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(57) ABSTRACT

A thermoelectric conversion device includes thermoelectric
layers and connection layers that are alternately provided 1n
a first direction parallel to surfaces of the thermoelectric
layers, and are connected to each other, thermally conduc-
tive layers that are connected to the respective connection
layers, and extends in a second direction intersecting the
surfaces, a first insulating layer that has a smaller thermal
conductivity than the thermally conductive layers, and a
second 1nsulating layer that has a smaller thermal conduc-
tivity than the first insulating layer, 1s provided between the
first mnsulating layer and the thermoelectric layers, and has
a thickness equal to or greater than 14 of a distance between
an end of the thermally conductive layer at a side of one of
the thermoelectric layers and a center of another of the
connection layers in the first direction, the thermally con-
ductive layers penetrating through the first and second
insulating layers.
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1
THERMOELECTRIC CONVERSION DEVICE

TECHNICAL FIELD

The present invention relates to a thermoelectric conver-
sion device.

BACKGROUND ART

There 1s known a transverse-type pTEG (pTEG: Micro
Thermoelectric Generator) in which thermoelectric layers
made of a thermoelectric material and connection layers for
connecting the thermoelectric layers are alternately arranged
in a planar direction, and heat 1s drawn from the connection
layers through a thermally conductive layer in a direction
orthogonal to the planar surface (for example, Patent Docu-
ment 1). The transverse-type pTEG can be applied to
thermoelectric power generation using a body temperature
with a small temperature diflerence. It 1s known to embed an
extraction electrode 1n multilayered isulating layers (a base
substrate and a heat insulating substrate) having different
thermal conductivities (for example, Patent Document 2).

PRIOR ART DOCUMENT

Patent Document

Patent Document 1: International Publication No. 2018/
042708

Patent Document 2: Japanese Patent Application Laid-
Open No. 2009-158760

SUMMARY OF THE

INVENTION

Problem to be Solved by the Invention

In FIG. 8 of Patent Document 2, thermally-insulating
substrates (A2, B2) having high thermal insulating proper-
ties are disposed on a side provided with thermoelectric
materials (5a to 5h, 6a to 6h) of base substrates (Al, B1). In
general, the scale 1n the planar direction and the scale 1n the
height direction are different from each other in the cross-
sectional view of the patents, and Patent Document 2 does
not describe the thicknesses of the thermally-insulating
substrates (A2, B2). In paragraph 0057 of Patent Document
2, the problem 1s that the heat flow circumnavigates the
thermoelectric materials (5a to Sh, 6a to 6h) between heat-
dissipating electrodes (3a to 31) and heat-absorbing elec-
trodes (2a to 2h, 9a to 81), which are arranged 1n the planar
direction. When the heat flow 1n the planar direction 1s a
problem, 1t 1s considered that the circumnavigation of the
heat flow 1n the planar direction can be inhibited even 1t the
thermally-insulating substrates (A2, B2) are thin. However,
the heat tlow circumnavigating the thermoelectric materials
(5a to 5h, 6a to 6h) cannot be reduced by simply taking the
heat flow 1n the planar direction into consideration, which
results 1n decrease 1n the output power of the thermoelectric
conversion device.

The present invention has been made 1n view of the above
problems, and an object thereof 1s to provide a thermoelec-
tric conversion device having large output power.

Means for Solving the Problem

The present invention 1s a thermoelectric conversion
device including: first thermoelectric layers and second
thermoelectric layers that are alternately provided in a first
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direction parallel to surfaces of the first thermoelectric layers
and the second thermoelectric layers, the first thermoelectric
layers having conductivity types opposite to those of the
second thermoelectric layers; first connection layers and
second connection layers that are electrically and thermally
connected to the first thermoelectric layers and the second
thermoelectric layers between the first thermoelectric layers
and the second thermoelectric layers, the first connection
layers and the second connection layers being alternately
provided in the first direction; first thermally conductive
layers that are thermally connected to the first connection
layers, the first thermally conductive layers extending 1n a
second direction intersecting the surfaces; a first insulating
layer through which the first thermally conductive layers
penetrate, the first msulating layer having a thermal con-
ductivity smaller than thermal conductivities of the first
thermally conductive layers; a second insulating layer
through which the first thermally conductive layers pen-
etrate, the second 1nsulating layer having a thermal conduc-
tivity smaller than the thermal conductivity of the first
insulating layer, the second insulating layer being provided
between the first insulating layer and the first thermoelectric
layers and the second thermoelectric layers, the second
insulating layer having a thickness equal to or greater than
L4 of a larger distance of a distance between an end of the
first thermally conductive layer at a side of the first ther-
moelectric layer and a center of the second connection layer
in the first direction and a distance between an end of the first
thermally conductive layer at a side of the second thermo-
clectric layer and the center of the second connection layer
in the first direction.

In the above configuration, a configuration 1 which
provided are: second thermally conductive layers that are
thermally connected to the second connection layers, the
second thermally conductive layers being provided at a side
opposite to the first thermally conductive layers with respect
to the first thermoelectric layers and the second thermoelec-
tric layers, the second thermally conductive layers extending
in the second direction; a third insulating layer through
which the second thermally conductive layers penetrate, the
third 1nsulating layer having a thermal conductivity smaller
than thermal conductivities of the second thermally conduc-
tive layers; and a fourth mnsulating layer through which the
second thermally conductive layers penetrate, the fourth
insulating layer having a thermal conductivity smaller than
the thermal conductivity of the third insulating layer, the
fourth insulating layer being provided between the third
insulating layer and the first thermoelectric layers and the
second thermoelectric layers, the fourth insulating layer
having a thickness equal to or greater than V4 of the larger
distance may be employed.

In the above configuration, a configuration 1n which the
thickness of the second insulating layer 1s equal to or less
than twice the larger distance may be employed.

In the above configuration, a configuration in which a
thickness of the first insulating layer 1s equal to or greater
than 14 of the thickness of the second insulating layer may
be employed.

In the above configuration, a configuration in which the
second 1nsulating layer 1s porous, and the first insulating
layer 1s non-porous may be employed.

In the above configuration, a configuration in which the
second 1nsulating layer i1s 1n contact with the first thermo-
clectric layers and the second thermoelectric layers, and 1s 1n
contact with the first insulating layer may be employed.
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In the above configuration, a configuration in which the
fourth isulating layer i1s porous, and the third insulating
layer 1s non-porous may be employed.

In the above configuration, a configuration in which the
fourth insulating layer 1s 1n contact with the first thermo-
clectric layers and the second thermoelectric layers, and 1s 1n
contact with the third insulating layer may be employed.

In the above configuration, a configuration in which the
second 1nsulating layer i1s 1n contact with the first thermo-
clectric layers and the second thermoelectric layers, and 1s 1n
contact with the first msulating layer, the thickness of the
second insulating layer 1s equal to or less than twice the
larger distance, and the thickness of the fourth insulating
layer 1s equal to or less than twice the larger distance may
be employed.

In the above configuration, a configuration 1n which the
thermal conductivity of the second insulating layer and the
thermal conductivity of the fourth insulating layer are equal
to or less than %5 times and equal to or greater than V100 times
a thermal conductivity of the first msulating layer and a
thermal conductivity of the second insulating layer may be
employed.

In the above configuration, a configuration in which the
thermal conductivity of the second insulating layer and the
thermal conductivity of the fourth insulating layer are equal
to or less than 4300 times and equal to or greater than 30000
times the thermal conductivities of the first connection layer,
the second connection layer, the first thermally conductive
layer, and the second thermally conductive layer may be
employed.

In the above configuration, a configuration in which the
thermal conductivities of the first thermoelectric layers and
the second thermoelectric layers are equal to or less than 50
times the thermal conductivities of the first connection
layers, the second connection layers, the first thermally
conductive layers, and the second thermally conductive
layers may be provided.

