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conversion material (100) includes a crystalline

F I G 1 A matrix (102) made of a thermoelectric conver-
- sion material; and phonon-scattering particles

(108) dispersed in the crystalline matrix (102).

100 Each phonon-scattering particle (108) includes
108 108 at least one amorphous nanoparticle (106) coat-
104 106 102 104 106 F ed with a crystalline film (104) having a nano-

order thickness, and the crystalline structure of
the crystalline film (104) is different from the
crystalline structure of the thermoelectric con-
version material. The nanocomposite thermo-
electric conversion material (100) is produced
by i) precipitating a matrix-precursor oversatu-
rated with one element of the thermoelectric
conversion material, around the amorphous
nanoparticles, thereby producing nanocompos-
ite particles, and heat-treating the nanocompos-
ite particles, or ii) by precipitating only one ele-
ment of the thermoelectric conversion material
around the amorphous nanoparticles, thereby
producing first nanocomposite particles, and
then, precipitating the matrix-precursor made of
the thermoelectric conversion material, around
the first nanocomposite particles, thereby pro-
ducing second nanocomposite particles, and

mlllllﬂ

!I
m"".ﬂ

| i

) ;lifmm

i

-

heat-treating the second nanocomposite particles.
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NANOCOMPOSITE THERMOELECTRIC CONVERSION MATERIAL AND

METHOD OF PRODUCING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] The invention relates to a nanocomposite thermoelectric conversion
material in which nano-sized phonon-scattering particles are dispersed in a matrix made

of a thermoelectric conversion .material, and a method of producing the same.

2. Description of the Related Art

[0002] A thermoelectric conversion material is an energy material that direcfly
converts thermal energy to electric energy, based on two basic thermoelectric effects, that
is, the Seebeck effect and the Peltier effect. ‘ |

[0003] A thermoelectric generation device, which uses the thermoelectric
conversion material, has many advantages as compared to conventional power generation
technologies. For example, the thermoelectric generation device has a simple structure,
and is robust and highly durable. The thermoelectric generation device does not have a
movable member. The micro-sized thermoelectric generation device is easily produced.
The thermoelectric generation device does not require maintenance. The thermoelectric
generation device is highly reliable, has a long lifespan, does not cause noise, and does
not cause contamination. The thermoelectric generation device uses low-temperature
waste heat. |

~ [0004] A thermoelectric cooling device, which uses the_ thermoelectric

conversion material, also has advantages as compared to conventional compression
cooling technologies.  For example, the thermoelectric cooling device does not require
chlorofluorocarbon, and does not cause conte.mination. The small-sized thermoelectric

cooling device is easily produced. The thermoelectric cooling device does not have a
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movable member, and does not cause noise.

[0005] Therefore,  particularly ~ because - energy-related  issues  and
environment-related issues have recently become more serious, it is expected that the
thermoelectric conversion material will be put to practical use in fields of aerospace,
national defense, construction, geological observation, weather observation, medica] care,
hygiene, microelectronics, and the like. Also, it is expected that the thermoelectric
conversion material will be used for various purposes, for example, for the purpose of
using waste heat in petrochemical industry, metallurgy, and electric power industry.

[0006] A power factor P = S’c, and a nondimensional performarrce index ZT =
(S’c / k) T are used as indices for evaluating the performance of the thermoelectric’
conversion material. In this case, S represents a Seebeck coefficient, ¢ represents an
electric conductivity,y K represents a thermal conductivity, and T represents an absolute
temperature. | That is, in order to obtain a good thermoelectric characteristic, the
Seebeck coefficient S and the electric conductivity o need to be high, and the thermal
'conductivity K needs to be low. |

[0007] To scatter phonorrs, which conduct heat, is effective for decreasing the
thermal conductivity k.  Thus, a compoeite thermoelectric conversion material, in which.
particles used for scattering the phonons (hereinafter, referred to as “phonon-scattering
particles”) are dispersed in a matrix made of a thermoelectric conversion material, hae
been proposed.

[0008} Jépanese Patent  Application  Publication No. 2000-261047
(JP-A-2000-261047) describes a composite thermoelectric conversion material in which
ceramic particles, which serve as phonon-scattering particles, are dispersed in a matrix
made of a thermoelectric conversiort material CoSbx (2.7 < x < 3.4). The size of the
ceramic particles ranges from sub-micron size to several hundrcd micron size. The
publication No. 2000-261.047 also describes a production method in which raw material
powder of the matrix is mixed with ceramic powder, the mixed powder is shaped, and
calcination is performed.

