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(57) Abstract: The first and second media are coupled via evanescent waves generated by surface phonon polaritons thermally ex-
cited on surfaces of the first and second media. The first and second media made of the same material are disposed with a gap
formed therebetween for cutting off thermal conduction and the heat transter between them is performed mainly via the thermally ex-
cited evanescent waves. A third medium is provided on a surface of the first medium on a side toward the second medium. Heat flux
which tlows from the second medium to the first medium in a first state in which the second medium has a first temperature Ty and
the first medium has a second temperature T1 lower than the Twdiffer in intensity from heat flux which flows from the first to the
second medium in a second state in which the first medium has the Ty and the second medium has the Ty.
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DESCRIPTION
Title of Invention

THERMAL RECTIFICATION DEVICE

Technical Field
[0001]

The present invention relates to a device for
controlling heat flux. More particularly, the invention
relates to a device having a rectification characteristic for
heat flow such that an intensive heat transfer is enabled
only when one medium becomes higher in temperature than the

other medium.

Background Art
[0002]

The publication, D. Polder and M. Van Hove, "Theory of
radiative heat transfer between closely spaced bodies,"
Physical Review B 4, 3303 (1971), discusses heat transfer in
the case where two media are disposed via a heat
nonconductive medium; i.e., a vacuum layer or an air iayer,
having a thickness much less than the wavelength of thermally
radiated electromagnetic waves; specifically, a thickness of
several hundred nm or less. In this case, heat flux via
evanescent waves is several orders of intensity larger than
heat flux via blackbody radiation. | |
[0003]

The publication, S. Basu, Z. M. Zhang, and C. J. Fu,
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"Review of near-field thermal radiation and its application
to energy conversion," International Journal of Energy
Research 33, 1203-1232 (2009), discloses that when SiC plates
are disposed with a vacuum gap of 1 nm therebetween, heat
flux via evanescent waves 1s about five orders of intensity
larger than heat flux via blackbody radiation. This
phenomenon is also called phonon tunneling. The publication
also discloses that the real part of the relative
permittivity of Si doped with n-type impurities at a high
concéntration of 10*®/cm® or higher varies from 0 to —230 as
the angular frequency reduces from 10%° to 10%3.
[0004] |

The pubiication, C. R. Otey, W. T. Lau, and S. Fan,
"Thermal rectification through vacuum," Physical Review
Letters 104, 154301 (2010), discloses that when a thick plate
made of SiC-3C and a thick plate made of SiC-6H are disposed
with a vacuum gap having a thickness d therebetween, heat
flux which flows from the SiC-3C plate maintained at a high
temperature to the SiC-6H plate maintained at a low
temperature is greater in intensity than heat flux which
flows from the SiC-6H plate maintained at a high temperature
to the SiC-3C plate maintained at a low temperature. That is,
the publication discloses that thermél rectification is
achieved. Thermal rectification is achieved for the
following reason. Because of difference in temperature
dependence of permittivity, when SiC-3C has a temperature of

500K, and SiC-6H has a temperature of 300K, the surface



WO 2013/157656 3 PCT/JP2013/061704

TR R
IR T

phonon polariton resonance frequency bands of SiC!3C and SiC-
6H match over a wide band width; thus, large thermal energy
transfers from SiC-3C to SiC-6H. The direction of this heat
flow is called the forward direction. When SiC-3C has a
temperature of 300K, and SiC-6H has a temperature of 500K,
the surface phonon polariton resonance frequency bands of
SiC-3C and SiC-6H match over a narrow range; thus, thermal
energy that transfers is small. The direction of this heat
flow is called the reverse direction.