In the above configuration, a configuration 1 which the
thermal conductivities of the first thermoelectric layers and
the second thermoelectric layer are greater than the thermal
conductivities of the second insulating layer and the fourth
isulating layer may be employed.

In the above configuration, a configuration 1 which the
first insulating layer and the third insulating layer are HSQ
layers or silicon oxide layers, and the second msulating layer
and the fourth insulating layer are porous silica may be
employed.

In the above configuration, a configuration in which the
distance between the end of the first thermally conductive
layer at the side of the first thermoelectric layer and the
center of the second connection layer 1n the first direction 1s
the same as the distance between the end of the first

thermally conductive layer at the side of the second ther-
moelectric layer and the center of the second connection
layer 1n the first direction may be employed.

Eftects of the Invention

The present invention can provide a thermoelectric con-
version device having large output power.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a plan view of a thermoelectric conversion
device 1n accordance with a first embodiment, and FIG. 1B

1s a cross-sectional view taken along line A-A 1n FIG. 1A.
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FIG. 2 1s an enlarged cross-sectional view of the thermo-
clectric conversion device 1 accordance with the first
embodiment.

FIG. 3A 1s a plan view of a thermoelectric conversion
module 1n accordance with the first embodiment, and FIG.
3B i1s a cross-sectional view taken along line A-A i FIG.
3A.

FIG. 4 illustrates heat flow 1n a comparative example 1.

FIG. 5A and FIG. 5B are graphs presenting normalized
heat flow versus normalized X and normalized Z, respec-
tively.

FIG. 6 illustrates heat flow 1n the comparative example 1.

FIG. 7A and FIG. 7B are graphs presenting normalized
heat flow versus normalized X and normalized Z, respec-
tively.

FIG. 8A to FIG. 8C are graphs presenting P
in the first embodiment.

FIG. 9A to FIG. 9E are graphs presenting current 1 and
output power P___ versus output voltage V_ . 1n respective
samples.

FIG. 10 1s an enlarged cross-sectional view of a thermo-
clectric conversion device 1n accordance with a {irst varia-
tion of the first embodiment.

versus t.

O LT Iris 1

O LT QLT

MODES FOR CARRYING OUT TH
INVENTION

(Ll

FIG. 8 of Patent Document 2 does not describe the
thicknesses of the thermally-insulating substrates (A2, B2)
as described above. If the thermally-insulating substrates
(A2, B2) having a low mechanical strength are thick, the
mechanical strength of the thermoelectric conversion device
1s low. If the thermally insulating substrates (A2, B2) are
thin, the thermoelectric conversion device 1s deteriorated 1n
performances. In addition, in FIG. 8 of Patent Document 2,
spaces 15 (that 1s, air gaps) are provided between the
thermoelectric materials (5a to 5h, 6a to 6h) and the ther-
mally-insulating substrate (B2). Air gaps provided between
the thermoelectric material and the thermally-insulating
substrate reduce the strength of the thermoelectric conver-
sion device.

Therefore, a thermoelectric conversion device having no
air gap was simulated by using a highly accurate distributed
constant circuit model developed by the inventors. The
distributed constant circuit model allows for highly accurate
simulations by taking into account the thermal conductivity
of each material. The simulation results has revealed, for the
first time, a structure that can reduce degradation 1n perfor-
mances such as output power while ensuring mechanical
strength. Embodiments and simulation results thereof waill
be described below.

First Embodiment

FIG. 1A 1s a plan view of a thermoelectric conversion
device 1n a first embodiment, and FIG. 1B 1s a cross-
sectional view taken along line A-A 1n FIG. 1A. FIG. 2 1s an
enlarged cross-sectional view of the thermoelectric conver-
sion device 1n the first embodiment. In FIG. 1A, thermo-
clectric layers, connection layers, and electrodes are 1llus-
trated. The surfaces of thermoelectric layers 12a and 125 are
defined as an XY plane, the arrangement direction (width-
wise direction) and the extending direction (lengthwise
direction) of the thermoelectric layers 12a and 126 are
defined as an X direction and a Y direction, respectively, and
the stacking method of the layers 1s defined as a Z direction.
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As 1llustrated 1n FIG. 1A, FIG. 1B, and FIG. 2, in a
thermoelectric conversion device 30, the thermoelectric
layer 12a (a first thermoelectric layer) and the thermoelectric
layer 1256 (a second thermoelectric layer) have a strip shape
extending in the Y direction. The thermoelectric layers 12a
and 125 are alternately disposed 1in the X direction (a {first
direction parallel to the surfaces). The thermoelectric layers
12a and 126 are n-type and p-type, respectively, and have
conductivity types opposite to each other. Adjacent thermo-
clectric layers 12a and 126 are alternately electrically and
thermally connected to connection layers 14a (a first con-
nection layer) and 146 (a second connection layer) in the
X-direction. The connection layers 14a and 145 extend in
the Y direction. A pair of the thermoelectric layers 12a and
126 form one Seebeck element 10. A plurality of the
Seebeck elements 10 are connected 1n series between elec-
trodes 24a and 24b.

The connection layers 14a and 146 are thermally con-
nected to thermally conductive layers 16a (a first thermally
conductive layer) and 165 (a second thermally conductive
layer) in the —Z direction and the +7 direction (a second
direction intersecting the surface), respectively. The ther-
mally conductive layers 16a and 165 are thermally con-
nected to base portions 22a and 226 through electrically
insulating films 20a and 206, respectively. The thermally
conductive layers 16a and 165 penetrate through insulating
layers 18a and 18b, respectively. The insulating layer 18a
includes insulating layers 17a (a first insulating layer) and
1756 (a second nsulating layer). The insulating layer 175 1s
provided between the isulating layer 17a and the Seebeck
clement 10 and between the mnsulating layer 17a and the
connection layers 14a and 14b5. The insulating layer 1856
includes mnsulating layers 17¢ (a third msulating layer) and
17d (a fourth nsulating layer). The msulating layer 174 1s
provided between the msulating layer 17¢ and the Seebeck
clement 10 and between the insulating layer 17¢ and the
connection layers 14a and 14b. The imsulating layers 1756
and 17d are 1n contact with each of the thermoelectric layers
12a and 125, and are 1n contact with the thermally conduc-
tive layers 16a and 165, respectively. The insulating layers
17a and 17¢ are 1n contact with the insulating layers 175 and
17d, respectively, are in contact with the mnsulating films 20qa
and 205, respectively, and are in contact with the thermally
conductive layers 16a and 165, respectively. The thermal
conductivities of the msulating layers 17a and 17¢ are
smaller than the thermal conductivities of the connection
layers 14a and 145 and the thermally conductive layers 16a
and 165, and the thermal conductivities of the insulating
layers 175 and 17d are smaller than the thermal conductivi-
ties of the mnsulating layers 17a and 17¢.

FIG. 3A 1s a plan view of a thermoelectric conversion
module 1n the first embodiment, and FIG. 3B 1s a cross-
sectional view taken along line A-A in FIG. 3A. As 1llus-
trated 1n FIG. 3A and FIG. 3B, 1in a thermoelectric conver-
sion module 100, the base portions 22aq and 22b face each
other. A heat sink 33 1s thermally connected to the upper
surface of the base portion 22b. A surface of the base portion
22a facing the base portion 2256 has a protruding portion.
The base portion 22a has a section 35, which protrudes
toward the base portion 225, and sections 36, which do not
protrude. The distance H between the base portions 22a and
22b 1n the section 36 1s greater than the distance between the
base portions 22a and 226 in the section 35. For example,
the base portion 226 has a flat plate shape, and the base
portion 22a has a shape in which a protruding portion 1s
provided on a flat plate. The protruding portion may be
provided on the lower surface of the base portion 225, or the

10

15

20

25

30

35

40

45

50

55

60

65

6

protruding portions may be provided on both the upper
surface of the base portion 22a and the lower surface of the
base portion 22b5. Although the planar shapes of the base
portions 22a, 22b and the section 35 are illustrated as
squares as an example, these planar shapes can be freely
selected.

