
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

63
0 

67
0

B
1

TEPZZ 6¥Z67ZB_T
(11) EP 2 630 670 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
01.07.2015 Bulletin 2015/27

(21) Application number: 11776294.8

(22) Date of filing: 18.10.2011

(51) Int Cl.:
H01L 35/22 (2006.01) H01L 35/26 (2006.01)

H01L 35/32 (2006.01) B82Y 30/00 (2011.01)

H01L 27/16 (2006.01)

(86) International application number: 
PCT/US2011/056740

(87) International publication number: 
WO 2012/054504 (26.04.2012 Gazette 2012/17)

(54) THERMOELECTRIC APPARATUS AND APPLICATIONS THEREOF

THERMOELEKTRISCHE VORRICHTUNG UND IHRE ANWENDUNG

APPAREIL THERMOÉLECTRIQUE ET SES APPLICATIONS

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 18.10.2010 US 394293 P

(43) Date of publication of application: 
28.08.2013 Bulletin 2013/35

(73) Proprietor: Wake Forest University
Winston-Salem, NC 27101 (US)

(72) Inventor: CARROLL, David, L.
Winston-Salem, NC 27104 (US)

(74) Representative: Phillips & Leigh
5 Pemberton Row
London EC4A 3BA (GB)

(56) References cited:  
WO-A1-2005/098981 WO-A1-2009/150690
JP-A- 4 199 755 US-A1- 2002 158 342
US-A1- 2009 044 848 US-A1- 2010 116 308

• DASAROYONG KIM ET AL: "Improved 
Thermoelectric Behavior of Nanotube-Filled 
Polymer Composites with Poly(3,4-
ethylenedioxythiophene) Poly
(styrenesulfonate)", ACS NANO, vol. 4, no. 1, 26 
January 2010 (2010-01-26), pages 513-523, 
XP055028192, ISSN: 1936-0851, DOI: 
10.1021/nn9013577



EP 2 630 670 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

RELATED APPLICATION DATA

[0001] This application claims priority under 35 U.S.C.
§ 119(e) from United States Provisional Patent Applica-
tion Serial Number 61/394,293, filed on October 18,
2010,

FIELD

[0002] The present invention relates to thermoelectric
materials and, in particular, to apparatus incorporating
thermoelectric materials.

BACKGROUND OF THE INVENTION

[0003] Heat energy is widely used in the generation of
electricity. However, the efficiency of converting heat en-
ergy into electrical energy by current methods is low,
ranging from about 30 to 40 percent. As a result, a sig-
nificant amount of heat energy escapes into the environ-
ment as waste. It is estimated that about 15 terawatts of
power is lost to the environment in the annual global pro-
duction of electricity.
[0004] Thermoelectric materials are operable to cap-
ture heat for additional electrical production. Thermoe-
lectric efficiency is quantified by the Figure of Merit, ZT.
[0005] Thermoelectric materials demonstrating higher
ZT values have higher thermoelectric efficiencies. Fab-
ricating thermoelectric materials with reasonable ZT val-
ues is often difficult and/or expensive. Bismuth chalco-
genides, for example, provide excellent thermoelectric
properties with ZT values ranging from 0.7 to 1.0. These
materials can be nanostructured to produce a superlat-
tice structure of alternating Bi2Te3 and Bi2Se3 layers re-
sulting in a material having acceptable electrical conduc-
tivity and poor thermal conductivity. Fabrication of these
materials, nevertheless, can be time consuming and ex-
pensive.
[0006] Moreover, as a result of fabrication require-
ments and other material tolerances, many thermoelec-
tric materials do not lend themselves to facile incorpora-
tion into a wide variety of devices for heat collection and
electrical generation.
[0007] Patent document JP4199755A describes a
method for fabricating a thermoelectric device by placing
a first electrode in a die, wherein the first electrode has
an upper surface; forming a first interlayer on the first
electrode; defining at least two parts, and filling first ther-
moelectric materials on the first interlayer of some parts
of the at least two parts and filling a second thermoelectric
material on the first interlayer of other parts; sintering the
die; and
characterised in that the die has an inner space, and
in step (c-1), positioning a separating plate (3) vertically
on an upper surface of the first interlayer to divide the
inner space of the die into the at least two parts; and (e-

1) removing the separating plate (3) after sintering to ob-
tain a n shaped thermoelectric device.
[0008] Patent document WO2005/098981 A1 disclos-
es a method for generating thermoelectric energy com-
prising imposing a temperature differential across an
electrically conducting element in an electric circuit, in
which said element is a composite comprising carbon
nanotubes dispersed n a matrix of ceremaic material,
thereby causing electric current resulting from said tem-
perature differential to flow through a load in said circuit.
[0009] Patent document US2010/116308 A1 discloses
a thermoelectric conversion element comprising:

a p-type oxide thermoelectric conversion material
and an n-type oxide thermoelectric conversion ma-
terial; wherein
the p-type oxide thermoelectric conversion material
is directly bonded to the n-type oxide thermoelectric
conversion material in one region of a junction sur-
face between the p-type oxide thermoelectric con-
version material and the n-type oxide thermoelectric
conversion material;
the p-type oxide thermoelectric conversion material
is bonded to the n-type oxide thermoelectric conver-
sion material with an insulating material provided
therebetween in another region of the junction sur-
face; and
the p-type oxide thermoelectric conversion material,
the n-type oxide thermoelectric conversion material,
and the insulating material are co-sintered.

[0010] Paper "Improved Thermoelectric Behavior of
Nanotube-Filled Polymer Composities with Poly (3, 4-
ethylene dioxythipethene) Poly(styrene sulfonate) pub-
lished in ACS Nano, vol. 4 no.1, 26 January 2010
(2010-01-26), pages 513-523 discloses polymer com-
posities comprising carbon nanotubes for thermoelectric
applications.
[0011] Patent document WO2009/150690 A1 disclos-
es polymer composites comprising carbon nanotubes for
thermoelectric applications.