[0005]

FIG. 5 shows the configuration of a thermal
rectification system described in the publication, S. Basu
and M. Francoeur, "Near-field radiative transfer based
thermal rectification using doped silicon," Applied Physics
Letters 98, 113106 (2011). In FIG. 5, one medium 102 has a
thickness of 10 nm, whereas the other medium 101 has an
infinite thickness. That is, the medium 101 is a
semiinfinite medium. An air gap 100 between the medium 102
and the medium 101 is 10 nm. The medium 101 is Si doped with
n-type impurities at a concentration of 10?!'/cm’®, and the
mediuﬁ 102 is Si doped with n-type impurities at a
concentration of 10'®/cm®. When the medium 102 has a
temperature T2 of 400K, and the medium 101 has a temperature
Tl of 300K, heat flux which flows from the medium 102 to the
medium 101 is large in intensity. By contrast, when the '
medium 102 has a temperature T2 of 300K, and the medium 101

has a temperature Tl of 400K, heat flux which flows from the

LA S N
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medium 101 to the medium 102 is small in intensity. When the
size d of the air gap 100 falls within a range of 1 nm to 50
nm, a rectification ccefficient of 0.5 is obtained for the

temperature difference between 300K and 400K.

Summary of Invention
Technical Problem
[0006]

However,'in the thermal rectification system described
in the last-mentioned publication, it is not easy to fix a
silicon film (medium 102) having a thickness t, of 10 nm with
a distance (gap) d of 10 nm provided between the medium 102
and the medium 101. In order to achieve thermal
rectification in the configuration where two media are
dispoéed with an air layer or a vacuum layer therebetween, it
is necessary to find two materials which have different
relative permittivities whose real parts are -1 or less as
measured in a working temperature range and a frequency band
of the evanescent waves when heat transfer is performed via
the evanescent waves. This poses an impediment to
implementation of a thermal rectification device.

Thus, 1in ordexr to improve the degree of freedom of
design, desirably, even when two media are of the same
material, thermal rectification is achieved.

The present invention has been conceived to solve the
above éroblem, and an object of the invention is to provide a

device having a rectification characteristic with respect to
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heat flow between two media of the same material, for

facilitating fabrication of a thermal rectification device.

Solution to Problenm
[0007]

To achieve the above object, the present invention
provides a thermal rectification device comprising a first
medium and a second medium. The first and second media are
coupled via evanescent waves generated by surface phonon
polaritons thermally excited on surfaces of the first and
second media. The first and second media are disposed with a
gap formed therebetween for cutting off thermal conduction
therebetween. Heat transfer between the first and second
media is performed mainly via the thermally excited
evanescent waves. In the thermal rectification device, the
first medium and the second medium are of the same material;
a third medium is provided on a surface of the first medium
on a side toward the second medium; and heat flux which flows
from the second medium to the first medium in a first state
in which the second medium has a first temperature Ty and the
first medium has a second temperature T; lower than the first
temperature Ty differs in intensity from heat flux which .
flows from the first medium to the second medium in a second
state in which the first medium has the first temperature Ty
and the second medium has the second temperature Ti.

[0008]

On a surface of a medium having a negative relative
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permittivity and placed in air or a vacuum, surface phonon
polaritons are excited, whereby evanescent waves are
generated. The present invention is characterized in that by
means of the third medium being provided on a surface of the
first medium, a resonance frequency band of surface phonon
polaritons thermally excifed at the interface between the
first medium and the third medium and a resonance frequency
band of surface phonon polaritons thermally excited on a
surface of the second medium overlap to a large extent under
a predetermined temperature-difference condition. In other
words, even when the first medium and the second medium are
of the same material, the material and thickness of the third
- medium are selected so as to provide such a characteristic.

The gap is low in thermal conduction between the first
medium and the second medium. For example, the gap can be
formed from a wvacuum, air, or other thermally insulative
material. In order to maintain the gap, a spacer formed from
nanoparticles of a thermally insulative material may be
present in a portion of the gap.

[0009]

In the present invention, a fourth medium may be
provided on a surface of the second medium on a side toward
the first medium. In this case, by means of different
materials being used to form the third medium and the fourth
medium such that the third medium and the fourtﬁ medium
differ in a frequency characteristic and temperature

characteristic of relative permittivity, the forward



WO 2013/157656 7 | PCT/JP2013/061704

direction of heat flux can be set to any direction.
[0010]

In the present invention, the third medium may have a
relative permittivity and a thickness such that, in the first
state, there exists a wide first frequency range in which the
resonance frequency of surface phonon polaritons thermally
excited at the interface between the first medium and the
third medium coincides with the resonance frequency of
surface phonon polaritons thermally excited on the surface of
the second medium on the side toward the first medium, and,
in the second state, there does not exist or does exist a
second frequency range which is narrower than the first
frequency range and in which the resonance frequency of
surface phonon polaritons thermally excited at the interface
between the first medium and the third medium coincides with
the resonance frequency of surface phonon polaritons
thermally excited on the surface of the second medium.