A support 34 1s provided between the base portions 22a
and 225 1n the periphery of the base portions 22a and 225.
A thermal insulator 32 1s provided between the base portions
22a and 226 surrounded by the support 34. The thermal
insulator 32 1s, for example, a gas having a pressure lower
than atmospheric pressure or a vacuum. The support 34
maintains the pressure or vacuum of the thermal insulator
32. The support 34 mechanically supports the base portion
22a and the base portion 22b. The thermal conductivity of
the thermal msulator 32 1s smaller than the thermal conduc-
tivities of the thermoelectric conversion device 30, the base
portions 22a and 225b, and the support 34.

The thermocelectric conversion device 30 includes a plu-
rality of blocks 31a to 31c¢. In each of the blocks 31a to 31c,
a plurality of the thermoelectric layers 12a and 126 are
alternately arranged in the X direction. The blocks 31a to
31c are arranged in the Y direction. An electrode 24c
connects the blocks 31a and 315, and an electrode 24d
connects the blocks 315 and 31c¢. Thus, the Seebeck ele-
ments 10 are connected 1n series between the electrodes 24a
and 24b. Other configurations of the thermoelectric conver-
s1on device 30 are the same as those illustrated 1n FIG. 1 to
FIG. 2, and description thereof will be omatted.

In applications where the operating temperature 1s near
room temperature or up to about several hundred degrees
Celsius, the thermoelectric materials used for the thermo-
clectric layers 12a and 126 can be bismuth-telluride-based
alloys, full-Heusler-based alloys, or half-Heusler-based
alloys. Examples of the bismuth-tellurium-based alloy
include Bi,Te,_ Se_ as n-type and Bi,__Sb_Te, as p-type.
Examples of the full-Heusler-based alloy include Fe, VAL, _
~Ge_, Fe,VAl,_S1, o ﬂez\/'T:-glell_I as n-type, Fe,V,_
«W_Al Fe,V,_Ti1 Al or Fe,V,__Ti Ga as p-type, and other
materials containing Fe,NbGa, Fe,HiS1, Fe,Taln, Fe,T1Sn,
or Fe,ZrGe as a base material. Examples of the hali-
Heusler-based alloy include TiPtSn, (Hf,_ _7Zr )NiSn, and
NbCoSn as n-type, and TiCoSn _Sb,_., Zr(Ni,_.Co, )Sn,
Zr(Ni1,_ In )Sn, and HiPtSn as p-type. When the n-type
thermoelectric material and the p-type thermoelectric mate-
rial are materials of the same base, the thermoelectric layers
12a and 1256 can be easily formed. When the temperature
range to be used i1s suiliciently higher than room tempera-
ture, S1, S1Ge alloys, or GeSn alloys can also be used as
thermoelectric materials for the thermoelectric layers 12a
and 12b.

The thermoelectric layers 12a and 126 are made of, for
example, the n-type and p-type materials exemplified above,
respectively. The thermoelectric layers 12a and 1256 may be
made of materials with diflerent bases among the materials
exemplified above. In addition, one of the thermoelectric
layers 12a and 126 may be made of the n-type or p-type
matenial exemplified above, and the other of the thermo-
clectric layers 12aq and 125 may be replaced with an appro-
priate metal that 1s not a thermoelectric material.

The connection layers 14a and 145 are preferably made of
a material having a high electric conductivity and a high
thermal conductivity. For example, metal layers of Cu, Al,
Au, or Ag can be used. The connection layers 14aq and 14b
may be made of diflerent materials.

As the msulating layers 17a and 17c¢, for example, 1nor-
ganic isulators such as silicon oxide, alkyl group-contain-
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ing silica or similar oxides and insulators (e.g., hydrogen
silsesquioxane), resins (e.g., acrylic resins, epoxy resins,
vinyl chloride resins, silicone resins, fluorine resins, phenol
resins, bakelite resins, polyethylene resins, polycarbonate
resins, polystyrene resins, polypropylene resins), or rubbers
(e.g., natural rubber, ethylene-propylene rubber, chloroprene
rubber, silicone rubber, butyl rubber, or polyurethane rub-
ber) can be used. As the msulating layers 176 and 174,
porous substances using the above insulators (e.g., porous
s1licon or porous silica) can be used. Porous silicon is, for
example, porous silicon using high-resistance silicon.
Porous silica 1s, for example, porous silicon that has been
made 1nto an electrical and thermal 1insulator by oxidation or
other means. The insulating layers 18a and 185 can be
formed by chemical vapor deposition (CVD), sputtering, or
spin coating.

The base portions 22a and 225 are preferably made of a
material having a high thermal conductivity, and {for
example, a metal such as Cu, Al, Au or Ag, or ceramics such
as S1 or alumina can be used. The electrically insulating
films 20q and 206 are preferably made of a material having
high electrical insulating properties and high thermal con-
ductivity, such as an aluminum oxide film. The insulating
films 20aq and 2056 may be formed on the base portions 22a
and 22b by sputtering or CVD. In the case that the base
portions 22a and 225b are electrical msulators, the insulating,
films 20a and 205 may not be necessarily used. At least one
of the base portions 22a and 225 can be formed by sputtering
or CVD. This allows the base portions 22aq and 225 to be
thinned. At least one of the base portions 22a and 225 can
be formed by plating. This allows the base portions 22a and
22b to be thick to some extent. In the case that at least one
of the base portion 22a and 225 1s formed of an oxide film
or ceramics, a coating film formed by spin coating or the like
can be used. As the base portions 22a and 225, a structure
(for example, a fin structure or a heat sink structure) and a
material (for example, a heat dissipation sheet, a heat
dissipation material or heat absorption material containing a
volatile material, or Al with an anodized surface) having
high heat exchange characteristics and high heat dissipation
characteristics can be used.

The support 34 preferably has a low thermal conductivity,
and 1s preferably made of a material harder than the thermal
insulator 32 to support the base portions 22a and 225 and/or
maintain a gas layer or vacuum. As the support 34, for
example, a polymer organic material such as resin or rubber
can be used. For example, in the case that the thermal
insulator 32 1s solid, the yield strength of the support 34 1s
preferably higher than that of the thermal insulator 32 to
reinforce the thermal insulator 32.

Comparative Example 1

First, simulation was performed on a comparative
example 1 1 which the msulating layers 175 and 17d were
not provided and the entire msulating layers 18a and 1854
were used as the mnsulating layers 17a and 17c.

Simulation for Comparative Example 1

The structural parameters 1llustrated in FIG. 1A to FIG. 3
were defined as follows.

D: Widths of the base portions 22a and 225 1n the X
direction and the Y direction
D" Widths of the section 35 in the X direction and the Y
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D,: Length of the thermoelectric conversion device 30
(total length of the blocks 31a to 31c¢) in the X-direction

H: Distance between the base portions 22q and 225 in the
section 36

x: Widths of the support 34 in the X direction and the Y
direction

d: Pitch of the thermoelectric layers 12a and 1256 1n the X
direction

v: Trade-ofl parameter, which 1s the parameter with which
the width occupied by the thermoelectric layers 12a
and 1256 1s vd

vd: Widths of the thermoelectric layers 12q and 125 1n the
X direction

(1-v)d: Distance between the thermocelectric layers 124
and 126 1n the X direction

