, layers (in blue) of 200
nm in thickness. The temperature on the Pt wire and on the emitting surface are computed. b,
Temperatures on the Pt wire and on the emitting surface.

To confirm that the temperature measured on the platinum (Pt) thermometer is equivalent to the
temperature of the emitting surface of the hot plate, we determined the temperature distribution
over the hot plate by using FDTD simulation. The computational system consists of a 10 um-thick
Si sandwiched with the thickest (200 nm) SiO, layers, as shown in Fig. 5.2a. By using a sinusoidal
current with an oscillating frequency of 1 Hz to generate Joule heating, the time evolution of the
temperature of the Pt wire and the emitting surface are calculated and shown in Fig. 5.2b. One
can see that both spots are at the same temperature, which indicates that the temperature measured
by the Pt thermometer represents an accurate estimation of the emitting surface temperature. This
result is expected to apply for all modulation frequencies f= 1-100 Hz used in our experiments.
As for all of the frequencies, the diffusion length u = W of the excited thermal waves is
greater than the distance between the Pt wire and the emitting surface (20 um). For instance, as
the system consists of Si mainly, its thermal diffusivity & ~ 80 mm?/s, u =12732.4 um (127.3 um)
for f=1 Hz (f=100 Hz) and therefore the thermal waves travel from the Pt wire to the emitting

surface with practically no attenuation. This is the reason why these two spots exhibit nearly the
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same temperature field. Regarding the time constant, the longest dimension of the hot plate island
is L = 96 um, which yields the time constant of 7 = L?/a ~ 0.12 ms [63]. This also proves that
the frequencies of 1-100 Hz we used for the measurement was in the range to guarantee a uniform

temperature on the hot plate island.

5.2.2 Far-field radiative heat transfer between finite bodies

The theory for far-field radiative heat transfer is well-established by Stefan—Boltzmann law. It
describes the heat flux radiated from a body with the emissivity of €, g, is proportional to 4th

power of the body’s temperature,

q=eoT?, 5.1

where o is the Stefan—Boltzmann constant. The power exchanged between the surface i and j

is described as,
g = o6Fi(T} = T}) = cAjeF j(T; = T)), (5.2)

where F;; is a view factor, which is a geometrical function to indicate how much heat fluxes

leaving one surface can reach the other surface. It is given by

1 cos ¢; cos 0; 1 cos 6, cos 0;
Fij = X —szldAj,Fﬂ = A_ —sz]dA,, (53)
1 A,' Aj ﬂ.rij J A; A r

J Ji
where A; ; is the surface areas of each surface, 6; ; is the angles between the surface normals and
a ray between the two differential areas. The distance between the differential areas is r;;. The
relationship A;F;; = A;Fj; is always satisfied. The heat fluxes from N numbers of surfaces can be

written in a matrix form as

N N
J= J=

where y;; = —F; j(ejT' —1). Here, we consider 3 surfaces as shown in Fig.5.3a, in which the emit-
ter with the emissivity and the temperature of (€;,7) and the receiver with (e,,7,) are positioned

in vacuum with ambient temperature of 7,,,,, exchanging heat fluxes.
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Figure5.3 a Schematic of the emitter and the receiver exchanging heat flux. b The view factor
typically for our device geometry (a = 78 um and » = 10 um) for different gap distance.
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The emitter and the receiver are in the same geometry, corresponding with our device so that

their opposing surfaces have same areas, A; = A, = ab. Applying this condition to Eq. 5.4 gives,