SUMMARY

[0012] In one aspect, thermoelectric apparatus are de-
scribed herein which, in some embodiments, can over-
come or mitigate one or more disadvantages of current
thermoelectric materials. In some embodiments, a ther-
moelectric apparatus described herein comprises at
least one p-type layer coupled to at least one n-type layer
to provide a pn junction, and an insulating layer at least
partially disposed between the p-type layer and the n-
type layer, the p-type layer comprising a plurality of car-
bon nanoparticles disposed in a polymeric matrix and the
n-type layer comprising a plurality of n-doped carbon na-
noparticles disposed in a polymeric matrix.
[0013] In some embodiments, carbon nanoparticles of
the p-type layer are p-doped.
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[0014] In some embodiments, a thermoelectric appa-
ratus described herein comprises a plurality of p-type lay-
ers coupled to a plurality of n-type layers providing a plu-
rality of pn junctions, and insulating layers at least par-
tially disposed between the p-type layers and the n-type
layers, wherein at least one p-type layer comprises a
plurality of carbon nanoparticles and at least one n-type
layer comprises a plurality of n-doped carbon nanopar-
ticles.
[0015] In some embodiments, p-type layers and n-type
layers of a thermoelectric apparatus described herein are
in a stacked configuration.
[0016] In another aspect, methods of making a ther-
moelectric apparatus are described herein. In some em-
bodiments, a method of making a thermoelectric appa-
ratus comprises providing at least one p-type layer com-
prising a plurality of carbon nanoparticles, providing at
least one n-type layer comprising a plurality of n-doped
carbon nanoparticles, positioning an insulating layer be-
tween the p-type layer and the n-type layer, and coupling
the p-type layer and the n-type layer to provide a pn junc-
tion. In some embodiments, a plurality of p-type layers
and n-type layers are provided and coupled to one an-
other resulting in the formation of a plurality of pn junc-
tions. In some embodiments insulating layers are posi-
tioned between the p-type layers and the n-type layers.
Additionally, in some embodiments of methods of making
a thermoelectric apparatus, the p-type layers and the n-
type layers are arranged in a stacked configuration.
[0017] These and other embodiments are described in
greater detail in the detailed description which follows.

BRIEF DESCRIPTION OF THE FIGURES

[0018]

Figure 1 illustrates a side expanded view of a ther-
moelectric apparatus according to one embodiment
described herein.
Figure 2 illustrates a thermoelectric apparatus ac-
cording to one embodiment described herein.
Figure 3 illustrates Seebeck coefficient values for
various carbon nanotube loadings in a polymeric ma-
trix according to some embodiments described here-
in.
Figure 4 illustrates a side expanded view of a ther-
moelectric apparatus according to one embodiment
described herein.

DETAILED DESCRIPTION

[0019] Embodiments described herein can be under-
stood more readily by reference to the following detailed
description, example, and drawings. Elements, appara-
tus, and methods described herein, however, are not lim-
ited to the specific embodiments presented in the detailed
description, example, and drawings. It should be recog-
nized that these embodiments are merely illustrative of

the principles of the present invention. Numerous modi-
fications and adaptations will be readily apparent to those
of skill in the art without departing from the scope of the
invention.
[0020] In addition, all ranges disclosed herein are to
be understood to encompass any and all subranges sub-
sumed therein. For example, a stated range of "1.0 to
10.0" should be considered to include any and all sub-
ranges beginning with a minimum value of 1.0 or more
and ending with a maximum value of 10.0 or less, e.g.,
1.0 to 5.3, or 4.7 to 10.0, or 3.6 to 7.9.
[0021] In some embodiments, a thermoelectric appa-
ratus is described herein, the thermoelectric apparatus
comprising at least one p-type layer coupled to at least
one n-type layer to provide a pn junction, and an insulat-
ing layer at least partially disposed between the p-type
layer and the n-type layer, the p-type layer comprising a
plurality of carbon nanoparticles and the n-type layer
comprising a plurality of n-doped carbon nanoparticles.
In some embodiments, carbon nanoparticles of the p-
type layer are p-doped.
[0022] In some embodiments, a thermoelectric appa-
ratus described herein comprises a plurality of p-type lay-
ers coupled to a plurality of n-type layers providing a plu-
rality of pn junctions, and insulating layers at least par-
tially disposed between the p-type layers and the n-type
layers, wherein at least one p-type layer comprises a
plurality of carbon nanoparticles and at least one n-type
layer comprises a plurality of n-doped carbon nanopar-
ticles. In some embodiments, metal contacts are provid-
ed between the p-type layers and the n-type layers at the
sites of pn junctions. In some embodiments, for example,
a p-type layer is coupled to an n-type layer by a metal
contact to provide a pn junction of the thermoelectric ap-
paratus described herein.
[0023] In some embodiments, a p-type layer of a ther-
moelectric apparatus described herein further comprises
a polymer matrix in which the carbon nanoparticles are
disposed. In some embodiments, an n-type layer further
comprises a polymer matrix in which the n-doped carbon
nanoparticles are disposed. In some embodiments, p-
type layers and n-type layers of a thermoelectric appa-
ratus described herein are in a stacked configuration.
[0024] Figure 1 illustrates an expanded side view of a
thermoelectric apparatus according to one embodiment
described herein. The thermoelectric apparatus illustrat-
ed in Figure 1 comprises two p-type layers (1) coupled
to an n-type layer (2) in an alternating fashion. The alter-
nating coupling of p-type (1) and n-type (2) layers pro-
vides the thermoelectric apparatus a z-type configuration
having pn junctions (4) on opposite sides of the appara-
tus. Insulating layers (3) are disposed between interfaces
of the p-type layers (1) and the n-type layer (2) as the p-
type (1) and n-type (2) layers are in a stacked configu-
ration. As described herein, the thermoelectric apparatus
provided in Figure 1 is in an expanded state to facilitate
illustration and understanding of the various components
of the apparatus. In some embodiments, however, the
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thermoelectric apparatus is not in an expanded state
such that the insulating layers (3) are in contact with a p-
type layer (1) and an n-type layer (2).
[0025] Figure 1 additionally illustrates the current flow
through the thermoelectric apparatus induced by expos-
ing one side of the apparatus to a heat source. Electrical
contacts (X) are provided to the thermoelectric apparatus
for application of the thermally generated current to an
external load.
[0026] Figure 2 illustrates a thermoelectric apparatus
(200) according to one embodiment described herein
wherein the p-type layers (201) and the n-type layers
(202) are in a stacked configuration. The p-type layers
(201) and the n-type layers (202) are separated by insu-
lating layers (207) in the stacked configuration. The ther-
moelectric apparatus (200) is connected to an external
load by electrical contacts (204, 205).
[0027] Turning now to components that can be includ-
ed in the various embodiments of a thermoelectric appa-
ratus described herein, a thermoelectric apparatus de-
scribed herein comprises at least one p-type layer com-
prising a plurality of carbon nanoparticles.
[0028] Carbon nanoparticles of a p-type layer, in some
embodiments, comprise fullerenes, carbon nanotubes,
or mixtures thereof. Fullerenes, in some embodiments,
comprise 1-(3-methoxycarbonyl)propyl-1-phe-
nyl(6,6)C61 (PCBM). In some embodiments, carbon na-
notubes comprise single-walled carbon nanotubes
(SWNT), multi-walled carbon nanotubes (MWNT), as
well as p-doped single-walled carbon nanotubes, p-
doped multi-walled carbon nanotubes or mixtures there-
of.
[0029] In some embodiments, p-doped single-walled
carbon nanotubes and/or p-doped multi-walled carbon
nanotubes comprise boron in an amount ranging from
about 0.1 weight percent to about 30 weight percent. In
some embodiments, p-doped single-walled carbon nan-
otubes and/or p-doped multi-walled carbon nanotubes
comprise boron in an amount ranging from about 5 weight
percent to about 25 weight percent or from about 10
weight percent to about 20 weight percent. In some em-
bodiments, p-doped single-walled carbon nanotubes
and/or p-doped multi-walled carbon nanotubes comprise
boron in an amount less than about 0.1 weight percent.
In some embodiments, p-doped single-walled carbon na-
notubes and/or p-doped multi-walled carbon nanotubes
comprise oxygen.
[0030] In some embodiments, a p-type dopant is incor-
porated in the lattice of single-walled and/or multi-walled
carbon nanotubes. In some embodiments, a p-type do-
pant is externally provided to carbon nanotubes by the
environment surrounding the single walled and/or multi-
walled carbon nanotubes. As described further herein,
carbon nanotubes of a p-type layer, are disposed in a
polymeric matrix. In some embodiments, the polymeric
matrix can provide p-dopant to surfaces of the carbon
nanotubes. In some embodiments, wherein the polymer-
ic matrix provides p-dopant to surfaces of the carbon na-