L: Lengths of the thermoelectric layers 12a and 125 1n the
Y direction

t.: Thicknesses of the thermoelectric layers 12a and 125
in the Z direction

t. ... Thicknesses of the msulating layers 175 and 174 1n
the 7 direction, ., _, 1s O in the comparative example 1
t. . Thicknesses of the insulating layers 17q and 17¢ 1n

the 7 direction
t-~t.,+t~: Thicknesses of the insulating layers 18a and
185 1n the Z direction
t-,: Larger one of the distance between the end of the
thermally conductive layer 16a and the center of the
thermally conductive layer 165 1n the X direction and
the distance between the end of the thermally conduc-
tive layer 165 and the center of the thermally conduc-
tive layer 16a in the X direction
t-, Thicknesses of the isulating films 20a and 2056 1n the
7. direction
m,: Number of pairs of the thermoelectric layers 12q and
1256 (1.e., the number of the Seebeck elements 10)
AT : Temperature difference between the lower surface of
the base portion 22a and the upper surface of the base
portion 225
.. Output power of the thermoelectric conversion
device
The stimulation conditions for each dimension and mate-
rial were as follows.
DxD=10 mmx10 mm
D'xD'=3 mmx3 mm
D,=Y mm
H=5 mm
x=0.5 mm
t.~1000 nm
t,~100 nm
Thermoelectric Layers 12a and 125
Material: BiTe
Seebeck coetlicient=S -S,: 434 uv/K
Thermal conductivity A=(A +A,)/2:1.43 W/(m'K)
Electrical resistivity p=(p_+pn)/2: 8.11 pL2-m
Note that A, and p, are the thermal conductivity and
clectrical resistivity of the thermoelectric layer 12a, respec-
tively, and A, and p, are the thermal conductivity and
clectrical resistivity of the thermoelectric layer 125, respec-
tively.
Connection Layers 14a, 145, Thermally Conductive Layers
16a, 160
Material: Cu
Thermal conductivity 2 .: 386 W/(m-K)
Electric resistivity pc: 17 nf2-m
Insulating Films 20aq and 205
Material: AlO,
Thermal conductivity A, 1.5 W/(m-K)

P
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Support 34

Material: Organic material

Thermal conductivity 2,,,: 0.15 W/(m-K)
Thermal Insulator 32

Vacuum
Contact Resistance

BiTe and Cu
Electrical contact-resistance r, . 1.0 Q-um~

Thermal contact-resistance k,: 140 um>K/mW

Cu and AlIO
Thermal contact-resistance kc-pi: 3.4 um*-K/mW

The temperature difference between the body temperature
of the human body and the temperature of the atmosphere
was set as 10 K. The electrical contact-resistance 1s an
clectrical resistance per unit area on a surface where two
materials are 1in contact with each other, and the thermal
contact-resistance 1s a thermal resistance per unit area on a
surface where two matenals are 1n contact with each other.

The simulation was performed for the following three
materials as the msulating layers 18a and 18b.

Sample PS

Material: Porous silica
Thermal conductivity A, 35.7 mW/(m-K)

Sample HSQ
Maternal: Hydrogen silsesquioxane
Thermal conductivity Azgo: 0.3 W/(m-K)

Sample S10,

Material: S10,
Thermal conductivity A, -: 0.9 W/(m-K)

PS has a low thermal conductivity but 1s brittle. Therefore,
it 1s difficult to form a thick layer. S10, has high
mechanical strength and can be easily formed thick, but
has high thermal conductivity. HSQ (hydrogen silses-
quioxane) 1s a molecule formed by doping silsesqui-
oxane, which 1s an intermediate material between silica
and silicon, with hydrogen, and has a less mechanical
strength than S10,, but has a lower thermal conductivity
than S10,,.

Table 1 1s not related to t-,+t,, presented in FIG. 2, and
1s a table presenting optimized output power P_ . and each
parameter 1n the case where each of the insulating layers 18a
and 186 has a single-layer structure and t,.=30 um.

TABLE 1

Sample PS HSQ SiO,

P [uW] 16.15 7.055 3.014

vd [um] 7.92 3.21 2.06

(1 — y)d [um] 2.93 2.06 2.15

Mg, [pairs] 415 854 1069

I, [um] 7.18 1.25 0.525

tey [m] 9.38 4.24 3.14

As presented 1n Table 1, although the output power P__ . of

the sample PS 1s 16.15 uW, the output power P_ . of the

sample HSQ 1s equal to or less than 12 of that of the sample
PS, and the output power P__. of the sample S10, 1s equal to
or less than %5 of that of the sample PS. Since the thermal
conductivities of the mnsulating layers 18aq and 185 vary from
sample to sample, the parameters for optimizing the output
power P_ _vary from sample to sample.

In the comparative example 1, when PS i1s used as the
insulating layers 18a and 18b, although the output power
P_ . 1s large, the mechanical strength 1s weak, and the
process 1s difhicult. When HSQ and $10, are used as the

10

15

20

25

30

35

40

45

50

55

60

65

10

insulating layers 18a and 186, the mechanical strength 1s
suthcient and the process 1s easy, but the output power P__
1s greatly reduced.

The leakage of heat flow from the thermoelectric layers
12a and 126 and the thermally conductive layers 16a and
165 to the sulating layers 18a and 1856 1n the samples PS
and HSQ of the comparative example 1 was simulated using
a highly accurate distributed constant circuit model.

FIG. 4 1llustrates heat tlow 1n the comparative example 1.
The lower surface of the insulating film 20a was set to a high
temperature, and the upper surface of the insulating film 2056
was set to a low temperature. Heat tlow 34 leaking from the
thermally conductive layer 16a to the insulating layer 18a
and heat tlow 53 flowing from the insulating layer 184 nto
cach of the thermoelectric layers 12q and 125 were simu-
lated. The positions X of the X coordinate of the thermo-
clectric layers 12a and 125 were normalized. The position X
at which the thermoclectric layers 12a and 126 were 1n
contact with the connection layer 1456 was defined as 0, and
the position X at which the thermoelectric layers 12a and
126 were in contact with the connection layer 14a was
defined as 1. The position Z of the Z coordinate of the
thermally conductive layer 16a was normalized. The posi-
tion 7 at which the thermally conductive layer 16a and the
insulating film 20a were in contact with each other was
defined as O, and the position Z at which the thermally
conductive layer 16a and the connection layer 14a were 1n
contact with each other was defined as 1.

FIG. SA and FIG. 3B are graphs presenting normalized
heat flow versus normalized X and normalized Z, respec-
tively. In the simulation, the range o1 0 to 1 of the normalized
X and the range of O to 1 of the normalized 7Z were divided
into 10 ranges and 15 ranges, respectively. Dots 1n FIG. 5A
and FIG. 5B indicate the sum of the normalized heat flows
in the respective divided ranges. A straight line 1s a line
connecting dots. FIG. SA presents the normalized heat tlow
53 flowing from the insulating layer 18a into the thermo-
clectric layers 12a and 12b6. The normalized heat flow 1s heat
flow obtained by normalizing each heat flow by the total heat
flow flowing into the insulating film 20q from the outside.
As presented 1n FIG. 5A, for the sample HSQ, 1n a region 51,
the normalized heat flow 53 1s large around the normalized
x=0, and the normalized heat flow 53 decreases as the
normalized x increases. This means that as the normalized X
increases, the temperatures of the thermoelectric layers 12a
and 125 increase. As the temperatures of the thermoelectric
layers 12a and 1256 decrease, the heat flow flowing 1n from

the insulating layer 18a increases. In a region 50, the
normalized heat flow 353 increases as the normalized X
Increases.

FIG. 5B presents the normalized heat tlow 34 leaking
from the thermally conductive layer 16a to the insulating
layer 18a. As presented 1n FIG. 5B, for the sample HSQ), the
normalized heat flow 54 1s substantially zero 1n a region 52.
In the region 50, the normalized heat tlow 34 increases as the
normalized 7 increases. As 1s clear from above, it has been
revealed that 1n the region 50 of FIG. 4, there 1s a heat flow
from the thermally conductive layer 16qa to the thermoelec-
tric layers 12a and 1254 through the insulating layer 18a. This
may be considered because the heat flow that 1s less likely
to flow from the connection layer 14a to the thermoelectric
layers 12a and 125 because of the thermal contact-resistance
k.. between the thermally conductive layer 16a and the
thermoelectric layers 12a and 125 passes through the region
50. However, since the thermal contact-resistance k.. 1s
sufliciently small, 1t 1s considered that the heat tlow through
the region 50 1s due to the high thermal conductivity of the

r
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insulating layer 18a. In the sample PS, the normalized heat
flows 53 and 54 in FIG. SA and FIG. 5B are smaller than

those 1n the sample HSQ. This 1s considered because, 1n the
sample PS, the thermal conductivity of the insulating layer
18a 1s small and thus heat passing through the insulating
layer 18a 1s small.