In the state in which the temperature of the second
medium is higher than that of the first medium, resonance can
be established between surface phonon polaritons thermally
excited at the interface between the first medium and the
third medium and surface phonon polaritons thermally excited
on the surface of the second medium. Therefore, heat flux
which flows from the second medium to the first medium
increases in intensity, thereby yielding a thermal
rectificatidn device whose forward direction of heat flux is

from the second medium to the first medium. In the state 1in
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which the‘temperature of the second medium is lowerbthan that
of the first medium, no resonance is established between the
first medium and the second medium, so that heat flux which
flows in the reverse direction; i.e., from the first medium
to the second medium, is small in intensity. The expression
"there exists a frequency band in which the resonance
frequencies coincide" means that the resonance frequencies
coincide at least in a portion of the respective frequency
bands of thermally excited phonons. Of course, the resonance
frequencies may coincide over the entire frequency band.
[0011]

In the case where the fourth medium is provided,
desirably, the third medium and the fourth medium have a
relative permittivity and a thickness, respectively, such
that, in the first state, there exists a wide first frequency
range in which the resonance frequency of surface phonon
polaritons thermally excited at the interface between the
first medium and the third medium coincides with the
resonance frequency of surface phonon polaritons thermally
excited at the interface between the second medium and the
fourth medium, and, in the second state, there does not exist
or does exist a second frequency range which is narrower than
the first frequency range and in which the resonance
frequency of surface phonon polaritons thermally excited at
the interface between the first medium and the third medium
coincides with the resonance frequency of surface phonon

polaritons thermally excited at the interface between the
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second medium and the fourth medium.

Resonance 1is established between surface phonon
polaritons thermally excited at the interface between the
first medium and the third medium and surface phonon
polaritons thermally excited at the interface between the
second medium and the fourth medium, under the temperature-
difference condition of the first state. Establishment of
resonance yields a thermal rectification device whose forward
direction of heat flux is from the high-temperature medium to
the low-temperature medium.

[0012]

Heat flux which flows from the sécond medium to the
first medium when the temperature of the second medium is
higher than that of the first medium can be rendered larger
in intensity than heat flux which flows from the first medium
to the second medium when the temperature of the second
medium 1is lower than that of the first medium.

In the present invention, desirably, the gap between
the first medium and the second medium is 300 nm or less.

The gap of such a size allows surface phonon polaritons
thermally generated on the two interfaces to resonate and
tunnel therethrough. When the gap has such a size that is
much less than a wavelength of 10.6 pum of evanescent waves
generated through thermal excitation of surface phonon
polaritons, the gap allows efficient coupling of evanescent
waves. The gap 1s more desirably 200 nm or less, most

desirably 100 nm or less. A gap of 50 nm or less is also
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desirable.

The relative permittivities of the first and second
media have a real part of -1 or less as measured in a working
temperature range and a frequency band of the evanescent
waves when heat transfer is performed via the evanescent
waves. In this case, surface phonon polaritons can be
thermally excited at the interface between media (the gap is
also considered to be a medium).

[0013]

Desirably, the first medium and the second medium are
at least one of silicon carbide (SiC), silicon diocxide (S1i0,),
and silicon (Si) doped with impurities.‘ These materials have
relative permittivities whose real parts are —1 or less as
measured in a working temperature range and a fregquency band
of thermally excited surface phonon polaritons. In the case
of SiC, one wavelength band (surface phonon polariton
frequency band) allows heat transfer. In the case of 5i0,,
two wavelength bands allow heat transfer.

Desirably, when a direction in which heat flux of high
intensity flows is defined as a forward direction and a
direction in which heat flux of low intensity flows is
defined as a reverse direction, the third medium has such a
relative permittivity and thickness as to maximize heat flux
of the forward direction. In this case, the rectification
coefficient can be increased.