notubes, the carbon nanotubes are not p-doped prior to
incorporation into the polymeric matrix. Alternatively, in
some embodiments wherein the polymeric matrix pro-
vides p-dopant to surfaces of the carbon nanotubes, the
carbon nanotubes comprise p-dopant prior to incorpora-
tion into the polymeric matrix. Moreover, in some embod-
iments, chemical species also disposed in the polymeric
matrix, such as alkali metals, can serve as p-dopant for
the carbon nanotubes.
[0031] In some embodiments, carbon nanoparticles of
a p-type layer have a high aspect ratio. The term aspect
ratio, as used herein, refers to a carbon nanoparticle’s
length divided by the carbon nanoparticle’s diameter or
width. In some embodiments, carbon nanoparticles of a
p-type layer demonstrate an aspect ratio ranging from
about 1 to about 106. In some embodiments, carbon na-
noparticles display an aspect ratio ranging from about 10
to about 100,000. In some embodiments, carbon nano-
particles have an aspect ratio ranging from about 10 to
about 10,000 or from about 5 to about 1000.
[0032] Carbon nanoparticles of a p-type layer, includ-
ing carbon nanotubes, in some embodiments, have a
length ranging from about 1 nm to about 5 mm or from
about 10 nm to about 1 mm. In some embodiments, car-
bon nanoparticles have a length ranging from about 50
nm to about 500 mm, from about 100 nm to about 100
mm, or from about 500 nm to about 10 mm. In some em-
bodiments, carbon nanoparticles have a length ranging
from about 200 mm to about 500 mm.
[0033] Carbon nanoparticles of a p-type layer, in some
embodiments, have a diameter ranging from about 1 nm
to about 100 nm. In some embodiments, carbon nano-
particles have a diameter ranging from about 10 nm to
about 80 nm or from about 20 nm to about 60 nm. In
some embodiments, carbon nanoparticles have a diam-
eter greater than about 100 nm or less than about 1 nm.
[0034] In some embodiments, carbon nanoparticles of
a p-type layer, including carbon nanotubes, are provided
in a mat configuration.
[0035] A p-type layer, in some embodiments, compris-
es one or more species of carbon nanoparticles de-
scribed herein in an amount ranging from about 0.1
weight percent to about 100 weight percent. In some em-
bodiments, a p-type layer comprises carbon nanoparti-
cles in an amount of at least about 2 weight percent. In
some embodiments, a p-type layer comprises carbon na-
noparticles in an amount of at least about 5 weight per-
cent or at least about 10 weight percent. In some em-
bodiments, a p-type layer comprises carbon nanoparti-
cles in an amount ranging from about 2 weight percent
to about 50 weight percent. In some embodiments, a p-
type layer comprises carbon nanoparticles in an amount
ranging from about 5 weight percent to about 30 weight
percent.
[0036] Carbon nanoparticle loadings of p-type layers
descried herein, in some embodiments, can be chosen
with reference to the desired Seebeck coefficient of the
layer. Figure 3 illustrates Seebeck coefficient as a func-
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tion of SWNT loading of a polyvinylidene fluoride (PVDF)
matrix of p-type layers according to some embodiments
described herein. As illustrated in Figure 3, SWNT load-
ings ranging from 5 weight percent to 100 weight percent
provide a range of Seebeck coefficients for the p-type
layers.
[0037] As described herein, in some embodiments, a
p-type layer further comprises a polymeric matrix in which
the carbon nanoparticles are disposed. In some embod-
iments, a polymeric matrix comprises a fluoropolymer
including, but not limited to, polyvinyl fluoride (PVF), pol-
yvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), or mixtures or copolymers thereof. In some em-
bodiments, a polymer matrix comprises polyacrylic acid
(PAA), polymethacrylate (PMA), polymethylmethacr-
ylate (PMMA) or mixtures or copolymers thereof. In some
embodiments, a polymer matrix comprises a polyolefin
including, but not limited to polyethylene, polypropylene,
polybutylene or mixtures or copolymers thereof.
[0038] In some embodiments, a polymeric matrix com-
prises one or more conjugated polymers. In some em-
bodiments, conjugated polymers comprise thiophenes
including poly(3-hexylthiophene) (P3HT), poly(3-octylth-
iophene) (P3OT), and polythiophene (PTh).
[0039] In some embodiments, a polymeric matrix com-
prises one or more semiconducting polymers. In some
embodiments, semiconducting polymers include phe-
nylene vinylenes, such as poly(phenylene vinylene) and
poly(p-phenylene vinylene) (PPV), and derivatives there-
of. In some embodiments, semiconducting polymers can
comprise poly fluorenes, naphthalenes, and derivatives
thereof. In some embodiments, semiconducting poly-
mers comprise poly(2-vinylpyridine) (P2VP), polya-
mides, poly(N-vinylcarbazole) (PVCZ), polypyrrole
(PPy), and polyaniline (PAn). In some embodiments, a
semiconducting polymer comprises poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-
4,7-(2,1,3-benzothiadiazole)] (PCPDTBT).
[0040] In some embodiments, a p-type layer has a
thickness of at least about 10 nm or at least about 100
nm. A p-type layer, in some embodiments, has a thick-
ness of at least about 500 nm or at least about 1 mm. In
some embodiments a p-type layer has a thickness of at
least about 5 mm or at least about 15 mm. In some em-
bodiments, a p-type layer has a thickness ranging from
about 5 nm to about 50 mm. In some embodiments, a p-
type layer has a thickness ranging from about 50 nm to
about 30 mm. In some embodiments, a p-type layer has
a thickness ranging from about 100 nm to about 20 mm.
In some embodiments, a p-type layer has a thickness
ranging from about 10 nm to about 100 nm.
[0041] In some embodiments, a p-type layer has a
length of at least about 1 mm or at least about 10 mm. In
some embodiments, a p-type layer has a length of at
least about 100 mm or at least about 500 mm. A p-type
layer, in some embodiments, has a length of at least
about 1 mm or at least about 10 mm. In some embodi-
ments, a p-type layer has a length ranging from about 1