FIG. 6 1llustrates heat flow 1n the comparative example 1.
The lower surface of the insulating film 20a was set to a high
temperature, and the upper surface of the insulating film 204
was set to a low temperature. Heat flow 38 leaking from each
of the thermoelectric layers 12a and 1256 to the insulating
layer 186 and heat flow 59 flowing from the msulating layer
1856 to the thermally conductive layer 165 were simulated.
The normalized X 1s the same as in FIG. 4. The position Z
at which the thermally conductive layer 1656 and the con-
nection layer 145 were in contact with each other was
defined as 0, and the position Z at which the thermally
conductive layer 166 and the insulating film 206 were 1n
contact with each other was defined as 1.

FIG. 7A and FIG. 7B are graphs presenting normalized
heat flow versus normalized X and normalized Z, respec-
tively. FIG. 7A presents the normalized heat flow 58 flowing,
from the thermoelectric layers 12a and 125 into the insu-
lating layer 185. As presented 1n FIG. 7A, for the sample
HSQ, 1n a region 56, the normalized heat flow 58 1s large
around the normalized X=1, and the normalized heat flow 58
decreases as the normalized X decreases. This 1s due to the
temperature distribution in the thermoelectric layers 12q and
12b. In a region 55, the normalized heat flow 58 increases as
the normalized X decreases.

FIG. 7B presents the normalized heat flow 59 flowing
from the insulating layer 185 into the thermally conductive
layer 165. As presented 1n FIG. 7B, 1 the sample HSQ, the
normalized heat flow 59 1s substantially zero 1n a region 37.
In the region 335, the normalized heat tlow 59 increases as the
normalized 7 decreases. As described above, it has been
revealed that in the region 55 of FIG. 6, there 1s heat flow
from the thermoelectric layers 12a and 1256 to the thermally
conductive layer 165 through the msulating layer 185. It 1s
considered that the heat tlow through the region 55 1s due to
the high thermal conductivity of the insulating layer 18b.
Also 1in FIG. 7A and FIG. 7B, the normalized heat flows 58
and 59 of the sample PS are smaller than those of the sample
HSQ. This 1s considered because, in the sample PS, the
thermal conductivity of the insulating layer 185 1s small, and
thus the heat tlow passing through the insulating layer 185
1s small.

As described above, the heat tlow passing through the
insulating layers 18a and 185 includes two heat tlows: the
heat flow depending on the temperature distribution of the
thermoelectric layers 12a and 125, and the heat flow that
passes through the regions 50 and 55 because of the high
thermal conductivities of the insulating layers 18a and 18b.
The existence of such two heat flows having different
mechanisms 1s not suggested in Patent Document 2. It 1s
considered that the output power P__, 1s lower 1n the samples
HSQ and S10, than in the sample PS because of the leakage
of the heat flow to the insulating layers 18a¢ and 18b
according to these two mechanisms. The output power of the
first embodiment in the case where the two mechanisms
described above are present was simulated.

Simulation for First Embodiment

The sample HSQ/PS 1s a sample adopting HSQ as the
isulating layers 17a and 17¢ and adopting PS as the

isulating layers 1756 and 17d. The sample S10,/PS 1s a
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sample adopting S10,, as the insulating layers 17a and 17¢
and adopting PS as the isulating layers 1756 and 17d. The
output power P___ optimized by varying the thicknesses t,
of the msulating layers 1756 and 174 was simulated for three
conditions: t,.,=7 um and t.,=1 um, t.,=8 um and t_.,=10
um, and t~,=9.4 um and t.,=30 um.

FIG. 8A to FIG. 8C are graphs presenting P_ . versust,
in the first embodiment. The samples HSQ/PS and S10.,/PS
are presented as the first embodiment, and the sample PS 1s
presented as the comparative example 1. In the sample PS,
t. .=t~ +t-,, but for comparison with the samples HSQ/PS
and S10,/PS, P___ 1s illustrated by a dotted straight line that
takes a constant value regardless of the value of t. ;. As
presented 1in FIG. 8A to FIG. 8C, the output power P_ . of

both samples HSQ/PS and S10,/PS 1s less than or equal to
15 of that of the sample PS around t .,=0.Ast _ increases,
the output power P__, approaches that of the sample PS, and
at t. _,=t.,, the output power P_ . of the samples HSQ/PS
and S10,/PS 1s almost the same as the output power P_ . of
the sample PS.

Table 2 1s a table presenting the ratio P, HSQ/P_ PS
indicating the output voltage P__HSQ of the sample HSQ/
PS with respect to the output voltage P__PS of the sample

PS.

QLT

O LT

TABLE 2
PautHSQ/PGHtPS tr'nsl = tCl tr'nsl = tCl/Z
te =1 um 0.996 0.935
t =10 um 0.98% 0.920
te = 30 um 0.984 0.909
Table 3 1s a table presenting the ratio P__S10,/P_ PS

indicating the output voltage P_ _S10, of the sample S10,/PS
with respect to the output voltage P_ _PS of the sample PS.

TABLE 3
PourSiOE/PautPS tr’rzsl = tCl tr'nsl = tCl/z
te =1 um 0.999 0.927
t =10 um 0.988 0.906
t = 30 um 0.9%83 0.893

Table 2 and Table 3 present P_,_HSQ/P__PS and P_ -
S10,/P_ _PS when t, 1s 1 um, 10 um, or 30 um, and t_,__, 1s
t., Or I,LC/2. As presented 1n Table 2 and Table 3, when

t. . =t~, P _HSQandP_ S10, are substantially the same as
P__PS regardless of t.,. When t__ =t. /2, P _HSQ and
P_ 510, are apprommately 90% of P___PS regardless of t .

As presented in FIG. 8A to FIG. 8C, when t, ,=t.,/4,

P__HSQ and P_, S10, are approximately 753% of P__PS,
and when t, ,=t.,/3, P_ HSQ and P_,_S10, are approxi-
mately 85% ot P_ _PS. As described above, the output power
P_ . cannot be increased unless the thicknesses t., , of the
insulating layers 175 and 17d are increased to a predeter-
mined value or greater.

The reasons why the output power P_ . cannot be
increased unless the thicknesses t, , of the msulating layers
17d and 1756 are increased are considered as follows. First,
in FIG. 4, the heat flow 33 flowing from the insulating layer
18a 1nto the thermoelectric layers 12a and 126 around the
normalized X=0 passes through the section from the ther-
moelectric layers 12a and 125 to about t, 1n the mnsulating
layer 18a. Further, the region 50 in which the heat flow 54
leaking from the thermally conductive layer 16a to the
insulating layer 18a 1s present extends to the section from
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the thermoelectric layers 12a and 125 to about t,. Also 1n
FIG. 6, the heat flow 58 leaking from the thermoelectric
layers 12a and 125 to the insulating layer 185 around the
normalized X=1 passes through the section from the ther-
moelectric layers 12a and 125 to about t -, 1n the mnsulating
layer 18b. Further, the region 55 in which the heat flow 59
flowing from the insulating layer 186 into the thermally
conductive layer 165 1s present extends to the section from
the thermoelectric layers 12a and 1256 to about t .

Such a behavior of the output power P_ . with respect to
the thicknesses t., , of the msulating layers 175 and 174 1s
not suggested by the description of Patent Document 2, and
1s a finding obtained by starting simulation of the highly
accurate distributed constant circuit model as presented 1n
FIG. 4 to FIG. 7B.