X1l X12 X13 q1 FIZ(Tf_Tg)“LFB (Tf_ijb)
X2 X2 X3 || @ |=0| Fn (T§1 - Tf) + Fa3 (T§ - Timb) ; (5.5
Xt xn x4 F3 (T2, - T + Fy (T2, - T7)

while F; = F,,. Since Z’;’: ( Fij = 1 and A;F;; = AF; are satisfied, the view factors between

the device surfaces and the ambient surface can be written as

Fi3=1-F,
Foz=1-Fy =1-Fp, (5.6)
Fy3=1-F31 —F»=1-ApFi3—-AxF;x=1-2A;3(1 - Fy),

where A;; = %. The y;; in Eq. 5.17 are

X1 X12 X13 ' —F(&' - 1) 0
X21 X2 X3 | = —Fio(g' = 1) &' 01, (5.7)
X311 X32 X33 —Ap(1-Fp)eg'-1) -A(-Fp)&'-1) 0

since €,,c = 1. The equation above gives

@D = &' - Fhg' - D|o(T} - T}, - oF (T3 = Th,), 58
qu = [61_1 — F%z(q_l — 1)] O'(Tg - Tgmb) - O-FIZ(T? - T:;mb)’

1,.-1

where D =€ '€," — F 122(61_1 - D(g ' —1). Since the heat exchange between the emitter and the

receiver is g1 = Fip [0'(Ti1 - T;‘) + (62_1 - g, - (el‘1 - l)ql], q12 can be described as,

(Fl—zl_l)[

g2 = €0 (Tf'—T;)+
€16

e(T} = Th) — (T3 = T ¢ (5.9)
where €' = €' + &' — 1 + (F)] — De;'e'. In our case of the device with only Si layer,

€1 = & = €5; therefore above equation can be reduced to

€S0 (Tit - Tg)

—_—. (5.10)
F1_21 +1-¢

qi2 =

One can see that it is independent of 7,,,. The gap thermal conductance between the emitter

and the receiver via far-field radiative heat transfer (FFRHT) is,

q12
T,-T,

GFrrruT = (5.11)
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For the configuration of opposing rectangles, the view factor is defined typically as

2 (1 + x2)(1 +y?) _ X _ y
Fip=—1|1 + x4/l +y2tan | —— |+ y VI + X2 tan”' | —
2 ﬂxy[n\/ 1+ x2+)y? * yoran V1 +2 Y Ll Vit 2

—xtanx~! — ytany‘l] ,
(5.12)

where x = ¢ and y = IE’. The view factor for our device geometry of a = 78 um and b = 10 um
is plotted for different gap distance in Fig.5.3b.

To quantitatively evaluate the experimental data, we calculated the gap thermal conductance
based on the far-field radiative heat transfer theory, between Si opposing blocks and plotted with
the experimental result as shown in Fig.5.4. We implemented the geometric view factor corre-
sponding to our device geometry and the gap size derived from Fig.5.3b. The experimental data is
well-fitted when Si emissivity is €; = 0.7 ~ 0.9. This result shows that the gap thermal conduc-
tance between Si-only device can be explained using the classical Planck’s fa-field radiative heat

transfer.
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Figure5.4 Experimental gap thermal conductance for the device with only Si layer (blue cir-
cles), compared with that predicted by the far-field radiative heat transfer theory (lighter blue

region).
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5.2.3 Far-field radiative heat transfer between 3-layered bodies

Here, we show the calculation of the far-field radiative heat transfer between Si0,/Si/Si10, 3-
layered structure, of which schematic image is displayed in Fig. 5.5a.

The exchanged heat flux is

(A1 + A2)q123-456 = QA1 + A2) [q123-4 + G123-5 + G123-6]
= A1 [q1a + q15 + qi6] + A2 [qoa + Gas + qoe] + A1 [g34 + @35 + q36] 5.13)
=241 [q14 + q15 + qi6] + A2 [2G24 + qo5] '

=24, [41 - 6117] +A; [Q2 - 6127],

since we assume g1 = g2 = q13 = g21 = q22 = q23 = 0,924 = o6, and g; = Z;\Izl qij 1s satisfied.
The exchanged heat flux is defined as g;; = F;; [0' (Tf - T;.‘) + (ej?l - 1) qj— (el.‘l - 1) q,-], which

describes g7 and ¢,7 as

q17 = F17 [0' (Tg - T;‘zrmb) + (Ee_vlac - 1)(]7 - (61_1 - 1)6]1] = F17 [0' (Tg - Tgmb) - (61_1 - l)ql]

g2 = Fyy [0’ (T;lt - T;mh) + (eevac - 1)q7 — (62_1 - 1)q2] = Fy [0’ (T;lt - ijb) — (62_1 — 1)q2] .
(5.14)