mm to about 100 mm. In some embodiments, a p-type
layer has a length ranging from about 10 mm to about
500 mm.
[0042] A p-type layer, in some embodiments, has a
Seebeck coefficient of at least about 5 mV/K at a temper-
ature of 290°K. In some embodiments, a p-type layer has
a Seebeck coefficient of at least about 10 mV/K at a tem-
perature of 290°K. In some embodiments, a p-type layer
has a Seebeck coefficient of at least about 15 mV/K or
at least about 20 mV/K at a temperature of 290°K. In some
embodiments, a p-type layer has a Seebeck coefficient
of at least about 30 mV/K at a temperature of 290°K. A
p-type layer, in some embodiments, has a Seebeck co-
efficient ranging from about 5 mV/K to about 35 mV/K at
a temperature of 290°K. In some embodiments, a p-type
layer has Seebeck coefficient ranging from about 10
mV/K to about 30 mV/K at a temperature of 290°K.
[0043] As described herein, in some embodiments, the
Seebeck coefficient of a p-type layer can be varied ac-
cording to carbon nanoparticle identity and loading. In
some embodiments, for example, the Seebeck coeffi-
cient of a p-type layer is inversely proportional to the sin-
gle-walled carbon nanotube loading of the p-type layer.
[0044] In addition to at least one p-type layer, a ther-
moelectric apparatus described herein comprises at
least one n-type layer comprising a plurality of n-doped
carbon nanoparticles.
[0045] N-doped carbon nanoparticles, in some embod-
iments, comprise fullerenes, carbon nanotubes, or mix-
tures thereof. Fullerenes, in some embodiments, com-
prise 1-(3-methoxycarbonyl)propyl-1-phenyl(6,6)C61
(PCBM). In some embodiments, n-doped carbon nano-
tubes comprise single-walled carbon nanotubes, multi-
walled carbon nanotubes or mixtures thereof.
[0046] In some embodiments, carbon nanoparticles of
a n-type layer, including carbon nanotubes, are provided
in a mat configuration.
[0047] In some embodiments, n-doped single-walled
carbon nanotubes and/or n-doped multi-walled carbon
nanotubes comprise nitrogen in an amount ranging from
about 0.1 weight percent to about 30 weight percent. In
some embodiments, n-doped single-walled carbon nan-
otubes and/or n-doped multi-walled carbon nanotubes
comprise nitrogen in an amount ranging from about 5
weight percent to about 25 weight percent or from about
10 weight percent to about 20 weight percent. In some
embodiments, n-doped single-walled carbon nanotubes
and/or n-doped multi-walled carbon nanotubes comprise
nitrogen in an amount less than about 0.1 weight percent.
In some embodiments, n-doped single-walled carbon na-
notubes and/or n-doped multi-walled carbon nanotubes
are deoxygenated nanotubes.
[0048] In some embodiments, an n-type dopant is in-
corporated in the lattice of single-walled and/or multi-
walled carbon nanotubes. In some embodiments, an n-
type dopant is externally provided to carbon nanotubes
by the environment surrounding the single walled and/or
multi-walled carbon nanotubes. As described further
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herein, carbon nanotubes of an n-type layer, in some
embodiments, are disposed in a polymeric matrix. In
some embodiments, the polymeric matrix can provide n-
dopant to surfaces of the carbon nanotubes. In some
embodiments wherein the polymeric matrix provides n-
dopant to surfaces of the carbon nanotubes, the carbon
nanotubes are not n-doped prior to incorporation into the
matrix. In some embodiments wherein the polymeric ma-
trix provides n-dopant to surfaces of the carbon nano-
tubes, the carbon nanotubes are n-doped prior to incor-
poration into the matrix.
[0049] In some embodiments, n-doped carbon nano-
particles of an n-type layer have a high aspect ratio. In
some embodiments, n-doped carbon nanoparticles of an
n-type layer demonstrate an aspect ratio ranging from
about 1 to about 106. In some embodiments, n-doped
carbon nanoparticles display an aspect ratio ranging from
about 10 to about 100,000. In some embodiments, n-
doped carbon nanoparticles have an aspect ratio ranging
from about 10 to about 10,000 or from about 5 to about
1000.
[0050] Carbon nanoparticles of an n-type layer, includ-
ing carbon nanotubes, in some embodiments, have a
length ranging from about 1 nm to about 5 mm or from
about 10 nm to about 1 mm. In some embodiments, n-
doped carbon nanoparticles have a length ranging from
about 50 nm to about 500 mm, from about 100 nm to
about 100 mm, or from about 500 nm to 10m m. In some
embodiments, n-doped carbon nanotubes have a length
ranging from about 200 pm to about 500 mm.
[0051] Carbon nanoparticles of an n-type layer, in
some embodiments, have a diameter ranging from about
1 nm to about 100 nm. In some embodiments, n-doped
carbon nanoparticles have a diameter ranging from about
10 nm to about 80 nm or from about 20 nm to about 60
nm. In some embodiments, n-doped carbon nanoparti-
cles have a diameter greater than about 100 nm or less
than about 1 nm.
[0052] A n-type layer, in some embodiments, can com-
prise one or more species of n-doped carbon nanoparti-
cles described herein in an amount ranging from about
0.1 weight percent to about 100 weight percent. In some
embodiments, an n-type layer comprises n-doped car-
bon nanoparticles in an amount of at least about 2 weight
percent. In some embodiments, an n-type layer compris-
es n-doped carbon nanoparticles in an amount of at least
about 5 weight percent or at least about 10 weight per-
cent. In some embodiments, an n-type layer comprises
n-doped carbon nanoparticles in an amount ranging from
about 2 weight percent to about 50 weight percent. In
some embodiments, an n-type layer comprises n-doped
carbon nanoparticles in an amount ranging from about 5
weight percent to about 30 weight percent. As with the
p-type layer, nanoparticle loadings of an n-type layer, in
some embodiments, can be determined with reference
to the desired Seebeck coefficient of the layer.
[0053] As described herein, in some embodiments, an
n-type layer further comprises a polymeric matrix in which