In the first embodiment, the thicknesses t_ _, of the insu-
lating layers 174 and 175 are adjusted to be t~,/4 or greater.
This allows the output power P_ . to be equal to or greater
than 75% of the output power P_, . of the sample PS. Note
that t~, 1s the larger one of the distance between the end of
the thermally conductive layer 16a at the thermoelectric
layer 12a side and the center of the thermally conductive
layer 165 1n the X direction and the distance between the end
of the thermally conductive layer 16a at the thermoelectric
layer 126 side and the center of the thermally conductive
layer 166 in the X direction. The thickness t, , 1s more
preferably t-,/3 or greater, further preferably t.,/2 or
greater. This 1s because the simulation of the highly accurate
distributed constant circuit model has revealed that the
output power ol about 90% of the output power of the
sample PS 1s obtained by adjusting the thicknesses t, ., of the
insulating layers 176 and 174 to be 12 of t~,, and the output
power ol about 85% of the output power of the sample PS
1s obtained by adjusting the thickness t, ., to be 13 of t,.

Even if the thickness t, , becomes thicker than t.,, the
output power P

... does not increase. Therefore, 1n order to
increase the mechanical strength of the insulating layers 18a
and 185, the thickness tins 1s preferably 2xt,, or less, more
preferably 1.5xt., or less, and still more preferably t., or
less. The preterable range of the thickness t, . (for example,
t~,/2 or greater and t~, or less) does not change even when
the materials of the insulating layers 1756 and 17d and T,
are changed as presented 1n FIG. 8A to FIG. 8C. Further, the
thickness tins of either one of the msulating layers 175 and
17d may be t~,/4 or greater and 2xt,, or less.

In order to increase the mechanical strength of the 1nsu-
lating layers 18a and 18b, the thicknesses t__, of the
insulating layers 17a and 175 are preferably large. There-
fore, t_ . 1s preferably t, /2 or greater, more preferably t
or greater, and further preferably 1.5xt, _, or greater.

The thermal conductivities of the insulating layers 18a
and 1856 are only required to be lower than those of the
thermally conductive layers 16a and 16b. The thermal
conductivities of the msulating layers 17a and 17c¢ are
preferably equal to or less than Y300 of, more preferably
equal to or less than /1000 of the thermal conductivities of the
thermally conductive layers 16a and 165. The thermal
conductivities of the msulating layers 176 and 174 are only
required to be lower than the thermal conductivities of the
isulating layers 17a and 17¢, and are preferably equal to or
less than % of, more preferably equal to or less than 10 of,
turther preferably equal to or less than Yso of the thermal
conductivities of the 1msulating layers 17q and 17¢. In order
to make the thermal conductivities of the insulating layers
176 and 17d lower than those of the insulating layers 174
and 17¢, the insulating layers 175 and 174 may be porous
and the msulating layers 17a and 17¢ may be non-porous.
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When the insulating layers 176 and 17d are porous, the
porosity (porous ratio) of the insulating layers 1756 and 174

1s preferably 10% or greater, and more preferably 50% or
greater. This configuration allows the thermal conductivities
of the insulating layers 175 and 174 to be low. When the
insulating layers 17a and 17¢ are non-porous, the porosity of
the msulating layers 17a and 175 1s preferably 1% or less
and more preferably 0.1% or greater. This configuration can
increase the mechanical strength of the isulating layers 17a
and 17b.

Table 4 1s a table presenting the percentage of increase of
the output power P_ _ of the sample HSQ/PS with respect to
that of the sample HSQ and the percentage of increase the
output power P___of the sample S10,/PS with respect to that
of the sample S10,. Note that t.,=30 um and t,_ _,=t,.

TABLE 4

T =30 pum, T}, = Tey.

Percentage of increase of P_,, of HSQ/PS 125%
with respect to HSQ
Percentage of increase of P_,, of S105/PS 426%

with respect to S10,

As presented 1in Table 4, the sample HSQ/PS has P_ ,
increased by 125% compared to the sample HSQ, and the
sample S10,/PS has P_ . increased by 426% compared to the
sample S10.,,.

FIG. 9A to FIG. 9E are graphs presenting the current I and
the output power P___ versus the output voltage V_ _ 1n each
sample. FIG. 9A presents the sample PS, FIG. 9B presents
the sample HSQ, FI1G. 9C presents the sample S10,, FI1G. 9D
presents the sample HSQ/PS, and FIG. 9E presents the
sample S10,/PS. A plurality of modules in which the areas
of the base portions 22a and 22b are DxD=1 cm” are
connected 1n series and/or 1n parallel, and a mounting area
S, is varied from 20 cm” to 120 cm” in steps of 20 cm”. Note
that t ,=30 um for all samples and t, =t ., for the samples
HSQ/PS and S10,/PS.

As presented i FIG. 9A to FIG. 9E, when the output
voltage V_ _ 1s substantially 1 V, the power P_ . peaks. As
presented 1n FIG. 9A, 1n the sample PS, when the mounting
area S , is 120 cm?, an output power P_ . of about 2 mW is
achieved. However, imn the sample PS, the mechanical
strength of the insulating layers 18a and 186 1s low. As
presented 1n FIG. 9B and FIG. 9C, in the samples HSQ and
S10,, although the mechanical strength of the insulating
layers 18a and 185 1s high, the output power P_ . 1s 1 mW

or equal to or less than 0.5 mW even when the mounting area
S , is set to 120 cm?. As presented in FIG. 9D and FIG. 9E,

in the samples HSQ/PS and SiO,/PS, when S, is 120 cm”,
the output power P_ . 1s about 2 mW, which 1s almost the
same as that of the sample PS. Since the msulating layers
17a and 17¢ are made of HSQ or S10,, mechanical strength
can be ensured.

QLT

First Vanation of First Embodiment

FIG. 10 1s an enlarged cross-sectional view of a thermo-
clectric conversion device in a first variation of the first
embodiment. As 1llustrated 1n FIG. 10, 1n the first variation
of the first embodiment, the thermoelectric layers 12a and
1256 have different lengths 1n the X direction. The distance
between the end of the thermally conductive layer 165 at the
thermoelectric layer 125 side and the center of the thermally
conductive layer 16a 1n the X direction 1s represented by d,,
and the distance between the end of the thermally conduc-




US 12,185,628 B2

15

tive layer 165 at the thermoelectric layer 12a side and the
center of the thermally conductive layer 166 in the X
direction 1s represented by dz. The pitch 1n the X direction
1s represented by d.

In the case that the distances d, and d, are difl

erent from
each other as 1n the first variation of the first embodiment,
it 1s required to reduce both the heat tlow bypassing the
insulating layer 18a and the heat flow bypassing the insu-
lating layer 185. Theretore, the larger distance d, of the
distances d, and d, 1s used as the reference. That 1s, tins” 1s
preferably d,/4 or greater, more preterably d,/3 or greater,
and further preferably d,/2 or greater. Further, t. ., 15 prel-
erably 2xd, or less, more preferably 1.5xd, or less, and
turther preterably d, or less. As 1n the first embodiment, the
distances d, and d, may be the same to the extent of the
manufacturing error, or as 1n the first vanation of the first
embodiment, the distances d, and d, may be different to the
extent of the manufacturing error or greater. In the above
described embodiment, the isulating layers 18a and 185
whose cross sections are illustrated 1in FIG. 10 are repeatedly
arranged at the pitch d 1n the X direction. Since the pitch d
1s a constant value, there are two distances d, and dz. Note
that the pitch d may not be necessarily constant. In this case,
the largest distance of a plurality of the distances d1 and a
plurality of the distances d2 can be used as the reference.
In the above-described embodiment, the second mnsulating,
layer that 1s penetrated by the first thermally conductive
layer, has a smaller thermal conductivity than the first
insulating layer, 1s provided between the first insulating
layer and the first thermoelectric layer and the second
thermoelectric layer, and has a thickness equal to or greater
than 4 of the larger distance of the distance between the end
of the first thermally conductive layer at a side of the first
thermoelectric layer and the center of the second connection
layer 1n the first direction and the distance between the end
of the first thermally conductive layer at a side of the second
thermoelectric layer and the center of the second connection
layer 1n the first direction 1s used as the insulating layers 1756

and 174 to which a porous substance of the insulators
illustrated 1n FIG. 2 or FIG. 10 1s adopted.