[0014]

Desirably, when a direction in which heat flux of high
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intensity flows is defined as a forward direction and a
direction in which heat flux of low intensity flows is
defined as a reverse direction, the fourth medium has such a
relative permittivity and thickness as to maximize heat flux
of the forward direction. In this case, the rectification
coefficient can be increased.
(0015]

In the present invention, desirably, a thickness t; and

a relative permittivity €3 of the third medium satisfy

[Math. 1]

1 (e5=1D(&% = &1
t3 = lTl
2k,, (g5 + 1)|e5 + &2

ey

where € 1is a relative permittivity of the first medium, Kk
is 40ky to 50kp, ko = 2n/Ay, and Ay is a wavelength (resonance
wavelength) of evanescent waves which maximizes heat flux in
a forward direction, which is a direction in which heat flux
of higher intensity flows as compared with that in the
opposite direction. Ay is a function of the temperature of
the first medium and the second medium. For example, Ag =
10.6 pm. In this case, forward heat flux can be maximized.
[0016]

In the present invention, desirably, the third medium
is amorphous silicon and has a thickness t3; of 1 nm to 2 nm.
The thickness t3 relates to temperature and the relative
permittivity &3; however, a thickness ti: of 0.5 nm to 1.5 nm
is a desirable range. Al;o, desirably, the third medium is a

material having a relative permittivity of 1.5 to 2.5 and has
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a thickness t3 of 5 nm to 20 nm. Under these conditions, in
a working temperature range, surface phonon polaritons
thermally excited on the two interfaces can resonate, thereby
increasing forward heat flux and reducing reverse heat flux
and thus the increasing rectificatién coefficient.

The third medium and the fourth medium can be at least
one selected from the group consisting of barium fluoride
{BaF;), strontium fluoride (SrF,), lead fluoride (beﬁ,
calcium fluoride (CaF;), rubidium bromide (RbBr), cesium
bromide (CsBr), cesium chloride (CsCl), potassium chloride

(KC1l), and sodium chloride (NaCl).

Advantageous Effects of Invention
[0017]

According to the present invention, even when the first
medium and the second medium are of the same material, a
thermal rectification characteristic can be obtained.
Therefore, the fabrication of the thermal rectifiéation
device is facilitated. Also, through appropriate selection
of material and conditions for the third medium, the working
temperature range and the rectification charactefistic of the
thermal rectification device can be improved.

The inventors of the present invention derived Eqg. (1)
mentioned above. By use of Egq. (1), the relative
permittivity & and thickness t3 of the third medium can be
readily determined. Therefore, the determination of

characteristics of and the fabrication of the thermal
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rectification device are facilitated.

Brief Description of Drawings

(0018]

[Fig. 1] FIG. 1 is a view showing the configuration of a
thermal rectification device according to a first embodiment
of the present invention;

[Fig. 2A] FIG. 2A is a characteristic diagram showing the
forward heat flux spectrum of the heat rectification device
of the first embodiment and the blackbody radiation spectrum;
[Fig. 2B] FIG. 2B is a characteristic diagram showing the
heat flux spectra of the heat rectification device of the
first embodiment in the forward and reverse biased states;
[Fig. 3A] FIG. 3A is a characteristic diagram showing the
relationship between the relative permittivity and the
thickness of a third medium, which partially constitutes the
heat rectification device of the first embodiment;

[Fig. 3B] FIG. 3B is a characteristic diagram showing the
relationship between the rectification coefficient and the
thickness of the third medium, which partially constitutes
the heat rectification device of the first embodiment;

[Fig. 41 FIG. 4 is a view showing the configuration of a
thermal rectification device according to a second embodiment
of the present invention; and

[Fig. 5] FIG. 5 is a view showing the configuration of a

conventional thermal rectification device.
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Description of Embodiments
[0019]

Embodiments of the present invention will next be
described in detail with reference to the drawings. The
following embodiments are mere examples, and the present

invention is not limited thereto.