Applying these g7 and g7 to Eq. 5.13 gives

2[1+Fir (' = 1)| g1 + Ax [1+ Fr (6" = 1)| g2 - 0 QF17 + Ay Fo) (T} - T2 )
2+ Ay

q123-456 = .
(5.15)
The heat flux g, 2 can be derived by solving Eq. 5.4, which is, in this case, as follows

4 _ 74 4 _ 4
0 0y 011 an (Fia + Fi5 + Fi) (Th _Tc)+F17 (Th _Tamb)
1 14 X155 X16 q1 4 4 4 4
2 (2F2 + Fps) (T} = TH) + Fyr (T} - T
0 ¢ 0 x4 Xx25 xu O q2 s 4 ‘ 4 " 4 amb4
0 0 ' xi6 xi5 xu 0| g (Fia + Fis + Fie) (Th - TC) +Fi (Th B Tamb)
X4 Xi5 Xie € O1 0 0| gs |=0| —(Fua+Fis5+Fie) (T2 - Tf) +Fg (Tf = Tams
X2 x»s xau 0 & (_)1 0 (| g5 —(2F4 + F»s) (T2 - Tf) + Fyy (T? - ijb)
Xie xis xia 0 0 € 0] g6 —(Fi4+ Fi5 + Fig) (Tfl' - Tf) + Fi7 (Tf - ij;,)
X711 ox12 o xn o oxn oxn o xn 111 g7 |

2Fn + Fr) {(T2 - Tsmb) + (T? - ijb)}
(5.16)
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Please note that €,,, = 1, € = & = & = &, and & = € and by assuming that F;; = 0 and

Fi1p = Fi3 = Fy3 = Fy45 = Fu4¢ = F56 = 0, the view factor matrix is

Fin Fio Fi3 Fu Fis Fig Fip 0 0 0 Fuy Fis Fig Fi7
Foi Fan Fy Fy Fys Fy Fo 0 0 0 Fy Fos Foy Fpy
Fy1 Fzp F33 Fiy Fis Fi Fy 0 0 0 Fi Fis Fu Fpy
Fyn Faoo Fi3 Fay Fius Fa Fag |=| Fiu Fi5 Fig O 0 0 Fyy
Fsy Fs; Fs3 Fs4 Fss Fsg Fsg Fr Fys Fy O 0 0 Fy
Fei Fer Fe3 Fea Fes Feo Fer Fie Fis Fiy 0 0 0 Fpy
| Fn Fpp F73 Fuy Fis Foe F77 | | F11 Foo Fpy Fjo Fpo Fqi Fpp
(5.17)

Since Z]Jy:l Fi; = 1 and A;F;; = A;F; are satisfied, as well as Ay = A3 = A4 = Ag = ab and
A, = As = ad, the view factors between the device surfaces and the ambient surface can be written

as

Fi7=1-Fi4—Fi5 - Fie,
Fap=1—Fy—Fos —Fyy =1—-2F4 — Fos, (5.18)
F77 =1—-4F7 —2F7 =1 -4A;7F 17 — 2AF ;.
All the view factors can be expressed by F4,F5,F6,F24 and/or F,s. The view factor F4 and
F»5 can be calculated according to Eq. 5.12 and other view factors can be derived by solving the

view factors’ algebra.

ArFayy = AyFyp = A1 Fs, (5.19)

(A1 +A2)F1245 = (A1 + A2)(F12-4 + F12-5)
=A4F4_10 + AsFs_ o
= Ay(Fa1 + Fa2) + As(Fs51 + Fsp)
= A1(F14 + 2F5) + Ay F s,

(5.20)

(2A1 + A2)F123-456 = (2A1 + A2)(F123-4 + F123-5 + F123-6)
= A4F4_123 + AsFs_123 + AgF6_123

5.21
=A4(F41 + Fao + F43) + As(Fs1 + Fsp + Fs3) + Ag(Fe1 + Fer + Fe3) (5-21)
= 2A1(F14 + 2F15 + F16) + A2F25.
Therefore,
Foy = ApF s,
(5.22)