the n-doped carbon nanoparticles are disposed. In some
embodiments, a polymeric matrix comprises a fluoropol-
ymer including, but not limited to, polyvinyl fluoride (PVF),
polyvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), or mixtures or copolymers thereof. In some em-
bodiments, a polymer matrix comprises polyacrylic acid
(PAA), polymethacrylate (PMA), polymethylmethacr-
ylate (PMMA) or mixtures or copolymers thereof. In some
embodiments, a polymer matrix comprises a polyolefin
including, but not limited to polyethylene, polypropylene,
polybutylene or mixtures or copolymers thereof.
[0054] In some embodiments, a polymeric matrix of an
n-type layer comprises one or more conjugated poly-
mers. In some embodiments, conjugated polymers com-
prise thiophenes including poly(3-hexylthiophene)
(P3HT), poly(3-octylthiophene) (P3OT), and polythi-
ophene (PTh).
[0055] In some embodiments, a polymeric matrix of an
n-type layer comprises one or more semiconducting pol-
ymers. In some embodiments, semiconducting polymers
include phenylene vinylenes, such as poly(phenylene vi-
nylene) and poly(p-phenylene vinylene) (PPV), and de-
rivatives thereof. In other embodiments, semiconducting
polymers can comprise poly fluorenes, naphthalenes,
and derivatives thereof. In some embodiments, semicon-
ducting polymers comprise poly(2-vinylpyridine) (P2VP),
polyamides, poly(N-vinylcarbazole) (PVCZ), polypyrrole
(PPy), and polyaniline (PAn).
[0056] In some embodiments, an n-type layer has a
thickness of at least about 1 nm. In some embodiments,
an n-type layer has a thickness of at least about 10 nm
or at least about 100 nm. An n-type layer, in some em-
bodiments, has a thickness of at least about 500 nm or
at least about 1 mm. In some embodiments an n-type
layer has a thickness of at least about 5 mm or at least
about 15 mm. In some embodiments, an n-type layer has
a thickness ranging from about 5 nm to about 50 mm. In
some embodiments, an n-type layer has a thickness
ranging from about 50 nm to about 30 mm. In some em-
bodiments, an n-type layer has a thickness ranging from
about 100 nm to about 20 mm.
[0057] In some embodiments, an n-type layer has a
length of at least about 1 mm or at least about 10 mm. In
some embodiments, an n-type layer has a length of at
least about 100 mm or at least about 500 mm. An n-type
layer, in some embodiments, has a length of at least
about 1 mm or at least about 10 mm. In some embodi-
ments, an n-type layer has a length ranging from about
1 mm to about 100 mm. In some embodiments, an n-type
layer has a length ranging from about 10 mm to about
500 mm. In some embodiments, an n-type layer has a
length coextensive or substantially coextensive with an
adjacent p-type layer.
[0058] An n-type layer, in some embodiments, has a
Seebeck coefficient of at least about -5 mV/K at a tem-
perature of 290°K. In some embodiments, an n-type layer
has a Seebeck coefficient at least about -10 mV/K at a
temperature of 290°K. In some embodiments, an n-type
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layer has a Seebeck coefficient of at least about -15 mV/K
or at least about -20 mV/K at a temperature of 290°K. In
some embodiments, an n-type layer has a Seebeck co-
efficient of at least about -30 mV/K at a temperature of
290°K. An n-type layer, in some embodiments, has a
Seebeck coefficient ranging from about -5 mV/K to about
-35 mV/K at a temperature of 290°K. In some embodi-
ments, an n-type layer has Seebeck coefficient ranging
from about -10 mV/K to about -30 mV/K at a temperature
of 290°K.
[0059] In some embodiments, the Seebeck coefficient
of an n-type layer can be varied according to n-doped
carbon nanoparticle identity and loading. In some em-
bodiments, for example, the Seebeck coefficient of an n-
type layer is inversely proportional to the carbon nano-
particle loading of the n-type layer.
[0060] A thermoelectric apparatus described herein, in
some embodiments, also comprises an insulating layer
disposed between the at least one p-type layer and the
at least one n-type layer. In some embodiments, an in-
sulating layer is electrically insulating. In some embodi-
ments, the insulating layer is electrically insulating and
thermally insulating. In some embodiments, a thermoe-
lectric apparatus comprises a plurality of insulating layers
disposed between a plurality of p-type layers and n-type
layers. Insulating layers, in some embodiments, permit
p-type layers and n-type layers of a thermoelectric ap-
paratus described herein to be arranged in a stacked
configuration.
[0061] In some embodiments, an insulating layer com-
prises one or more polymeric materials. In some embod-
iments, an insulating layer comprises polyacrylic acid
(PAA), polymethacrylate (PMA), polymethylmethacr-
ylate (PMMA) or mixtures or copolymers thereof. In some
embodiments, an insulating layer comprises a polyolefin
including, but not limited to polyethylene, polypropylene,
polybutylene or mixtures or copolymers thereof. In some
embodiments, an insulating layer comprises PVDF.
[0062] In some embodiments, an insulating layer has
a thickness of at least about 50 nm. In some embodi-
ments, an insulating layer has a thickness of at least
about 75 nm or at least about 100 nm. An insulating layer,
in some embodiments, has a thickness of at least about
500 nm or at least about 1 mm. In some embodiments,
an insulating layer has a thickness of at least about 5 mm
or at least about 15 mm. In some embodiments, an insu-
lating layer has a thickness ranging from about 5 nm to
about 50 mm. In some embodiments, an insulating layer
has a thickness ranging from about 50 nm to about 30
mm. In some embodiments, an insulating layer has a
thickness ranging from about 100 nm to about 20 mm.
[0063] In some embodiments, an insulating layer has
a length substantially consistent with the lengths of the
p-type and n-type layers between which the insulating
layer is disposed. In some embodiments, an insulating
layer has a length of at least about 1 mm or at least about
10 mm. In some embodiments, an insulating layer has a
length of at least about 100 mm or at least about 500 mm.