[0009] In the publication No. 2000-261047, consideration is not given to an
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interface between the matrix and the phonon-scattering particles (ceramic particles). In
an example, a thermal conductivity is 1.8 to 3 W/km, and is lower than approximately 5
W/km of a therfnoelectric conversion material CoSbx that does not include dispersed
phonon-scattering particles. However, the thermal conductivity is required to be further
decreased. | '

[0010] . In Japanese Patent Application Publication No. 2009-147145
(JP-A-2009-147145), it is described that when th¢re is roughness at an interface between
a matrix and phonon—scattering particles (i.e., when iﬁterface density is increased), the
phonon-scattering effect caused by the phonon-scattering particles is increased. In the
publication No. 2009-147145, Al,O; nanoparticles orl Si0; nanoparticles, which serve as
phonon-scattering particles, are dispersed in a ‘therm'oelectric conversion material
CoSB3-based matrix, and interface roughness between the matrix and the nanoparticles is

used. In this case, it is not possible to further increase the interface roughness.

SUMMARY OF THE INVENTION

[0011] The invention provides a nanocomposite thermoelectric conversion
material that has a novel structure in which interface roughness between a matrix made of
a thermoelectric conversion material and phonon-scattering particles is increased so that a
therm;'il coﬁductivity is greatly decreased and thermoelectric conversion performance is
increased, and a method of producing_ the same.

{0012]  An aspect of the invention provides a nanocomposite thermoelectric
‘conversion material. The nanocomposite thermoelectric conversion material includes a
crystalline matrix made of a thérmoelectric conversion material; and phbnon—scattering
particles dispersed in the crystalline matrix. Each of the phonon-scattering particles
includes at leasf one am‘orphous nanoparticle coated with a crystalline film having a
nano-order thickness, and a crystalline structure of the cryétéllihe film is different from a
_ crystalline structure of the thermoelectric conversion material.

[0013]  Another aspect of the invention provides a method of producing a

nanocomposite thermoelectric conversion material. The method includes dispersing
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amorphous nanoparticles in a solution of salts of elements that constitute a thermoelectric
conversion material, wherein in the solution, an amount of one element among the
elements is excessive- with respect to a solid éolubility limit in the thermoelectric
conversion material, and an amount of each of a rest of the elements is in a solid
solubility range; precipitating a matrix-pr_eéursor made of the thermoelectric conversion
mat_erial that is oversaturated with the one element, around the amorphous nanoparticles,
thereby producing nanocomposite particles, by adding a reducing agent to the solution;
and heat-treating the produced nanocomposite particles so that the matrix-precursor is
formed into an alloy to produce a crystalline matrix made of the thermoelectric
conversion material, and at the same time, the one element is precipitated on surfaces of
the amorphous nanoparticles to produce crystalline films.

[0014] Another aspect of the invention provides a method of producing a
nanocomposite thermoelectric conversion material. The method includes dispersing
amorphous nanoparticles in a first solution .of a salt of one element among elements that
constitute a thermoelectric conversion material, wherein an amount of the one element is
excessive with respect to a solid solubility limit in the thermoelectric conversion material
if the first solution is added to a second solution; precipitating the one element on
surfaces of the amorphous nanoparticles so that films are produced, thereby producing
first nanocompbsite particles, by adding a reducing agent to the first solution in which the
amorphous nanoparticles are dispersed; dispersing the first nanocomposite particlés in the
second solution of salts of the elements that constitute. the thermoelectric conversion
materials, wherein in the second solution, an amount of each of the elements is in a solid
solubility fange in the thermoelectric conversion material; precipitating a
matrix-};recursor made of the thermoelectric conversion material, around the first
nanocomposite particles,. thereby producing second nanocomposite particles, by adding a
reducing agent to the second solution in which the first nanocomposite particles are
dispersed; and heat-treating the produced second nanocomposite particles so that the
produced films are crystallized, and at the same time, the produced matrix-precursor is

formed into an alloy to produce a crystalline matrix made of the thermoelectric
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conversion material.