1
Fis = 3 [(1+Ax)F12-45 — A2 Fos — Fr4],
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1
Fis = 5 [(1 + A21)F12-45 — A21Fa5 — Flal, (5.23)
A A
Fie = (1 + %)F123—456 — (I +A)F12-45 — —221 Fos. (5.24)

The view factors, Fjp_45 and Fiy3_45¢ can be also calculated from Eq. 5.12. The gap ther-
mal conductance between Si0,/Si/SiO, 3-layered structure via far-field radiative heat transfer is

finally,

q123-456
G FFRHT 3-layer = T, T. (5.25)

In order to investigate the origin of the higher G, for Si0,/Si/Si0, three-layer system, we cal-
culated the far-field radiative heat transfer between three-layer system (Gpjanck 3-layer), accounting
for the geometric view factors and assuming the emissivity of SiO, layer to be 1, to evaluate the
maximum predicted G,. The result is plotted in Fig. 5.5b in comparison with the experimental
G,. However, the elevation of the predicted Gpianck 3-layer by having 2 additional SiO, layers was
insufficient to fit the experimental G, for three-layer system due to the small impact coming from
more than 50 ~ 300 times thinner SiO, layer than Si layer. It is clear from these data that the dis-
agreement between the G, for three-layer system and G, of Si-only system cannot be explained

by the classical far-field radiative heat transfer theory.
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Figure5.5 a Schematic of the emitter and the receiver of 3-layered structure, exchanging heat
flux. b Experimental gap thermal conductance for SiO,/Si/SiO, three-layer system with SiO,
thickness of 30, 70 and 200 nm, compared with that of only-Si layer device and the theoretical
estimations of the far-field radiative heat transfer of three-layer system (Gpjanck 3-layer) plotted in
green zone. The theoretical calculation Gpianck 3-1ayer, derived with the maximum SiO, emissiv-
ity, is much smaller than the experimental G,.
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5.2.4 Near-field radiative heat transfer contribution to the measured gap con-
ductance

To investigate heat exchanges due to other than the classical far-field radiative heat transfer, we
evaluated the contribution of near-field effects. We calculated the near-field radiative heat transfer
between infinite Si plates, separated by a vacuum gap of 10 um. The heat transfer coefficient per

unit area is [64, 3]:

k9 ( ho \ImlrlIm[r,le 20
hp = — dk— 2
NF Zfde 554 aT( ) , (5.26)

T )
: T _ ol ol 20 3d|
i=s.p eks 1 |1 ry e

where s, p correspond to s- and p-polarization, 1,2 and 3 are for emitter, receiver and vacuum

in between, respectively. Further, y3 is a cross-plane wave vector in vacuum, 7 Fresnel

3132 18
reflection factors. The G, for evanescent wave through gap was calculated by the heat transfer
coeflicient derived above multiplied by the actual cross-section area for our device (Fig. 5.6). It
is less than one order of magnitude lower than far-field radiative heat transfer between Si rect-
angular surfaces. Since it was calculated between infinite plates, actual near-field effects in our
experiments can be predicted even lower. Therefore, the contribution of near-field radiative heat

transfer to the measured G, is negligible.
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Figure5.6 The gap thermal conductance by near-field radiative heat transfer. The conductance
was calculated between infinite Si plates separated by a vacuum gap of 10 um
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5.2.5 SPhP guided modes

To investigate the origin of the discrepancy between the measured G, of the three-layer system
and the measured G, of the Si-only system, we analysed the SPhP energy propagation inside the
three-layer system.

We first calculated wave vectors in the system (the details are discussed in the Chapter 2, the
section 2.2). The relative permittivity of SiO, shown in Fig. 2.8 was used. Silicon has a constant
and real permittivity of e5; = 11.7. The relative permittivity in a vacuum, €,,., was set as unity. We
defined the SPhP in-plane wave vector along the interfaces as a complex wave vector, 8 = 3, + iB3;
and the cross-plane wave vectors in each medium as pyac, pPsio, and ps;.