First Embodiment
[0020]

FIG. 1 shows, in (a), the configuration of a thermal
control device Al0 according to a first embodiment of the
present invéntion. A first medium 11 and a second medium 12
are of silicon carbide. The first medium 11 and the second
medium 12 are rectangular parallelepipeds whose square xy
planes serve as main surfaces 21 and 22, respectively, and
whose thicknesses extend in the z direction. As compared
with the area of the xy plane, the thickness is sufficiently
thick. The second medium.12 and a third medium 13 are
disposed in parallel with each other with a gap 10 formed
therebetween so as to separate them from each other by a
distance dyp. The gap 10, which provides the fixed distance dg,
is formed by a thermally insulative spacer 15 having a square
shape and provided around the main surfaée 21. The gap 10 is
a vacuum layer, but may be an air layer. Also, a thermally
insulative material having a sufficiently low thermal
conductivity may exist in the entirety or‘a porticon of the

gap 10. The main surface 21 of the first medium 11 and the
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main surface 22 of the second medium 12 face each other with
a distance (gap) d therebetween. The third medium 13 is
coated on the main surface 21 of the first medium 11. The
third medium 13 1s of amorphous silicon.

[0021]

Even when the first medium 11 and the second medium 12
are of the same material, by means of the third medium 13 of
amorphous silicon being coated on the surface of the first
medium 11, the permittivity of the first medium 11 can be
equivalently controlled. Therefore, unidirectional heat flow
can be obtained. Specifically, as shown in (b) of FiG. 1,
when the temperature T, of the secénd medium 12 is maintained
at 500K and the temperature T; of the first medium 11 is
maintained at 300K, the resonance frequency of surface phonon
polaritons thermally excited on the main surface 21 of the
first medium 11 coincides with the resonance frequency of
surface phonon polaritons thermally excited on the main
surfaces 22 of the second medium 12, whereby heat flux of
high intensity flows in the forward direction. On the
contrary, as shown in (c) of FIG. 1, when the temperature T,
of fhe second medium 12 is maintained at 300K and the
temperature T, of the first medium 11 is maintained at 500K,
heat flux is reversed. In this case, since the resonance
frequency of surface phonon polaritons thermally excited on
the main surface 21 of the first medium 11 does not coincide
with the resonance frequency of surface phonon polaritons

thermally excited on the main surfaces 22 of the second
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medium 12, the heat flux flowing in the reverse direction is
sufficiently smaller in intensity than the heat flux flowing
in the forward direction.

[0022]

Thermal conduction components are p-polarization and s-
polarization of evanescent waves and p-polarization and s-
polarization of propagation waves (radiation waves). In the
case where the first medium 11 and the second medium 12 face
each other with a very small gap therebetween, heat flow is
dominated by the p-polarization component of evanescent
waves; therefore, attention is focused herein on p-
polarization. With the second medium 12 having a high
temperature and the first medium 11 having a low temperature,
the Poynting vector of p-polarization of evanescent waves in
the state in which the net heat flow is directed from the
second medium 12 to the first medium 11 (forward temperature

1/2

biased state) is expressed as follows, where (&) "“o/c < B.

[0023]
[Math. 2]
(SForward (w: ﬁ: TL: TH)>~(9 ((,U, TH) - 9(0), TL))

exp(—2K3t3 - 2K0d0)

T 4pdp E3KpK3
J“/—‘g% 71'2 |:(83K0 + K3)2 Im (r31’p (w' ﬁ’ TL)) Im (rOZ,p (a)‘ ﬁ' TH)) lDee(w' ﬁl TL, TH)lz (2)
[Math. 3]
hw
8(w,T) = e 3
exp(E;T)—-l
[Math. 4]

Dee(w, B, Ty, Ty) =1~ 31p (w,B,Ty) T30p (w, B)exp(—2kst3)
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—NBp(a%ﬁ)nnp(ahﬁ,TH)exp(—Zkodo)
—"31p (w,B,TL) To2.p (w, B, Ty) exp(—2x3t; — 2Kdy) (4)

[Math. 5]
o= F-a(®)  (B2<p) ©
[Math. 6]
w= -2 (%<8 ®
[0024]

Variables T; and T; of Srorwara (®,B,T1, T2) and Sgeverse
(0,B,T1,T2) are the temperatures of the first medium 11 and
the second medium 12, respectively. Subscripts 1, 2, 3, and
0 denote the first medium 11, the second medium 12, the third
medium 13, and the gap 10; respectively. Also, k is the
wavenumber; B is the wavenumber in the xy plane; rij,p, is the
Fresnel coefficient of p-polarization at the interface
between a medium 1 and a medium j; and <> denotes an ensemble
average. Silicon carbide varies in permittivity with
temperature and frequency. When the temperature Ty is 500K
and the temperature T, is 300K, the resonance wavelength, at
which the forward heat flux is maximized, is 10.6 um. In the
vicinity of.the resonance wavelength of 10.6 pm, the
permittivity of amorphous silicon is 3.742 (no loss).