[0015] In the nanocomposite thermoelectric conversion material according to
the above-described aspect of the invention, the phonon—scatteriﬁg particles are dispersed .
in the crystalline matrix made of the thermoelectric conversion material. Each of the
phonon-scattering particles includes the amorphous nanoparticle coated with the
crystalline film having a nano-order thickness, and the crystalline structure of the
crystalline film is different from the crystalline structure of the thermoelectric conversion
material.  Thus, because the crystalline film having a nano-order thickness is
sandwiched between.the crystalline matrix and the amorphous particle, large interface
roughness is caused due to lattice mismatch, and scattering of phonons is promoted.
Therefore, a thermal conductivity (x) is greatly decreased, and a thermoelectric
conversion performance index (ZT = (SZG/K) T) is significantly improved.

[00i6] Also, because aélarge portion of the volume of the phonon-scattering
particlelis constituted by a low-cost material (for example, SiO,) of the amorphous
nanoparticle, it is possible to reduce the cost of raw materials.

[0017] As the diameter of the phonon-scattering particle ihcreases, the
frequency, at which phonons pass through the inside of the phonon—scatteringl particle,
increases. Because the phonons are scattered by two interfaces, that is, an interface
between the matrix and the film, and an interface between the film and the amorphous

particle, the effect of decreasing the thermal conductivity is large.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018]  The foregoing and further objects, features and advantages of the
invention will become apparent from the following description of example embodiments
with reference to the accompanying drawings, wherein like numerals are used to
represent like elements and wherein: . | \
FIGS. 1A ahd 1B are schematic ﬂiagrams each showing an inner structure of a
nanocomposite thermoelectric conversion material according to the invention;

FIGS. 2A to 2D show a first productionA method for the nanocomposite
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the;rmoelectric conversion material according to the invention;

FIGS. 3A to 3E show a second production method for the nanocomposite
thermoelectric conversion material; |

‘FIGS. 4A to 4D are photos showing TEM images of the nanocomposite
thermoelectric conversion material produced in a first example using the first production
method according to the invention;

FIGS. 5A to 5C are photos showing TEM images of the nanocomposite
thermoelectric conversion material produced in a second example using the second
production method according to the invention;

FIGS. 6A to 6C are gfaphs showing characteristic values of the nanocomposite
thermoelectric conversion materials produced in the first and second examples, in

comparison with values in related art.

DETAILED DESCRIPTION OF EMBODIMENTS

[0019]  Each of FIGS. 1A and 1B schematically shows an inner structure of a
nanocomposite thermoelectric conversion material according to the invention.

[0020] In a nanocomposite thenﬁoelectric conversion material 100 shown in
' FIG. 1A, phonon-scattering paﬁicles 108 are dispersed in a crystalline matrix 102 made
of a thermoelectric conversion material. In FIG. 1A, each phonon-scattering particle
108 i'ncludes at least one amorphous nanoparticle 106 coated with a crystalline film 104
having a nano-order thickness. The crystalline structure of the crystalline film 104 is
different from the crystalline structure of the thermoelectric conversion material.

[0021] FIG 1B shows an enlarged portion surrounded by a dash line frame F in
FIG. 1A. Because the crystalline film 104 having a nano-d_rder thickness is sandwiched
between the crystalline matrix 102 and the amorphous particle 106, large interface
roughness R is caused due to lattice mismatch. That is, interface roughness R between '
the phonon-scattering particle 108 and the crystalline matrix 102 is caused by interface
roughness R1 between the crystalline film 104 and the crystalline matrix 102, and

interface roughness R2 between the crystalline film 104 and the amorphous particle 106.
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The performance of scattering phonons is enhanced and the thermal conductivity is
decreased due to the interface roughness R.

[0022] FIGS. 2A to 2D and FIGS. 3A to 3E show changes in constituent phaées
in steps of .ﬁrAst and second production methods for the nanocomposite thermoelectric
conversion material according to the invention. |

[0023] A specific example in Which a nanocomposite thermoelectric conversion
material is produced will be described. In the nanocomposite thermoelectric conversion
rhéterial, phonon-scattering particles SbyO3/Si0, are dispersed in a crystalline matrix
made of a thermoelectric conversion material (Bi, Sb),Tes. Each phonon-scéttering
particle ‘Sb203l/Si02 includes at least one amorphous nanoparticle SiO, coated. with a
- crystalline film Sb,O3; having a nano-order thickness. The crystalline structure of the
crystalline film Sb,O; is different from the crystalline structure of thé thermoelectric
conversion material (Bi, Sb),Tes. :

[0024] First, the first production method according to the invention will be
described with reference to FIGS. 2A to 2D. |

First produ(‘:tion methbd

First step: FIG. 2A |

[0025] The amorphous nanoparticles SiO, 106 are dispersed in a solution S of
safts (for example, BiCls, SbCls, and TeCly) of elements Bi, Sb, and Te that constitute the
thermoelectric conversion material (Bi, Sb),Te;. In the solgtion S, an amount of one
element (for example, Sb) among the elements Bi, Sb, and Te is excessive with respect to
a solid solubility limit in the thermoelectric conversion material (Bi, Sb),Te;, and an
amount of each of the rest of the elements (Bi and Te in this example) is in a solid
solubility range.