Once the Maxwell’s equations with the proper boundary conditions are solved and the in-plane
wave vector (8 = B, + i3;) and the cross-plane wave vectors (pyac, Psio,» Psi) are derived, electric
fields and magnetic fields were expressed. We visualized the in-plane Poynting vectors inside the
structure and compared with that inside the pristine Si film of 10-u thickness as shown in Fig. 5.7
and Fig. 5.8.

We found that the in-plane Poynting vectors of three-layer system mainly exist inside Si layer,
although SPhPs are excited by SiO, nanolayers. Remarkably, we also found that in-plane SPhP
energy present guided resonant modes inside Si. The 1st branch has the largest amplitude, con-
tributing the most to the energy transfer. The Poynting vector profile does not significantly differ
for the Si film and the three-layer system with d = 30 nm and d = 200 nm. We calculated the
dispersion relation and the propagation length spectrum in both configurations as reported in Fig.
5.9. In Fig. 5.9a, the coloured solid lines are the first to fifth modes in the three-layer system, and
the dashed lines are the modes in the 10 ym-thick Si film. Figure 5.9a shows that the dispersion
curves of the three-layer system match the ones of the silicon film except in the vicinity of the
polariton resonances, where slight differences appear. The propagation length spectrum in the
three-layer system reported in Fig. 5.9b reveals the basic difference between the pristine Si film
and the three-layer system. While the Si film has negligible absorption (zero imaginary dielectric
function), the three-layer system appears as significantly absorbing in the full spectrum. These re-
sults and also the arguments in Chapter2.6.1 indicate that, due to the thick Si layer, SPhPs project
oblique waves inside Si layer and hybridize with the guided resonant modes inside Si layer. Since
Si is non-absorptive, the thick Si layer act as a wave guide and most of the energy is distributed
inside Si layer. Although this guided resonant modes exist also in pristine Si film, we have to
note that the calculations of dispersion relation, absorption spectrum and in-plane Poynting vector

were based on the assumption that there is an input of waves propagating along the interface.
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Figure5.7 Poynting vector in the in-plane direction. The Poynting vectors were calculated
inside a the Si film and the three-layer system with b d = 30 nm. The calculations were done for
the frequency w = 203 Trad/s, at which the SPhPs have the strongest cross-plane confinement.
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However, in our experiments, those modes cannot be excited thermally without the presence
of Si0; nanolayers which excite SPhPs that propagate along the interfaces. The guided resonant
modes can only be thermally excited if absorption is large enough to couple heating to the elec-
tromagnetic field. Consequently, those modes are only contributing to the gap conductance when
SiO; nanolayers are thermally activating them while remaining unexcited in the case of the non-
absorbing pristine Si film. Figure 5.10 shows mapping of the in-plane Poynting vector outside the
three-layer structure. The calculation was gained with FEM simulation using the software named
"COMSOL”. A plane wave was input into the edge of SiO, nanolayers. The density mapping
shows that SPhP guided modes inside Si are emitted mainly into the in-plane direction.

According to the discussions above on SPhP guided modes inside the Si layer, propagating
mainly in the in-plane direction, we consider the two-dimensional conductance of SPhP guided

modes in the next subsection.
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Figure5.10 Density mapping of SPhP in-plane energy. It shows how the electromagnetic flux
is emitted from the hot plate along the in-plane direction mainly. The calculations were done for
the frequency w = 203 Trad/s, at which the SPhPs have the strongest cross-plane confinement.
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5.2.6 Two-dimensional conductance of SPhP guided modes

To evaluate the gap conductance in the three-layer system, we consider, firstly, the contribution
of Planck’s radiation that was proven in the case of the pristine Si film. As explained above, a
second contribution should be added to the gap conductance to take into account in-plane guided
resonant modes that are thermally activated only in the case of the three-layer system.

To derive this second contribution, we take into account the wave vector space as shown in
Fig.5.11.

Figure5.11 Wave vector space. In our SPhP model, the radiation energy is assumed to propa-

gate in x axis direction, 6 = 0.