An insulating layer, in some embodiments, has a length
of at least about 1 mm or at least about 10 mm. In some
embodiments, an insulating layer has a length ranging
from about 1 mm to about 100 mm. In some embodiments,
an insulating layer has a length ranging from about 10
mm to about 500 mm.
[0064] A thermoelectric apparatus described herein, in
some embodiments, comprises a plurality of p-type lay-
ers and a plurality of n-type layers. In some embodiments,
the p-type layers and the n-type layers are ordered in
alternating fashion and in a stacked configuration, being
separated by insulating layers. In some embodiments, a
thermoelectric apparatus comprises at least 3 p-type lay-
ers and at least 3 n-type layers. In some embodiments,
a thermoelectric apparatus comprises at least 5 p-type
layers and at least 5 n-type layers. In some embodiments,
a thermoelectric apparatus comprises at least 10 p-type
layers and at least 10 n-type layers. In some embodi-
ments, a thermoelectric apparatus comprises at least 15
p-type layers and at least 15 n-type layers. In some em-
bodiments, a thermoelectric apparatus comprises at
least 100 p-type layers and at least 100 n-type layers. In
some embodiments, a thermoelectric apparatus com-
prises at least 1000 p-type layers and at least 1000 n-
type layers.
[0065] In some embodiments, a thermoelectric appa-
ratus described herein comprising one or more p-type
layers and one or more n-type layers has the form of a
fabric. In some embodiments, the fabric is flexible per-
mitting application of the thermoelectric apparatus to a
variety of substrates having different surface shapes
and/or morphologies. In some embodiments, for exam-
ple, a thermoelectric apparatus is applied to curved
and/or other nonplanar substrates.
[0066] In some embodiments, a thermoelectric appa-
ratus having a construction described herein has a See-
beck coefficient of at least about 25 mV/K at a tempera-
ture of 290°K. In some embodiments, a thermoelectric
apparatus described herein has a Seebeck coefficient of
at least about 30 mV/K or at least about 50 mV/K at a
temperature of 290°K. In some embodiments, a thermo-
electric apparatus described herein has a Seebeck co-
efficient of at least about 75 mV/K or at least about 100
mV/K at a temperature of 290°K. A thermoelectric appa-
ratus described herein, in some embodiments, has a
Seebeck coefficient of at least about 150 mV/K or at least
about 175 mV/K at a temperature of 290°K. In some em-
bodiments, a thermoelectric apparatus described herein
has a Seebeck coefficient of at least about 200 mV/K at
a temperature of 290°K. In some embodiments, a ther-
moelectric apparatus described herein has a Seebeck
coefficient ranging from about 25 mV/K to about 250 mV/K
at a temperature of 290°K. In some embodiments, a ther-
moelectric apparatus described herein has a Seebeck
coefficient ranging from about 50 mV/K to about 150 mV/K
at a temperature of 290°K.
[0067] In some embodiments, a thermoelectric appa-
ratus described herein has a ZT of at least 0.5. A ther-
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moelectric apparatus described herein, in some embod-
iments, has a ZT of at least about 0.7 or at least about
0.8. In some embodiments, a thermoelectric apparatus
described herein has a ZT of at least about 1 or at least
about 1.5. In some embodiments, a thermoelectric ap-
paratus described herein has a ZT ranging from about
0.5 to about 2 or from about 0.8 to about 1.5. In some
embodiments, a thermoelectric apparatus described
herein has a ZT ranging from about 1 to about 1.3. In
some embodiments, a thermoelectric apparatus de-
scribed herein has a ZT ranging from about 1 to 10.
[0068] These and other embodiments are further illus-
trated by the following non-limiting example.

EXAMPLE 1

Thermoelectric Apparatus

[0069] A first p-type layer was fabricated by providing
35 mg of single-walled carbon nanotubes (SWNT) to
which was added 17.5 ml of dimethylacrylamide (DMA).
The resulting mixture was high energy sonicated for a
period of one hour. Polyvinylidene fluoride (PVDF) was
added to the mixture in an amount to render the SWNT
20 weight percent of the mixture on a total solids basis.
The resulting SWNT/PVDF/DMA mixture was high ener-
gy sonicated for one hour.
[0070] A glass slide having dimensions of 75 mm x 45
mm was cleaned in methanol and placed on a hot plate
at 90°C. The SWNT/PVDF/DMA mixture was poured
evenly onto the slide and the DMA was allowed to evap-
orate. The dried SWNT/PVDF film was placed into an
oven at 100°C for 12 hours to anneal. The slide was sub-
sequently removed from the oven and methanol was
poured over the SWNT/PVDF film. The SWNT/PVDF film
was carefully removed from the glass slide, washed in
deionized water and dried.
[0071] A second p-type layer was prepared according
to the foregoing procedure. Moreover, an n-type layer
was prepared according to the foregoing procedure, the
difference being n-doped carbon nanotubes were com-
bined with the DMA and PVDF.
[0072] Two insulating layers were prepared according
to the following procedure. 600 mg of polypropylene (PP)
were added to DMA in a ratio of 0.025 ml DMA to 1 mg
of polypropylene powder. The resulting mixture was son-
icated until the PP powder was dissolved in the DMA. A
glass slide having dimensions of 75 mm x 45 mm was
cleaned in methanol and placed on a hot plate at 90°C.
The PP/DMA mixture was poured evenly onto the slide,
and the DMA was allowed to evaporate. Methanol was
poured over the resulting PP film, and the PP film was
carefully removed from the glass slide.
[0073] The two p-type layers, n-type layer and the two
insulating layers were subsequently coupled to provide
the thermoelectric apparatus as illustrated in Figure 4.
The resulting thermoelectric apparatus was expanded in
Figure 4 for illustration of the various components of the

apparatus.
[0074] Various embodiments of the invention have
been described in fulfillment of the various objectives of
the invention. It should be recognized that these embod-
iments are merely illustrative of the principles of the
present invention. Numerous modifications and adapta-
tions thereof will be readily apparent to those skilled in
the art without departing from the scope of the invention.