Second step: FIGS. 2B to 2C

[0026] A matrix-precursor 103, which is made of the thermoelectric conversion
material (Bi, Sb);Te; oversaturated with the one element Sb, is precipitated around the
amorphous nanoparticles SiOzl 106 to produce nanocomposite particles 105, by adding a

reducing agent (for example, NaBHj,) to the solution S.
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[0027] FIG. 2B shows a state in which the matrix-precursor 103, which is made

of the thermoelectric conversion material (Bi, Sb),;Tes (oversaturated with Sb), is
precipitated around each amorphous nanoparticle SiO, 106 in the solution, in the initial
stage of reduction. _ |
[0028] 'FIG. 2C shows slurry in which the amorphous nanoparticles SiO, 106 are
dispersed in the matrix-precursor 103 made of the thermoelectric conversion material (B4,
Sb),Tes (ove'rsaturated,\;vith Sb), after the reduction is completed in the entire solution.
Third step: FIG. 2D |
‘[0029] The slurry containing the produced nanocomposite particles 105 is
heat-treated so that the matrix-precursor 103 is formed into an alloy to produce a -
crystalline matrix 102 made of the thermoelectric conversion material (Bi, SB)zTe3, and at
the same time, the one element Sb, with which the thermoelectric conversion material (Bi;
Sb),Te; has been oversaturated, is precipitated as oxide on surfaces of the amorphous
nanoparticles Sipz 106 to produce crystalline films Sby,O3 104. In the matrix 102, there
may be the amorphous nanoparticle SiO, 106 that is not coated with the crystalline film
Sb,03; 104, and the crystalline film material Sb,O; 104 that does not coat any amorphous'
nanoparticle SiO; 106. |
[0030] Next, the second production method according to the invention will be
described with reference to FIGS. 3A to 3E.
Second production method
First step:' FIG. 3A
[0031] & The amorphous nanoparticles SiO, 106 are dispersed in a first solution
S1 of a salt (for example, SbCl;) of one element (for example, Sb) among elements Bi,
Sb, and Te that constitute a thermoelectric conversion material (Bi, Sb),Te;. - An afnount
~of the one element Sb is excessive with respect to a solid solubility limit in ‘the
thermoelectric conversion material (Bi, Sb),Te; if the first solution S1 is added to a
second solution S2 described belbw. - | |
Second step: FIG. 3B

[0032] The one element Sb is precipitated on surfaces of the amorphous
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nanoparticles SiO; 106 so that films 104a are produced, and thus first nanocomposite
particles 107 are produced, by adding a reducing agent (for example, NaBH,) to the first
solutipn S1 in which the amorphous nanoparticles SiO; 106 are dispersed..

| Third step to fourth step: FIGS. 3C to 3D

[0033] The first nanocomposite particles 107 are dispersed in the second
solution S2 of salts (for example, BiCl;, SbCl;, and TeCly) of elements Bi, Sb, and Te that
constitute the thermoeleqtric conversion material (Bi, Sb),Te;. In the second solution S2,
-an amount of each of the elements Bi, Sb, and Te is in a solid solubility range in the
thermoelectric conversion matérial (third step).

[0034] A matrix-precursor 102a made of the thermoelectric conversion material
(Bi, Sb),Te; is precipitated around the first nanocomposite particles 107 to producé
second nanocomposite particles 109, by édding a reducing agent (for example, NaBHy) to
the second solution S2 in which the first nanocomposite particles 107 are dispersed
(fourth step). . |
| [0035] . FIG 3C shows a state in which the matrix-precursor 102a made of the
;[herrnoelectric _conversion material (Bi, Sb),Te; is precipitated around each first
nanocomposite particle 107 in the solution, at the initial stage of reduction.

[0036] FIG. 3D shows slurry in which the first nanocomposite particles 107 are
dispersed 'in the matrix-precursor 102a made of the thermoelectric conversion material
(Bi, Sb),Tes after the reduction is completed in the entire solution.