As 1llustrated 1n FIG. 1A to FIG. 2, in the case that the
insulating layer 175 1s 1n contact with the thermoelectric
layers 12a and 126 and the insulating layer 17a, and the
insulating layer 174 1s 1n contact with the thermoelectric
layers 12a and 125 and the mnsulating layer 17a, the space 15
(1.e., an air gap) as 1llustrated 1n FIG. 8 of Patent Document
2 1s not formed between the base portion 22a and the
thermoelectric layers 12a¢ and 126 or between the base
portion 225 and the thermoelectric layers 12a and 1256. This
1s because the base portion 22a, the thermoelectric layers
12a and 125, and the base portion 225 are produced by a
micro-stacking process such as a semiconductor-forming,
process. As a result, a thermoelectric conversion device
having a very high density and a small size can be provided
at a low manufacturing cost, and the strength of the ther-
moelectric conversion device can be increased.

When the thermal conductivities of the msulating layers
176 and 17d are adjusted to be smaller than the thermal
conductivities of the mnsulating layers 17a and 17¢ 1n the
thermoelectric conversion device 1 which no air gap 1s
formed, the simulation results of FIG. 8 A to FIG. 8C can be
applied. That 1s, by adjusting each of the thicknesses of the
insulating layers 175 and 174 having low thermal conduc-
tivity to be equal to or greater than 4 of t.,, the output
power P_ . can be increased as compared with the case
where all of the insulating layers 18a and 1856 are made of
a material having a low thermal conductivity. When the

10

15

20

25

30

35

40

45

50

55

60

65

16

insulating layers 175 and 174 are made of porous silica and
the insulating layers 17a and 17¢ are made of HSQ or S10,
as presented in FIG. 8A to FIG. 8C, the output power can be
increased to, for example, 75% or greater as compared with
the case where all of the msulating layers 18a and 185 are
made of HSQ or S10.,.

Further, as presented 1n FIG. 8A to FIG. 8C, even 11 each
of the thicknesses of the msulating layers 176 and 17d 1s
adjusted to be larger than twice t_,, the output power 1s not
improved. Therefore, by providing the msulating layers 17a
and 17¢ having high thermal conductivity and high mechani-
cal strength and adjusting the thicknesses of the msulating
layers 17b and 174 having low mechanical strength to be
equal to or less than twice t.,, the mechanical strength of the
thermoelectric conversion device can be increased as com-
pared with the case where all of the insulating layers 18a and
185 are made of a material having a low mechanical strength
such as porous silica. As described above, 1t 1s possible to
reduce a decrease 1n the output power P_ . while ensuring the

mechanical strength of the thermoelectric conversion
device.

In the simulations in FIG. 8A to FIG. 8C, for the samples
HSQ/PS and S10,/PS, the thermal conductivities of the
insulating layers 175 and 17d (porous silica) are 1/8.4 times
and 1/25.2 times the thermal conductivities of the imnsulating
layers 17a and 17¢ (HSQ and $10,), respectively. Further,
the thermal conductivities of the msulating layers 176 and
17d (porous silica) are Yiosoo times the thermal conductivi-
ties of the connection layers 14a and 145 and the thermally
conductive layers 16a and 166 (Cu).

In order to obtain the same eflect as the simulation results
in FIG. 8A to FIG. 8C, the respective ranges of the thermal
conductivities of the insulating layers 1756 and 17d are
preferably equal to or less than %5 times and equal to or
greater than ioo times the thermal conductivities of the
insulating layers 17a and 17c¢. By adjusting the thermal
conductivities of the insulating layers 176 and 174 to be
equal to or less than 5 times the thermal conductivities of
the insulating layers 17a and 17¢, the heat flow through the
insulating layers 175 and 17d can be reduced to substantially
the same range as that of the simulation result. As a result,
a decrease 1n output power can be reduced. Furthermore, by
adjusting the thermal conductivities of the insulating layers
176 and 17d to be equal to or greater than oo times the
thermal conductivities of the insulating layers 17a and 17c¢,
a material having high mechanical strength can be used for
the msulating layers 17a and 17¢. This allows the mechani-
cal strength of the thermoelectric conversion device to be
ensured while the heat flow through the insulating layers 175
and 174 1s reduced to substantially the same range as that of
the simulation results described above.

The respective ranges of the thermal conductivities of the
insulating layers 175 and 174 are preferably equal to or less
than 1300 times and equal to or greater than 430000 times the
thermal conductivities of the connection layers 14aq and 1456
and the thermally conductive layers 16a and 165. By adjust-
ing the thermal conductivities of the insulating layers 175
and 174 to be equal to or less than 300 times the thermal
conductivities of the connection layers 14a and 145 and the
thermally conductive layers 16a and 165, the thermal con-
ductivities of the connection layers 14a and 146 and the
thermally conductive layers 16a and 165 can be made high,
and the heat tlow through the 1nsulat1ng layers 176 and 17d
can be reduced. Therelore, a decrease 1n the output power
can be reduced. By adjusting the thermal conductivities of
the 1msulating layers 1756 and 174 to be equal to or greater
than Y3o0000 times the thermal conductivities of the connec-
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tion layers 14a and 1456 and the thermally conductive layers
16a and 16b, a practical material such as porous silica that
can be applied to a micro-stacking process such as a semi-
conductor-forming process can be used as the insulating
layers 17b and 17d. Therelfore, the cost can be reduced.
Further, in the case that the thermal conductivities of the
isulating layers 176 and 174 are within the above range,
cach of the thicknesses of the insulating layers 175 and 174
1s preferably adjusted to be equal to or greater than 4 times

and equal to or less than 2 times t,,.

To obtain the same effect as the simulation results of FIG.
8A to FIG. 8C, the thermal conductivities of the insulating
layers 17b and 17d are more preferably equal to or less than
/10 times, further preferably equal to or less than Y20 times
the thermal conductivities of the insulating layers 17a and
17c. The thermal conductivities of the insulating layers 175
and 17d are more preferably equal to or less than V1000 times,
turther preferably equal to or less than sc00 times the
thermal conductivities of the connection layers 14aq and 145
and the thermally conductive layers 16a and 165.

In the case that the thermal conductivities of the thermo-
clectric layers 12aq and 1256 are low, temperature distribution
occurs in the thermoelectric layers 12a¢ and 126 in the
comparative example 1. Therefore, the heat flow tlowing
from the 1nsulating layer 18a into the thermoelectric layers
12a and 1254, such as the heat flow 53 1n FIG. 4, and the heat
flow tlowing out from the thermoelectric layers 12a and 1256
to the insulating layer 185, such as the heat flow 58 1n FIG.
6, increase. In the simulations of FIG. 8A to FIG. 8C, the
thermal conductivities of the thermoelectric layers 12a and
126 (Bi'le) are Y270 times the thermal conductivities of the
connection layers 14aq and 145 and the thermally conductive
layers 16a and 165 (Cu). Therefore, 1 order to apply the
simulation results of FIG. 8A to FIG. 8C, the thermal
conductivities of the thermoelectric layers 12a and 125 are
preferably equal to or less than Y50 times the thermal
conductivities of the connection layers 14a and 145 and the
thermally conductive layers 16a and 165b.