With the first medium 11 having a high temperature and
the second medium 12 having a low temperature, the Poynting
vector of p-polarization of evanescent waves in the sfate in

which the net heat flux is directed from the first medium 11
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to the second medium 12 (reverse temperature biased state) is

1/2
)

expressed as follows, where (g o/c < B.

[Math. 7]
(SReverse(w: ,B, TH' TL))~(0((UI TH) - 9((1), TL))

+w 4pdp E3Kgk3
52 w2 [(e3k0 + K3)?

exp(—2ksts — 2Kydy)
|Dee (@, B, Ty, Ty )2

1m (731, (@, 8, Ty) ) Im (1o (w, B, T,))

()
[0025]

Therefore, the forward heat flux and the reverse heat
flux are given by the following Egs. (8) and (9),
respectively.

[Math. 8]
+00
Srorwara = | Srorwara @ BT, Ti)w  (8)
[Math. 9]
+00
broverse = | Stoverse(@ BT TN (9)
[0026]

FIG. 2A compares the forward heat flux spectrum of the
thermal rectification device of the first embodiment with
that of blackbody radiation. The distance d between the
first medium 11 and the second medium 12 was set to 100 nm,
and the thickness t3; of the third medium 13 (amorphous
silicon) was set to 1 nm. For facilitating comparison with
blackbody radiation, the vertical axis of FIG. 2A is of

logarithmic scale. As is understood from FIG. 2A, evanescent

p-polarization provides heat flux whose intensity greatly
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exceeds that of heat flux provided by blackbody radiation.
[0027]

FIG. 2B shows heat flux spectra in the forward biased
state and the reverse biased state. As is understood from
FIG. 2B, in the forward biased state, the heat flux spectrum
has a peak at the wavelength of 10.6 pum, and, in the reverse
biased state, heat flux decays at the position of the peak.

Let us obtain conditions for generation of a forward
heat flux peak. With (83)U2®/C being sufficiently smaller
than B, the imaginary part of the second term, the third term,
and the fourth term of Eg. (4) become sufficiently small as
compared with the real part of the second term of Eqg. (4).
Therefore, Eg. (4) can be approximated as follows.

[Math. 10]
Dee(T)~1 = Re (1315 (T1) ) 130 pexp(=2kmts)  (10)

The following conditions for maximizing the forward
heat flux given by Eg. (8) are obtained by replacing the
differential with respect to the thickness t3 of the third
medium in Eqg. (8) with zero.

[Math. 11]
1—Re (r31,p(TL)) T30p€XP(—2Kput3) =0 (11)
[Math. 12]

81_83)1_83 (=2, t) =0 (12
£ + & 1_+gzexp Kmts) = (12)

1—Re(
Eq. (12) is solved, thereby vyielding Eg. (1) mentioned

above.

The rectification coefficient is defined as follows.
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[Math. 13]

_ Grorwara — ¢Reverse

RF (13)

¢Reverse
[0028]

The rectification coefficient was calculated for the
case where the temperature Ty was set to 500K, the
temperature T; was set to 300K, and the relative permittivity
€3 and the thickness t3 of the third medium 13 were varied.
FIG. 3A shows the relationship between the thickness t3; and
the relative permittivity € for the maximum rectification
coefficient. FIG. 3B shows the relationship between the
maximum rectification coefficient and the thickness t3. As
is understood from FIGS. 3A and 3B, even though the relative
permittivity &; of the third medium is varied in the range of
2 to 14, by means of the thickness t3 being selected
appropriately according to the relative permittivity & on
the basis of the relationship of FIG. 3A, the rectification
coefficient becomes constant around 0.7 as shown in FIG. 3B.
Also, it is understood that Eg. (1) accurately expresses the
relationship between the thickness t; and the relative

permittivity €&; for the maximum rectification coefficient.