Fifth step: FIG. 3E _

[0037] The produced second nanocomposite particles 109 are heat-treated so
that the films 104a produced in the second step are oxidized and crystallized to produce
the crystalline films 104, and at the same time, the matrix-precursor 102a produced in the
fourth step is formed into an alldy to produce the crystalline matrix 102 made of the
thermoelectric conversioﬁ material (Bi, Sb),Te;.

[0038] In the above-described two production methods, the thermoelectric
conversion material is (Bi, Sb),Te;, the crystalline film is Sby,Os, and the amorphous

nanoparticle is Si0,. However, the thermoelectric conversion material is not limited to
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(Bi, Sb),Tes, the crystalline film is not limited to SbyOs, and the amorphous nanoparticle

is not limited to SiO,. Various materials may be used as described below.

[0039] Examples of the pair of the thermoelectric converéion material and the
crystalline film include a pair of the thermoelectric conversion material (Bi, Sb),Tes; and
the crystalline film Sb,Os, a pair of a thermoelectric conQersion material (Bi, Sb)x(Te,
Se); and a crystalline film Te, Bi, TeOx, BiOx, Se, SeOx, or Sb, and a pair of a
thermoelectric cbnversion material (Bi, Sn);Te; and a crystalline film Sn or SnOx.
’ Examples of the amorphous nanoparticle include SiO,, Al,O3, TiO,, and SizN4. The '
diameter of the amorphous nanoparticle is 1 nm to 100 nm, prelferably 3nm to 20 nm, and
more preferably 5 nm to 10 nm.

[0040] Thé thickness of the crystalline film is 1 nm to 100 nm, preferably 3 nm
to 20 nm, and more preferably 3 nm to 10 nm. |

Examples

First example

J0041] A nanocomposite thermoelectric conversion materiai described below
was produced using the first production method according to the invention.

[0042] ~ The configuration of the produced nanocomposite thermoelectric
convefsion material is as follows. A matrix was (Bi, Sb),Te;s. Amorphous particles
were Si0,.  Amorphous films were Sb,0s.

First step

(0043] 0.28 g of silicé (8i0y) pé.rticles whose average diameter was Snm were
dispersed in a solution produced by dissolving 0.4 g of bismuth chloride (BiCl3), 2.56 g
of tellurium chloride (TeCly), and 1.34 g of antimony chloride (SbCl3) in 100 ml of
ethaﬁol.

Second step

[0044]  Reduction was caused by dropping, into the above-described solution, a
reducing agent produced by dissolving 2.5 g of NaBH4 in 100 ml of ethanol. Thus,
ethanol slurry was produced. In the ethanol slurry, nanoparticles of silica (SiO,) were

dispersed in the matrix-precursor made of the thermoelectric conversion material whose
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composition was (Bi? Sb),Tes, and which was a sqlid solution oversaturated with Sb.

[0045] The slurry was filtered using a solution produced by mixing 500 ml of
water with 300 ml of ethanol, and then, filtered and washed using 300 ml of ethanol.

Third step

[0046] Hydrothermal treatment was performed in a. hermetically-sealed
autoclave device at 240°C for 48 hours. As a result, an alloy was produced.

[0047] Then, drying was performed in an Nz-gas flow atmosphere, and powder
was collected. Thus, approximately 2.1 g of powder was collected.

Sintering» step

[0048] - Spark plasma sintering (SPS) was performed on the produced powder at
360°C, and thus, a bulk body of the nanocomposite thermoelectric conversion material
was produced.

Microscopic observation

[0049] The nanocomposite thermoelectric conversion ‘material (B,
Sb),Te;/Sb,04/Si0, produced using the first production method was observed using a
transmission electron micros_cope (TEM), and materials constituting the structure were
identified. In the nanocomposite thermoelectric conversion material, the thermoelectric
conversion material Was (Bi, Sb),Tes;, the crystalline films were Sb,0Os;, and the
amorphous nanoparticles were SiOs. Each'of FIGS. 4A to 4D is a TEM image showing
a typical structure accbrding to the invention.

[0050]  FIG. 4A shows the typical structure according to the invention. It is
evident that there are a plurality of amorphous nanoparticles Si0, (blabk) whose surfaces
are coated with the crystalline films Sb,Oj; (white), in the crystalline matrix made of the
thermoelectric conversion material (Bi, Sb);Tes (a.black region around the amorphous
nénoparticles coated with the crjstallirie films).