Claims

1. A thermoelectric apparatus (200) comprising:

at least one p-type layer (1, 201) coupled to at
least one n-type layer (2, 202) to provide a pn
junction (4); and
an insulating layer (3, 207) partially disposed be-
tween the p-type layer and the n-type layer,
characterised in that the p-type layer compris-
es a plurality of carbon nanoparticles disposed
in a polymeric matrix and the n-type layer com-
prises a plurality of n-doped carbon nanoparti-
cles disposed in a polymeric matrix.

2. The thermoelectric apparatus (200) of claim 1 com-
prising a plurality of p-type layers (1, 201) coupled
to a plurality of n-type layers (2, 202) providing a
plurality of pn junctions (4) and insulating layers (3,
207) at least partially disposed between the p-type
layers and the n-type layers.

3. The thermoelectric apparatus (200) of claim 1, where
carbon nanoparticles of the p-type layer (1, 201)
comprise single-walled carbon nanotubes, multi-
walled carbon nanotubes, fullerenes or mixtures
thereof.

4. The thermoelectric apparatus (200) of claim 3,
wherein the carbon nanoparticles of the p-type layer
(1, 201) comprise boron.

5. The thermoelectric apparatus (200) of claim 1,
wherein the n-doped carbon nanoparticles of the n-
type layer (2, 202) comprise single-walled carbon
nanotubes, multi-walled carbon nanotubes, fuller-
enes or mixtures thereof.

6. The thermoelectric apparatus (200) of claim 5,
wherein the n-doped carbon nanoparticles comprise
nitrogen.

7. The thermoelectric apparatus (200) of claim 1,
wherein the polymeric matrix of the p-type layer (1,
201) comprises a fluoropolymer.

8. The thermoelectric apparatus (200) of claim 7,
wherein the fluoropolymer comprises polyvinyl fluo-
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ride, polyvinylidene fluoride, polytetrafluoroethylene
or mixtures thereof.

9. The thermoelectric apparatus (200) of claim 1,
wherein the polymeric matrix of the p-type layer (1,
201) comprises a polyacrylic, polyolefin or mixtures
thereof.

10. The thermoelectric apparatus (200) of claim 1,
wherein the carbon nanoparticles are present in the
polymer matrix in an amount ranging from 5 weight
percent to 95 weight percent.

11. The thermoelectric apparatus (200) of claim 7,
wherein the p-type layer (1, 201) has a Seebeck co-
efficient ranging from 10 mV/K to 35 mV/K at a tem-
perature of 290°K.

12. The thermoelectric apparatus (200) of claim 1,
wherein the polymeric matrix of the n-type layer (2,
202) comprises a fluoropolymer.

13. The thermoelectric apparatus (200) of claim 12,
wherein the fluoropolymer comprises polyvinyl fluo-
ride, polyvinylidene fluoride, polytetrafluoroethylene
or mixtures thereof.

14. The thermoelectric apparatus (200) of claim 1,
wherein the polymeric matrix of the n-type layer (2,
202) comprises a polyacrylic, polyolefin or mixtures
thereof.

15. The thermoelectric apparatus (200) of claim 1,
wherein the n-doped carbon nanoparticles are
present in the polymer matrix in an amount ranging
from 5 weight percent to 95 weight percent.

16. The thermoelectric apparatus (200) of claim 1,
wherein the polymeric matrix of the n-type layer (2,
202) provides the n-doped carbon nanoparticles the
n-dopant.

17. The thermoelectric apparatus (200) of claim 1,
wherein the n-type layer (2, 202) has a Seebeck co-
efficient ranging from about -10 mV/K to about -35
mV/K at a temperature of 290°K.

18. The thermoelectric apparatus (200) of claim 1,
wherein the insulating layer (3, 207) comprises a
electrically insulating polymeric material.

19. The thermoelectric apparatus (200) of claim 2 having
a ZT of at least 0.5.

Patentansprüche

1. Thermoelektrische Vorrichtung (200), Folgendes

umfassend:

wenigstens eine p-Schicht (1, 201), gekoppelt
mit wenigstens einer n-Schicht (2, 202), um ei-
nen p-n-Übergang (4) zu schaffen; und
eine Isolierschicht (3, 207), zum Teil zwischen
der p-Schicht und der n-Schicht angeordnet, da-
durch gekennzeichnet, dass die p-Schicht
mehrere Kohlenstoffnanopartikel aufweist, die
in einer Polymermatrix angeordnet sind, und die
n-Schicht mehrere n-dotierte Kohlenstoffnano-
partikel aufweist, die in einer Polymermatrix an-
geordnet sind.

2. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, umfassend mehrere p-Schichten (1, 201),
die mit mehreren n-Schichten (2, 202) gekoppelt sind
und mehrere p-n-Übergänge (4) bereitstellen, sowie
Isolierschichten (3, 207), die wenigstens zum Teil
zwischen den p-Schichten und den n-Schichten an-
geordnet sind.

3. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei Kohlenstoffnanopartikel der p-
Schicht (1, 201) einwandige Kohlenstoffnanoröhren,
mehrwandige Kohlenstoffnanoröhren, Fullerene
oder Mischungen aus diesen aufweisen.

4. Thermoelektrische Vorrichtung (200) nach An-
spruch 3, wobei die Kohlenstoffnanopartikel der p-
Schicht (1, 201) Bor umfassen.

5. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die n-dotierten Nanopartikel der n-
Schicht (2, 202) einwandige Kohlenstoffnanoröhren,
mehrwandige Kohlenstoffnanoröhren, Fullerene
oder Mischungen aus diesen aufweisen.

