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The presentation will take the following form:
* Who Is a theoretical Physicist ?

* What is the difference between a theoretical and
experimental physicist and why is there a difference?

* A brief introduction to Nanotechnology

* An overview of Carbon Nanotube

* Application of Nanotechnology

* Thermoelectric Figure of Merit of Chiral Carbon Nanotube
* Conclusion




® Theoretical physics employs mathematical
models and abstractions of physics in an attempt
to explain natural phenomena in a mathematical
form. Its central core is mathematical physics,
though other conceptual techniques are also

used. ...
en. wikipedia.orqg/wiki/ Theoretical physics

¢ - the description of natural phenomena in
mathematical form, especially in order to derive
fundamental laws of nature and to derive
conclusions ...
en. wiktionary.org/wiki/theoretical physics



http://www.google.com/url?&q=http://en.wikipedia.org/wiki/Theoretical_physics&ei=HPKfSojzCZONjAfOg5msDg&sa=X&oi=define&ct=&cd=1&usg=AFQjCNHvVdsZjak9mDHACd6WS9-Hn3xj8Q
http://www.google.com/url?&q=http://en.wiktionary.org/wiki/theoretical_physics&ei=HPKfSojzCZONjAfOg5msDg&sa=X&oi=define&ct=&cd=1&usg=AFQjCNFwqVAkrbOTI6jRoPK0nm-PbFBCMA

® Theoretical physicists are rather typical
scientists. If you imagine them as absent-
minded, egg-headed, bizarre characters
scratching their chins while deeply
engaged in thought... Well, most of the
time you'd be right.

e \What this people do is to try to figure out
how Nature works. That is, why the stars
shine, why water is fluid and the sky is
blue, what you are made of and why does
"it" weigh that much, why the universe
expands, or what energy and matter
actually ARE...

by Alvaro de Rijula
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1l yvou don’'t violate my
boundary conditions




® The answer to the second question is simple: the two
"species"” do quite different and often very specialized
things. It is increasingly hard to find people like Leonardo
da Vinci, who know and are active on "everything". The

ex

nerimenta

it passively,

eX

nerimenta

ist interrogates Nature directly, by observing
ike astronomers do, or actively, like particle
ists do, in "playing" with Nature's smallest

constituents to figure out directly how they behave.

® The relation between experimentalists and theorists is
often one of healthy competition for truth and less
healthy competition for fame. Here is a riddle reflecting
that fact:

e \What is similar and what is different between the
following two sets?:




® The first set consists of a farmer, his pig and the
truffles(edible fungi)

(you can see by my drawing of the second set that I am not an experimentalist).



® The answer to the riddle is:

e The farmer takes his pig to the woods. The pig snifs around
looking for a truffle. When the pig gets it and is about to
eat it, the farmer kicks the pig on the head with his club
and steals the truffle. Those are the similarities: a theorist
would also claim recognition for an experimenter's
discovery (if it has anything to do with her/his theories)
even if [s]he did not make it!

e The difference is that the farmer always takes the pig to
woods where there are truffles, while more often than not,
the suggestions by the theorists take the experimentalists
to "woods" where there are no "truffles" (by suggesting
experiments that do not lead to interesting discoveries).



2 Principle of the experiment
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° DEFINITION:

* The most common definition of nanoscience IS
‘the ability to do things — measure, see, predict
and make — on the scale of atoms and molecules
and exploit the novel properties found at that

SCal€.




eWhat is the scale?



e Traditionally, this scale is defined
as between 0.1 and 100
nanometre (nm).









eCharacterisation of
Nanotechnology



Nanotechnology is characterised
by distinguishing between the
fabrication processes of top-
down and bottom up.



Top-down

Top-down technology refers to the
fabrication of nanoscale structures by
machining and etching techniques. It is
important to note that in miniaturisation
at the nanoscale level, quantum laws
operate and surface behaviour starts to
dominate over the behaviour of bulk
materials.



Metal Organic Chemical Vapour
Depositon ( MOCVD)

Kansas State University



Molecular Beam Epitaxy (MBE)

N .-

The Molecular Beam Epitaxy System in the William R. Wiley
Environmental Molecular Sciences Laboratory.


http://en.wikipedia.org/wiki/Image:Molecular_beam_epitaxy_pnl.png
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Schematic diagram of a typical MBE



Bottom-up

Bottom-up technology refers
to molecular nanotechnology
(MNT) which means creation
of organic and inorganic
structures, atom by atom or
molecule by molecule.