We start with the definition of the heat flux as established by the classical theory of far-field

radiation where only the in-plane azimuth angle ¢ is taken into account, as

_ dE _ dE
 dydzdt  dyBdt

dgq AE = hwf(w)D(w)dwdg, (5.27)

where B is the total thickness of the plate, 7 is the Planck’s constant, w the angular frequencies,
f(w) the Bose-Einstein distribution function and D(w) the density of states. The density of states

can be written as

dxdydp*  dxdydk*  dxdy dxdy
= = dk(kde) =
h? (2m)? (2rm)? (kdg)

D(w)dwdp = (2nc)

wdwde, (5.28)

where p = fik and k = ¢. By combining Eq. 5.28 and Eq. 5.27, the differential of the heat flux

can be rewritten as

dE dx dE fiwe w

9= pdx dr ~ dxdyB = B T Gnen

dw cos ¢dd. (5.29)
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Integration of the above equation yields the heat flux as

—t[m he aﬂf@@dwaﬂzam¢d = I3 (5.30)
1= Jo CrorB e |

3
where oop = 4¢ (3)0% W m~!'K~3. Therefore, the gap thermal conductance in the in-plane direc-

tion which is our model for the gap thermal conductance of SPhP, Gspyp, is

q eoopa(T) - T7)
T,—-Ts Ty, — T

Gsphp = , (5.31)

€3_layer
F~1+1 —€3-layer

emissivity of the three-layer system.

where € = , a is the width of the plate, F' refers to the view factor and €3.jayer to the

We evaluated Gsphp according to Eq. 5.31 with the view factor of F'=0.9 —1.0. Since the energy
was mainly distributed inside and emitted from the Si layer, we set €3.jayer ~ €5 = 0.7 —0.9. The
thermal radiation through the gap consists of the far-field radiation between the facing surfaces and
of the radiation caused by SPhPs, which yields the following total thermal conductance through
the gap.

G= GPlanck, 3-layer T Gsphps- (532)

We derived G by summing Gpianck, 3-1ayer (Shown as a green zone in Fig.5.5b) and Gspyp as in
Eq. 5.32, and plotted in Fig.5.12b as a red zone. The result shows that G = Gpjanck, 3-1ayer + Gsphps
is in a good agreement with the G, obtained for three-layer system. It indicates that by exploiting
the radiative heat transfer by SPhP guided modes, we can obtain the heat exchange beyond what

can be predicted by the classical Planck’s theory of far-field radiative heat transfer.
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Figure5.12 Measured thermal conductance through the gap between two Si plates sandwiched
with SiO, nanolayers (three-layer system), plotted with Eq. 5.32 for the gap thermal conduc-
tance of the three-layer system (Gpianck, 3-layer+Gsphp), shown in red zone. The view factor used
in the calculation of Ggprp was F = 0.9 — 1.0 to be appropriate for the in-plane propagation of
SPhPs.

5.2.7 Influence of Pt resistors on SPhP propagation

We solved Maxwell’s equation in the presence of the Pt layer of 100 nm thickness and calculated
the in-plane Poynting vector, as shown in Fig. 5.13. Although the energy at the interface between
the top SiO, and the Si layers are slightly higher due to the reflection at the Pt layer, the in-plane
Poynting vectors with and without the Pt layer do not show the substantial difference. Thus, we
confirmed that the influence of the Pt thermometer on the energy inside the three-layer structure

is negligible.
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5.3 Conclusion

In this section, we measured the gap thermal conductance for SiO,/Si/SiO, three-layer sys-
tem and compared with that of the system with only Si layer. The result for the Si-only system
met a good agreement with the conventional far-field radiative heat transfer prediction while the
obtained conductance for the three-layer system was approximately twice higher than that of the
Si-only system and beyond the prediction of the classical Planck’s theory of far-field radiative heat
transfer. We analysed the SPhP propagation inside the three-layer system and found that SPhPs
excited inside the SiO, nanolayers hybridize with the resonant guided modes of thick Si and
propagate mainly inside Si layer. This finding was counterintuitive because SPhP was believed
to propagate only at the interface of absorptive materials. By implementing the two-dimensional
conductance based on the results showing that SPhP guided modes mainly propagate in the in-
plane direction, we could fit well the measured gap conductance of the three-layer system. The
radiative heat exchange over the Planck’s limit has been only possible with either the separation
distance or dimensions of the bodies are smaller than the dominant wavelength, and the latter
condition was experimentally achieved using absorbent materials which can excite SPhPs.