[0051] FIG. 4D shows an enlarged portion surrounded by a frame in FIG. 4A.
It is evident that there is extremely large interface roughness at an interface between the
thermoelectric conversion material (Bi, Sb);Te; of the matrix and the crystalline films

Sb,0s, and average interface roughness is 2.6 nm.
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[0052] In FIG. 4B, the crystalline material SbyO5; (white) that does not coat any

amorphous nanoparticle SiO; exists in the thermoelectric conversion material (Bi, Sb),Te;
of the matrix (dark gray around the crystalline material SbyO3). In FIG 4C, the
crystailine material Sb2‘03 (white) that does not coaf any amorphous nahoparticle SiO,,
and the aniorphous nanoparticles SiO, (white) that are not coated with the crystalline
films Sb,Oj; are dispersed in the thermoelectric conversion material (Bi, Sb),Te; of the
matrix (dark gray around the crystalline material Sb,O3; and the amorphous nanoparticles
Si0;). Thus, the crystalline material Sb,O3; and the amorphous nanoparticles SiO, are
precipitated in the fnanner that has been described with reference to FIG. 2D. Even
when there are the crystalline material SbyO3; that does not coat any amorphous
nanoparticle SiO,, and the amorphous nanoparticles SiO, that are not coated with the
crystalline films Sb;03, the thermal conductivity is greatly decreased as described below.
However, when at least part of the amorphous nanoparticles SiO, are coated with the
crystalline films Sb,0s, that is, when there are the amorphous nanoparticles SiO, coated
with the crystalline films Sb203, the perfofmance of scattering Iphonons is further
increased, and the thermal conductivity is further decreased.

Second example

[0053] The nanocomposite thermoelectric conversion material with the same .
configuration as the configuration of the nanocomposite thermoelectric conversion
- material in the first example was produced using the second production method according
to the invention.

First step

[0054] 0.15 g of silica (SiOy) particles whose average diameter was 5 nm were
dispersed in the first solution S1 produced by dissolving 0.32 g of antimony chloride
(SbCLs) in 100 ml of ethanol.

Second step

[0055] Reduction was caused by dropping, into the above-described first
solution S1, a reducing agent prdduced by dissolving 0.6 g of NaBHy4 in 100 ml of

ethanol. As a result, Sb was precipitated on the surfaces of the silica (SiOy)
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nanoparticles to produce the films, and thus, the first nanocomposite particles were
produced. The amounts of the first solution S1 and the reduéing agent were adjusted so
thaf the thickness of the Sb films became several nm. -

Third step

[0056] The first nanocomposite particles (whose a\‘/erage diameter was 10 nm)
were dispersed in the second solution S2 produced by dissolving 0.4 g of bismuth
chloridé (BiCi3), 2.56 g of tellurium chloride (TeCly), and 1.16 g of antimony chloride
(SbCls) in 100 ml of ethanol.

Foufth step.

[0057] Reduction wés caused by dropping, into the second solution S2, a
reducing agent produced by dissolving 2.2 g of NaBH,4 in 100 ml of ethanol. As a result,

ethanol slurry was produced. In the ethanol slurry, the first nanocomposite particles

were dispersed in the matrix-precursor made of the thermoelectric conversion material
whose composition wés (Bi, Sb),Tes.

[0058]‘ The slurry was filtered using a solution produced by mixing 500 ml of
water with 300 ml of ethanol, anc_l then, filtered and washed using 300 ml of ethanol.

Fifth step

[0059]  Hydrothermal treatment was performed in a hermetically-sealed
autoclave device at 240°C for 48 hours. As a result, an alloy was produced. At this
time, the matrix-precursor was formed into an alloy, and thus, the matrix made of the
thermoelectric conversion material (Bi, Sb),Te; was produced. At the same time, the Sb
films of the first nanocomposite particles were oxidized, and thus, the crystallihe films
Sb,O3 were produced. If the thickness of the Sb films is extremely large at this time, Sb
of the films may be dispersed in the matrix, and the composition of the matrix may
deviate. Therefore, in the second step, the amounts of the first solution S1 and the

‘ reducing agent were adjusted so that the thickness of the Sb films became several nm.

[0060] Then, drying was performed in the N, gas flow atmosphere, and powder

was collected. Thus, approximately 2.1 g of powder was ;:ollected.

Sintering step
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[0061] Spark plasma sintering (SPS) was performed on the produced powder at

360°C, and thus, a bulk body of the nanocomposite thermoelectric conversion material
was produced.