Second Embodiment
[0029]

FIG. 4 shows the configuration of a thermal
rectification device A20 according to a second embodiment of

the present invention. 1In the thermal rectification device
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Al0 of the first embodiment, only the first medium 11 is
coated with amorphous silicon, thereby having the third
medium 13 thereon. In the thermal rectification device A20
of the second embodiment, amorphdus silicon is coated on the
main surface 22 of the second medium 12 on a side toward the
first medium 11, thereby forming a fourth medium 14 having a
thickness different from that of the third medium 13.
Configurational features identical in function with those of
the first embodiment are denoted by like reference numerals
or signs. The material of the fourth medium 14 may differ
from that of the third medium 13 in temperature and frequency
characteristics of permittivity. The employment of the
configuration of the second embodiment provides a thermal
rectification device whose degree of freedom of design is
further improved and whose fabrication is further facilitated.
[0030]

In the above embodiments, the distance d between the
main surface 21 of the first medium 11 and the main surface
22 of the second medium 12 is 100 nm. However, no particular
limitation is imposed on the distance d so long as evanescent
~waves can be efficiently coupled. This is for the following
reason: when the distance d is much less than the wavelength
(10.6 um) of evanescent waves generated through excitation of
surface phonon polaritons, the evanescent waves are
efficiently coupled together, resulting in resonance between
surface phonon polaritons on the two interfaces. For example,

a distance d of 300 nm or less, 200 nm or less, 100 nm or
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less, or a 50 nm or less can be used.

In the present invention, the third medium 13 and the
fourth medium 14 can be of, in addition to the above-
mentioned material, barium fluoride (BaFy), strontium
fluoride (SrF;), lead fluoride (PbF,), calcium fluoride (CaFs,),
rubidium bromide (RbBr), cesium bromide (CsBr), cesium
chloride (CsCl), potassium chloride (KCl), or sodium chloride
(NaCl), for use with a material of the first and second media
11 and 12, such as SiC or S$Si0O;, whose real part of
permittivity is -1 or less in the frequency band of
evanescent waves generated through thermal excitation of
éurface phonon polaritons.

Particulafly, in the case of the first and second media
11 and 12 of SiC, desirably, the third and fourth media 13
and 14 are of barium fluoride (BaF,;), strontium fluoride
(SrF;), or calcium fluoride (CaF,;). In this case, forward
lheat flux can be increased in intensity, and the

rectification coefficient can be increased.

Industrial Applicability
{0031]

The present invention can be applied to devices which
require unidirectional heat flow, such as heat sinks, heat

storage devices, and heat retaining devices.
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CLAIMS
[Claim 1]

A thermal rectification device comprising a first
medium and a second medium, the first and second media being
coupled via evanescent waves generated by surface phonon
polaritons thermally excited on surfaces of the first and
second media, the first and second media being disposed with
a gap formed therebetween for cutting off thermal conduction
therebetween, heat transfer between the first and second
media being performed mainly via the thermally excited
evanescent waves,

| wherein the first medium and the second medium are of
the same material;

a third medium is provided on a surface of the first
medium on a side toward the second medium; and

heat flux which flows from the second medium to the
first medium in a first state in which the second medium has
a first temperature Ty and the first medium has a second
temperature Ty lower than the first temperature Ty differs in
intensity from heat flux which flows from the first medium to
the second medium in a second state in which the first medium
has the first temperature Ty and the second medium has the
second temperature Ti.

[Claim 2]

A thermal rectification device according to claim 1,

wherein a fourth medium is provided on a surface of the

second medium on a side toward the first medium.
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[Claim 3]

A thermal rectification device according to claim 1,
wherein the third medium has a relative permittivity and a
thickness such that

in the first state, there exists a wide first frequency
range in which the resonance frequency of surface phonon
polaritons thermally excited at the interface between the
first medium and the third medium coincides with the
resonance frequency of surface phonon polaritons thermally
excited on the surface of the second medium on the side
toward the first medium; and

in the second state, there does not exist or does exist
a secdnd frequency range which is narrower than the first
frequency range and in which the resonance frequency of
surface phonon polaritons thermally excited at the interface
between the first medium and the third medium coincides with
the resonance frequency of surface phonon polaritons
thermally excited on the surface of the second medium.
(Claim 4]