However in our work, we experimentally demonstrated that the super-Planckian far-field radia-
tive heat transfer is possible with non-absorbent bodies just by coating them with an absorbent
material, due to the SPhP guided modes. This outcome was derived with rathre simple geome-
try, and thus, will provide new insights to thermal management in semiconductor fields for wide

applications.
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General conclusions and prospects

In our work, we studied SPhP propagation and thermal transport inside Si0,/Si/SiO, three-
layered system and how it can contribute to radiative heat transport.

In theoretical studies, we investigated dispersion relations and in-plane propagation length of
SPhP in SiO,/Si/Si0, three-layered system. As the SiO, layers become thinner, propagation
length becomes longer due to less absorption within SiO, layers, thus higher thermal conductivity.
We found that SPhP thermal conductance in Si0,/Si (10 um thick)/SiO, three-layered system can
be higher than that of a single SiO; film when SiO, thickness is thicker than ~ 150 nm. This is
an interesting finding, since it has always been believed that the thinner the structure, the higher
the SPhP thermal conductance. We also investigated Si thickness dependence and remarkably we
found that there was a minimum propagation length, thus thermal conductivity when Si layer is
thinner than ~ 1 gm. Our simulation results indicated that for thicker Si, there exists propagative
waves inside Si which is a projection of SPhPs generated in SiO, layers. This propagative waves
inside Si couple with guided resonant modes of Si and result in efficient energy transport in in-
plane direction. Once Si layer is thinner than half of a wavelength in Si, propagative waves can
no longer exist and SPhPs generated in upper and lower SiO, layers couple only by evanescent
components inside Si. They couple stronger as Si thickness decreases, causing the minimum in
the in-plane thermal conductivity.

The SPhPs coupled with Si resonant guided modes play a very important role in radiative heat
transfer as well. Most of in-plane SPhP energy is distributed inside the non-absorptive Si layer
via SPhP guided resonant modes and is emitted mainly in in-plane direction.

This led to radiative heat transfer between Si0,/Si (10 um thick)/SiO, three-layered systems,
overcoming the Planck’s blackbody limit in the far-field regime.

This is remarkable since we showed that the in-plane SPhP propagation can still contribute to

the super-Planckian radiative heat transfer when the geometry is a multilayer structure including
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a thick non-absorbent material which does not excite SPhP.

We demonstrated that the super-Planckian radiative heat transfer is achievable with relatively
simple and large structures thanks to SPhP guided modes, and this finding gives new insight to
thermal management in semiconductor fields.

However, taking advantage of SPhP guided modes in thermal management applications, espe-
cially for efficient cooling of the local heat spot in transistors, still remains challenging. The gap
thermal conductance of SPhP guided modes is only twice higher than the blackbody limit, and as
for heat conduction inside the system, the absolute values of thermal conductance are orders of
magnitude lower than the thermal conductivity of the bulk Si. This study is physically important
and interesting, but still needs further improvements in an application point of view.

Though, another significance of this work is that SPhP worked as an input into the Si wave
guide. Silicon slab used as a mid-infrared waveguide is a well-known technology in photonics
[65, 66, 67, 68]. But, in their studies, Si slab is in nanometric size, and the input is by a laser. In
contrast, our results showed that heat can excite SPhP in SiO, that can eventually act as an input
into the Si wave guide. Heat is an incoherent energy that diffuse into the surrounding space in
all direction. It is difficult to manage its directionality, unlike electrons and photons in electronics
and photonics. Our work indicate that by converging the phonon heat energy into SPhP, we can
exploit energy in electromagnetic form, and take advantage of well-established optics technology

to broaden thermal management possibility.
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