In order to obtain the same eflect as the simulation results
of FIG. 8A to FIG. 8C, the thermal conductivities of the
thermoelectric layers 12a and 125 are more preferably equal
to or less than Yoo times the thermal conductivities of the
connection layers 14a and 145 and the thermally conductive
layers 16a and 16b. The thermal conductivities of the
thermoelectric layers 12a and 125 are, for example, equal to
or greater than Yiooo times the thermal conductivities of the
connection layers 14aq and 145 and the thermally conductive
layers 16a and 16b.

If the thermal conductivities of the thermoelectric layers
12a and 126 are too low, the heat flow flowing 1n the
thermoelectric layers 12a and 1256 decreases. In the simu-
lations of FIG. 8A to FIG. 8C, the thermal conductivities of
the thermoelectric layers 12a and 1256 (BiTe) are 40 times
the thermal conductivities of the insulating layers 175 and
17d (porous silica). Theretfore, 1n order to obtain the same
cllect as the simulation of FIG. 8A to FIG. 8C, the thermal
conductivities of the thermoelectric layers 12a and 125 are
preferably larger than the thermal conductivities of the
insulating layers 176 and 17d. In order to apply the simu-
lation results of FIG. 8A to FIG. 8C, the thermal conduc-
tivities of the thermoelectric layers 12a and 126 are more
preferably equal to or greater than 10 times the thermal
conductivities of the insulating layers 176 and 17d4. The
thermal conductivities of the thermoelectric layers 12a and
126 are, for example, equal to or less than 100 times the
thermal conductivities of the insulating layers 175 and 174
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Although pretferred embodiments of the present invention
have been described so far, the present invention 1s not
limited to those particular embodiments, and various
changes and modifications may be made to them within the
scope of the invention claimed herein.

DESCRIPTION OF REFERENCE NUMERALS

10 Seebeck element

12a, 126 thermocelectric layer

14a, 145 connection layer

16a, 166 thermally conductive layer
17a to 17d, 18a, 18b msulating layer
22a, 22b base portion

24a to 24d electrode

The mnvention claimed 1s:

1. A thermoelectric conversion device comprising:

first thermoelectric layers and second thermoelectric lay-
ers that are alternately provided in a first direction
parallel to surfaces of the first thermoelectric layers and
the second thermoelectric layers, the first thermoelec-
tric layers having conductivity types opposite to those
of the second thermocelectric layers;

first connection layers and second connection layers, each
of the first connection layers and the second connection
layers being electrically and thermally connected to one
of the first thermoelectric layers and one of the second
thermoelectric layers between the one of the first ther-
moelectric layers and the one of the second thermo-
clectric layers, the first connection layers and the sec-
ond connection layers being alternately provided 1n the
first direction;

first thermally conductive layers that are thermally con-
nected to the first connection layers, respectively, the
first thermally conductive layers extending 1n a second
direction intersecting the surfaces;

a first insulating layer through which the first thermally
conductive layers penetrate, the first isulating layer
having a thermal conductivity smaller than thermal
conductivities of the first thermally conductive layers;

a second 1sulating layer through which the first thermally
conductive layers penetrate, the second 1nsulating layer
having a thermal conductivity smaller than the thermal
conductivity of the first insulating layer, the second
insulating layer being provided between the first 1nsu-
lating layer and the first thermoelectric layers and
between the first insulating layer and the second ther-
moelectric layers, the second insulating layer having a
thickness equal to or greater than V4 of a larger distance
of a first distance between an end of one of the first
thermally conductive layers and a center of one of the
second connection layers in the first direction and a
second distance between an end of another one of the
first thermally conductive layers and the center of the
one of the second connection layers in the first direc-
tion, the end of the one of the first thermally conductive
layers being at a side of the one of the first thermo-
clectric layers, the one of the first thermoelectric layers
being closest to the one of the first thermally conduc-
tive layers among the first thermoelectric layers, the
one of the second connection layers being closest to the
one of the first thermoelectric layers among the second
connection layers, said another one of the first ther-
mally conductive layers being adjacent to the one of the
first thermally conductive layers and being closest to
the one of the second connection layers among the first
thermally conductive layers, the end of said another
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one of the first thermally conductive layers being at a
side of the one of the second thermoelectric layers, the
one of the second thermoelectric layers being closest to
the one of the second connection layers among the
second thermoelectric layers.

2. The thermoelectric conversion device according to
claim 1, further comprising:

second thermally conductive layers that are thermally
connected to the second connection layers, respec-
tively, the second thermally conductive layers being
provided at a side opposite to the first thermally con-
ductive layers with respect to the first thermoelectric
layers and the second thermoelectric layers, the second
thermally conductive layers extending in the second
direction;

a third insulating layer through which the second ther-
mally conductive layers penetrate, the third insulating
layer having a thermal conductivity smaller than ther-
mal conductivities of the second thermally conductive
layers; and

a fourth insulating layer through which the second ther-
mally conductive layers penetrate, the fourth insulating
layer having a thermal conductivity smaller than the
thermal conductivity of the third insulating layer, the
fourth msulating layer being provided between the third
insulating layer and the first thermoelectric layers and
between the third insulating layer and the second
thermocelectric layers, the fourth insulating layer having
a thickness equal to or greater than %4 of the larger
distance.

3. The thermoeclectric conversion device according to
claim 1, wherein the thickness of the second 1nsulating layer
1s equal to or less than twice the larger distance.

4. The thermoelectric conversion device according to
claim 1, wherein a thickness of the first insulating layer 1s
equal to or greater than 2 of the thickness of the second
insulating layer.

5. The thermoelectric conversion device according to
claim 1, wherein the second insulating layer 1s porous, and
the first insulating layer 1s non-porous.

6. The thermoelectric conversion device according to
claim 1, wherein the second insulating layer 1s 1n contact
with the first thermoelectric layers and the second thermo-
clectric layers, and 1s 1n contact with the first insulating
layer.

7. The thermoelectric conversion device according to
claim 2, wherein the fourth nsulating layer 1s porous, and
the third 1nsulating layer 1s non-porous.

8. The thermoelectric conversion device according to
claim 2, wherein the fourth insulating layer 1s 1n contact with
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the first thermoelectric layers and the second thermoelectric
layers, and 1s 1n contact with the third insulating layer.

9. The thermoelectric conversion device according to
claim 8,

wherein the second 1nsulating layer 1s in contact with the

first thermocelectric layers and the second thermoelec-
tric layers, and 1s in contact with the first insulating
layer,

wherein the thickness of the second insulating layer 1s

equal to or less than twice the larger distance, and
wherein the thickness of the fourth isulating layer is
equal to or less than twice the larger distance.

10. The thermoelectric conversion device according to
claiam 9, wherein the thermal conductivity of the second
insulating layer and the thermal conductivity of the fourth
insulating layer are equal to or less than 5 times and equal
to or greater than Yioo times the thermal conductivity of the
first msulating layer and the thermal conductivity of the
second 1nsulating layer.

11. The thermoelectric conversion device according to
claiam 10, wherein the thermal conductivity of the second
isulating layer and the thermal conductivity of the fourth
insulating layer are equal to or less than 1300 times and equal
to or greater than Y3o0000 times the thermal conductivities of
the first connection layers, the second connection layers, the
first thermally conductive layers, and the second thermally
conductive layers.

12. The thermoelectric conversion device according to
claim 11, wherein the thermal conductivities of the first
thermoelectric layers and the second thermoelectric layers
are equal to or less than 50 times the thermal conductivities
of the first connection layers, the second connection layers,
the first thermally conductive layers, and the second ther-
mally conductive layers.

13. The thermoelectric conversion device according to
claim 12, wherein the thermal conductivities of the first
thermoelectric layers and the second thermoelectric layers
are greater than the thermal conductivities of the second
insulating layer and the fourth nsulating layer.

14. The thermoelectric conversion device according to
claim 2, wherein the first insulating layer and the third
insulating layer are HSQ layers or silicon oxide layers, and
the second insulating layer and the fourth insulating layer
are porous silica.

15. The thermocelectric conversion device according to
claim 1, wherein the first distance 1s the same as the second
distance.
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