A thermal rectification device according to claim 2,
wherein the third medium and the fourth medium have a
relative permittivity and a thickness, respectively, such
that

in the first state, there exists a wide first frequency
range in which the resonance frequency of surface phonon
polaritons thermally excited at the interface between the

first medium and the third medium coincides with the
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resonance frequency of surface phonon polaritons thermally
excited at the interface between the second medium and the
fourth medium; and

in the second state, there does not exist or does exist
a second frequency range which is narrower than the first
frequency range and in which the resonance frequency of
surface phonon polaritons thermally excited at the interface
between the first medium and the third medium coincides with
the resonance frequency of surface phonon polaritons
thermally excited at the interface between the second medium
and the fourth medium.

[Claim 5]

A thermal rectification device according to any one of
claims 1 to 4, wherein heat flux which flows from the second
medium to the first medium in the first state is larger in
intensity than heat flux which flows from the first medium to
the second medium in the second state.

[Claim 6]

A thermal rectification device according to any one of
claims 1 to 5, wherein the gap between the first medium and
the second medium is 300 nm or less.

[Claim 7]

A thermal rectification device according to any one of
claims 1 to 6, wherein the relative permittivities of the
first and.second media have a real part of -1 or less as
measured 1in a working temperature range and a freguency band

of the evanescent waves when heat transfer is performed via
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the evanescent waves.
[Claim 8]

A thermal rectification device according to any one of
claims 1 tco 7, wherein the first medium and the second medium
are at least one of silicon carbide (SiC), silicon dioxide
(Si03), and silicon (Si) doped with impurities.

[Claim 9]

A thermal rectification device according to any one of
claims 1 to 8, wherein, when a direction in which heat flux
of high intensity flows is defined as a forward direction and
a direction in which heat flux of low intensity flows is
defined as a reverse direction, the third medium has such a
relative permittivity and thickness as to maximize heat flux
of the forward direction.

[Claim 10]

A thermal rectification device according to claim 2 or
4, wherein, when a direction in which heat flux of high
intensity flows is defined as a forward direction and a
direction in which heat flux of low intensity flows is
defined as a reverse direction, the fourth medium :has such a
relative permittivity and thickness as to maximize heat flux
of the forward direction.

[Claim 11]
A thermal rectification device according to any one of

claims 1 to 10, wherein a thickness t3 and a relative

permittivity &3 of the third medium satisfy
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[Math. 1]

1 -1 2 _ 2
£y = In (&3 ) (&3 |le11%) 1)
ka (€3+1)|£3+81|2

where g is a relative permittivity of the first medium, kg
is 40ke to 50ky, ko = 2n/Ag, and Ay is a wavelength of
evanescent waves which maximizes heat flux in a forward
direction, which is a direction in which heat flux of higher
intensity flows as compared with that in the bpposite
direction.

[Claim 12]

A thermal rectification device according to any one of
claims 1 to 11, wherein the third medium is amorphous silicon
and has a thickness t3 of 1 nm to 2 nm.

[Claim 13]

A thermal rectification device according to any one of
claims 1 to 11, wherein the third medium is é material having
a relative permittivity of 1.5 to 2.5 and has a thickness tj;
of 5 nm to 20 nm.

[Claim 14]

A thermal rectification device according to any one of
claims 1 to 13, wherein the third medium is at least one
selected from the group consisting of barium fluoride (BakF;),
strontium fluoride (SrF,;), lead fluoride (PbF,), calcium
fluoride (CaF;), rubidium bromide (RbBr), cesium bromide
(CsBr), cesium chloride (CsCl), potassium chloride (KCl), and
sodium chloride (NaCl).

[Claim 15]
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A thermal rectification device according to claim 2 or
4, wherein the fourth medium is at least one selected from
the group consisting of barium fluoride (BaF;), strontium
fluoride (SrF;), lead fluoride (Pb¥F;), calcium fluoride (CaF,),
rubidium bromide (RbBr), cesium bromide (CsBr), cesium
chloride (CsCl), potassium chloride (KCl), and sodium

chloride (NaCl).
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