6. Thermoelektrische Vorrichtung (200) nach An-
spruch 5, wobei die n-dotierten Kohlenstoffnanopar-
tikel Stickstoff umfassen.

7. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Polymermatrix der p-Schicht (1,
201) ein Fluorpolymer umfasst.

8. Thermoelektrische Vorrichtung (200) nach An-
spruch 7, wobei das Fluorpolymer Polyvinylfluorid,
Polyvinylidenfluorid, Polytetrafluorethylen oder Mi-
schungen aus diesen umfasst.

9. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Polymermatrix der p-Schicht (1,
201) ein Polyacryl, ein Polyolefin oder Mischungen
aus diesen umfasst.

10. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Kohlenstoffnanopartikel in der
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Polymermatrix in einer Menge vorliegen, die zwi-
schen 5 Gew.-% und 95 Gew.-% liegt.

11. Thermoelektrische Vorrichtung (200) nach An-
spruch 7, wobei die p-Schicht (1, 201) einen See-
beck-Koeffizienten aufweist, der bei einer Tempera-
tur von 290 K zwischen 10 mV/K und 35 mV/K liegt.

12. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Polymermatrix der n-Schicht (2,
202) ein Fluorpolymer umfasst.

13. Thermoelektrische Vorrichtung (200) nach An-
spruch 12, wobei das Fluorpolymer Polyvinylfluorid,
Polyvinylidenfluorid, Polytetrafluorethylen oder Mi-
schungen aus diesen umfasst.

14. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Polymermatrix der n-Schicht (2,
202) ein Polyacryl, ein Polyolefin oder Mischungen
aus diesen umfasst.

15. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die n-dotierten Kohlenstoffnanopar-
tikel in der Polymermatrix in einer Menge vorliegen,
die zwischen 5 Gew.-% und 95 Gew.-% liegt.

16. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Polymermatrix der n-Schicht (2,
202) die n-Dotierungssubstanz für die n-dotierten
Kohlenstoffnanopartikel bereitstellt.

17. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die n-Schicht (2, 202) einen See-
beck-Koeffizienten aufweist, der bei einer Tempera-
tur von 290 K zwischen etwa -10 mV/K und etwa -35
mV/K liegt.

18. Thermoelektrische Vorrichtung (200) nach An-
spruch 1, wobei die Isolierschicht (3, 207) ein elek-
trisch isolierendes Polymermaterial umfasst.

19. Thermoelektrische Vorrichtung (200) nach An-
spruch 2 mit einem ZT-Wert von wenigstens 0,5.

Revendications

1. Appareil thermoélectrique (200) comprenant :

au moins une couche de type p (1, 201) couplée
à au moins une couche de type n (2, 202) pour
fournir une jonction pn (4) ; et
une couche isolante (3, 207) disposée partielle-
ment entre la couche de type p et la couche de
type n, caractérisée en ce que la couche de
type p comprend une pluralité de nanoparticules
de carbone disposées dans une matrice poly-

mère et la couche de type n comprend une plu-
ralité de nanoparticules de carbone dopées de
type n disposées dans une matrice polymère.

2. Appareil thermoélectrique (200) selon la revendica-
tion 1, comprenant une pluralité de couches de type
p (1, 201) couplées à une pluralité de couches de
type n (2, 202) fournissant une pluralité de jonctions
pn (4) et des couches isolantes (3, 207) disposées
au moins partiellement entre les couches de type p
et les couches de type n.

3. Appareil thermoélectrique (200) selon la revendica-
tion 1, où les nanoparticules de carbone de la couche
de type p (1, 201) comprennent des nanotubes de
carbone monoparois, des nanotubes de carbone
multiparois, des fullerènes ou leurs mélanges.

4. Appareil thermoélectrique (200) selon la revendica-
tion 3, dans lequel les nanoparticules de carbone de
la couche de type p (1, 201) comprennent du bore.

5. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel les nanoparticules de carbone
dopées de type n de la couche de type n (2, 202)
comprennent des nanotubes de carbone monopa-
rois, des nanotubes de carbone multiparois, des ful-
lerènes ou leurs mélanges.

6. Appareil thermoélectrique (200) selon la revendica-
tion 5, dans lequel les nanoparticules de carbone
dopées de type n comprennent de l’azote.

7. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la matrice polymère de la couche
de type p (1, 201) comprend un fluoropolymère.

8. Appareil thermoélectrique (200) selon la revendica-
tion 7, dans lequel le fluoropolymère comprend du
poly(fluorure de vinyle), du poly(fluorure de vinylidè-
ne), du poly(tétrafluoroéthylène) ou leurs mélanges.

9. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la matrice polymère de la couche
de type p (1, 201) comprend un polyacrylique, une
polyoléfine ou leurs mélanges.

10. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel les nanoparticules de carbone
sont présentes dans la matrice polymère dans une
quantité allant de 5 pour cent en poids à 95 pour cent
en poids.

11. Appareil thermoélectrique (200) selon la revendica-
tion 7, dans lequel la couche de type p (1, 201) a un
coefficient de Seebeck allant de 10 mV/K à 35 mV/K
à une température de 290 °K.
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12. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la matrice polymère de la couche
de type n (2, 202) comprend un fluoropolymère.

13. Appareil thermoélectrique (200) selon la revendica-
tion 12, dans lequel le fluoropolymère comprend du
poly(fluorure de vinyle), du poly(fluorure de vinylidè-
ne), du poly(tétrafluoroéthylène) ou leurs mélanges.

14. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la matrice polymère de la couche
de type n (2, 202) comprend un polyacrylique, une
polyoléfine ou leurs mélanges.

15. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel les nanoparticules de carbone
dopées de type n sont présentes dans la matrice
polymère dans une quantité allant de 5 pour cent en
poids à 95 pour cent en poids.

16. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la matrice polymère de la couche
de type n (2, 202) fournit les nanoparticules de car-
bone dopées de type n le dopant n.

17. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la couche de type n (2, 202) a un
coefficient de Seebeck allant d’environ -10 mV/K à
environ -35 mV/K à une température de 290 °K.

18. Appareil thermoélectrique (200) selon la revendica-
tion 1, dans lequel la couche isolante (3, 207) com-
prend un matériau polymère électriquement isolant.

19. Appareil thermoélectrique (200) selon la revendica-
tion 2, ayant un facteur de mérite (ZT) d’au moins 0,5.
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