Microscopic observation

[0062] The nanocomposite thermoelectric  conversion material (Bi,
Sb)zTeg/szOg/SiOZ produced usihg the second production method was observed using
the transmission electron microscope (TEM), and the materials constituting the structure
were identified. Each of FIGS. 5A to 5C is a TEM ihiage showing a typical structure
according to the invention. < |

[0063] Each of FIGS. 5A and 5B shows the typicél structure according to the
invention. It is evident that there are a plurality of amorphous nanoparticles SiO;
(black) whose surfaces are coated with the crystalline films Sb,O; (white), in the
crystalline matrix made of the thermoelec;trié conversion material (Bi, Sb);Tes (a black
region around the amorphous nanoparticles coated with the crystalline films).

'[0064] FIG. 5D shows an enlarged portion surrounded by a frame in FIG. 5A.
It is evident that there is extremely large interface roughness at an interface between the
thermoelectric conversion material (Bi, Sb)zTeé of the matrix and the crystalline films
Sb,0s, and average interface roughness is 2.7 nm. |

[0065] When the second production method was employed, the crystalline
material SbyOs that did not coat any amorphous nanoparticle SiO, was not found, aﬁd the
amorphous nanoparticle SiO, that was not coated ‘with the crystalline film Sb,O; was not
found.

Evaluation on the charactéristics

[0066] The thermal conductivity of each of the nanocomposite thermoelectric
conversion materials produced using the first and second production methods in the first
~and secopd examples was measured. FIG. 6A shows the measured thermal
- conductivities, FIG. 6B shows the measured Seebeck coefficients, and FIG. 6C.shows the
measured electrical resistivities. The measurement was performed by the following

measurement methods. -
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1. Measurement of the thermal conductivity

The thermal conductivity was measured by a thermal cohductivity evaluation
method (steady method), and a flash method (an unsteady methodj (using a thermal
conductivity measurement device (manufactured by NETZSCH) that measures the
thermal conductivity using the flash method).

2. Output factor

The Seebeck coefficient and the eléctrical resistivity were measured using ZEM
manufactured by ULVAC-RIKO, Inc. The Seebeck coefﬁciént was determined based on
AV/AT using a three-point fitting. The electrical resistivity was measured by a
four-terminal method. '

[0067] As shown in FIG. 6A, the thermal conductivity xk of each of the
nanocomposite thermoelectric conversion méterials produced using the first and second
production methods was approximately 0.2 W/m/K, and is much lower than the thermal
conductivity « (= approximately 1.4 W/m/K) of a thermoelectric conversiqn material
(BizTe3)x(Sb2.Te3)1-x in related art (*), in which the phonon-scattering particles are not
used. As shown‘ in FIG. 6C, the electrical resistivity of the nanocomposite
thermoelectric conversion material produced using the first production method is higher
than the electrical resistivity of the nanoéomposite thermoelectric coﬁversion material
produced using the second production method. Therefore, when the second production
method is employed, the efféct of increasing ZT caused by the decrease in the thermal
conductivity is greater than that when the first production method is employed. As
shown in FIG. 4D and FIG. 5C, in each of the nanqcomposite thermoelectric conversion
materials pfoduced using the first and second production methods, the average interface
roughness between the crystalline matrix made Qf the thermoelectric conversion material
and the crystalline film is equal to or larger than 2.6 nm.

[0068] As shown in FIG. 6B, the Seebeck coefficient of each of the
nanocomposite thermoelectric conversion materials produced using the first and second
production methodé is substantially equal to the Seebeck coefficient in the related art (*).

[0069] As shown in FIG. 6C, the electrical resistivity of each of the
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nanocomposite thermoelectric cbnversion materials produced using the first and second
production methods is slightly higher than the electrical resistivity in the related art (*),
because each of the nanocomposite thermoelectric conversion materials produced using
the first and second production methods includes ceramic. The values in the related art
(*) are described in Journal of Crystal Growth 277 (2005) pp.258-263. |

- [0070] The invention provides the nanocomposite thermbelectric conversion
material that has the novel structure in which the interface roughness ‘between fhe matrix
made of the thermoelectric conversion material and the phonon-scattering particles is
increésed so that the thermal conductivity is greatly decreased and the therfnoelectric

conversion performance is increased, and the method of producing the same.
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CLAIMS:

1. A method of producing a nanocomposite theﬁnoeiectric conversion material,

comprising: |

dispersing amorphous nanoparticles in a solution of salts of elements that
constitute a thermoelectric conversion material, wherein in the solﬁtion, an amount of one
element among the elements is excessive with respect to a solid solubility limit in the
thermoelectric conversion material, and an amount of each of a rest of the elements isina
solid solubility range; |

precipitating a matrix-precursor made of the thermoelectric conversion material
that is oversaturated with the one element, around the amorphous nanoparticles, thereby
producing nanocomposite particles, by adding a reducing agent to the selution; and

heat-treating the produced nanocomposite particles so that the matrix-precursor
is formed into an alloy to produce a crystallihe matrix made of the thermoelectric
conversion material, and. et the same time, the one element is precipitated on surfaces of

the amorphous nanoparticles to produce crystalline films.

2. The method according to claim 1, wherein

a diameter of the amorphous nanoparticle is 1 nm to 100 nm.

3. The method according to claim 2, wherein

the diameter of the amorphous nanoparticle is 3 nm to 20 nm.

4. The method according to claim 3, wherein

the diameter of the amorphous nanoparticle is 5 nm to 10 nm.

5. A method of producing a nanocomposite thermoelectric conversion material,
comprising:

dispersing amorphous nanoparticles in a first solution of a salt of one element



WO 2011/051771 » - PCT/IB2010/002676
18

among elements that constitute a thermoelectric conversion material, wherein an amount
of the one element is excessive with respect to a solid solubility limit in -the
thermoelectric conversion material if the first solution is added to a second solution;

precipitating the one element on surfaces of the amorphous nanoparticles so
that ﬁlrﬁs are produced, thereby producing first nanocomposite’ particles, by. adding a
reducing agent to the first solution in which the amorphous nanoparticles are dispersed;

disbersing the first nanocomposite particles in the second solution of salts of
" the elements that constitute the thermoelectric conversion materials, wherein in the
second solution, an amount of each of the elements is in a solid soiubility range in the
thermoelectric conversion material;

precipitating a matrix-precursor made of the thermoelectric conversion material,
around the first nanocomposite particles, thereby producing second nanocomposite
particles, by adding a reducing agent to the second solution in which the first
nanocomposite particles are dispersed; and

heat-treating the produced secbnd nanocomposite particles so that the produced..
films are crystallized, and at the same time, the produced matrix-precursor is forﬁ1ed into

an alloy to produce a crystalline matrix made of the thermoelectric conversion material.

6. The method according to claim 5, wherein
a diameter of the amorphous nanoparticle is 1 nm to 100 nm.
7. The method according to claim 6, wherein

the diameter of the amorphous nanoparticle is 3 nm to 20 nm.

8. The method according to claim 7, wherein

the diameter of the amorphous nanoparticle is 5 nm to 10 nm.

9. A nanocomposite thermoelectric conversion material comprising:

a crystalline matrix made of a thermoelectric conversion material; and
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phonon-scattering particles dispersed in the crystalline matrix, wherein each of
the phonon-scatteﬁng particles includes at least one amorphous nanoparticle coated with
a crystalline film having a nano-order thickness, and a crystalline structure of the
crystalline film is different from a crystalline structure of the thermoelectric conversion

material.

10. The nanocomposite thermoelecttic conversion material according to claim 9,
wherein

' a diameter of the amorphous nanoparticle is 1 nm to 100 nm.

11. The nanocomposite‘thermoelectric conversion material according to claim 10,
wherein

the diameter of the amorphous nanoparticle is 3 nm to 20 nm.

-12. The nanocomposite thermoelectric conversion material according to claim 11,.
wherein

the diameter of the amorphous nanoparticle is 5 nm to 10 nm.

13. The nanocomposite thermoelectric conversion material according to claim 9,
wherein

a thickness of the crystalline film is 1 nm to 100 nm.

14. The nanocomposite thermoelectric conversion material according to claim 13,
wherein

the thickness of the crystalline film is 3 nm to 20 nm.

15. The nanocomposite thermoelectric conversion material according to claim 14,
wherein

the thickness of the crystalline film is 3 nm to 10 nm.
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16. The nanocdmposite thermoelectric conversion material according to claim 9,
wherein
a thermal conductivity of the nanocomposite thermoelectric conversion

material is approximately 0.2 W/m/K.

17. The nanocomposite thermoelectric conversion material according to claim 9,
wherein

average interface roughness between the crystalline matrix made of the

A thefmoelectric conversion material and the crystalline film is equal to or larger than 2.6

nm. -
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