Productive
Nanosystems:

From molecules
to superproducts

Version 1.00






e What is the situation now?



e At present the bottom up is far from
realization. Nanotechnology as
applied today is mainly top down,



e Novel Materials

e It is a known fact that material
science and technology is
fundamental to a majority of the
applications of nanotechnology.

* Novel materials that can be classified
under nanotechnology are the
following:



e Quantum well structures
(heterostructures, superlattices,
multiple quantum wells and quantum
wire)

e Quantum dot structures
e Photonic crystals

e Carbon nanotubes

e Spintronics

e Polymers



SUPERLATTICE



e Superlattice is a periodic structure of repeating quantum
wells that sets up a new set of selection rules which affects
the conditions for charges to flow through the structure.

e This nanostructure consists of two different semiconductor
materials, which are deposited alternately on each other to
form a periodic structure in the growth direction. Since the
first proposal by Leo Esaki and Raphael Tsu of synthetic
artificial superlattices in 1970,[1] great advances in the
physics of such ultra-fine semiconductors, presently called

uan(tlum structures, have been made within the past two
ecades.

e The concept of quantum confinement has led to the
observation of quantum size effects in isolated quantum
well heterostructures and is closely related to superlattices
through the tunneling phenomena. Therefore, these two
ideas are often discussed on the same physical basis, but
each field has its own intrigue and different physics useful
for applications in many electric and optical devices.



http://en.wikipedia.org/wiki/Selection_rules
http://en.wikipedia.org/wiki/Leo_Esaki
http://en.wikipedia.org/wiki/Raphael_Tsu
http://en.wikipedia.org/wiki/Superlattice
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Prof. S.Y. Mensah meets Leo Esaki
(Nobel Prize winner 1973)







® Heterostructures are formed from multiple
heterojunctions. If a thin layer of a
narrower-bandgap material ‘A’ is
sandwiched between two layers of wider-
bandgap material ‘B’, then they form a
double heterojunction.
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DISCLOSURES/PATENT APPLICATIONS

“Thermoelectric Characterization of Hydrogen
Storage in Carbon Nanotubes” P.C Eklund, G. U.
Sumanasekera, C. Adu, B. K. Pradhan, Provisional
application filed Oct. 2000.

“Carbon Nanotubes: A thermoelectric Nano-
nose” P.C Eklund, G. U. Sumanasekera, K. W. Adu, B.
K. Pradhan, Invention Disclosure # 2000-2357.

" Thermal Production of Semiconductor
Nanotubes (GaAs nanowires)”, K. W. Adu, B. K.
Pradhan, P. C. Eklund, Request for provisional
application March 2002



CARBON NANOTUBE



e Carbon nanotubes (CNTs) are an allotrope of
carbon. They take the form of cylindrical carbon
molecules and have novel properties that make
them potentially useful in a wide variety of
applications in nanotechnology, electronics, optics
and other fields of materials science. They exhibit
extraordinary strength and unique electrical
properties, and are efficient conductors of heat.
Inorganic nanotubes have also been synthesized.

e Nanotubes are members of the fullerene structural
family, which also includes buckyballs. Whereas
buckyballs are spherical in shape, a nanotube is
cylindrical, with at least one end IYpically capped
with a hemisphere of the buckyball structure. Their
name is derived from their size, since the diameter
of a nanotube is on the order of a few nanometers
(approximately 50,000 times smaller than the width
of a human hair), while they can be up to several
millimeters in length. There are two main types of
nanotubes: single-walled nanotubes (SWNTs) and
multi-walled nanotubes (MWNTSs).



http://www.reference.com/browse/wiki/Electronics
http://www.reference.com/browse/wiki/Optics
http://www.reference.com/browse/wiki/Electricity
http://www.reference.com/browse/wiki/Heat_conduction
http://www.reference.com/browse/wiki/Inorganic_nanotube
http://www.reference.com/browse/wiki/Fullerene
http://www.reference.com/go/http://wikipedia.org/wiki/Buckyball%23Buckminsterfullerene
http://www.reference.com/browse/wiki/Sphere
http://www.reference.com/browse/wiki/Cylinder_%28geometry%29
http://www.reference.com/browse/wiki/Nanometer
http://www.reference.com/go/http://wikipedia.org/wiki/%23Single-walled
http://www.reference.com/go/http://wikipedia.org/wiki/%23Single-walled
http://www.reference.com/go/http://wikipedia.org/wiki/%23Single-walled
http://www.reference.com/go/http://wikipedia.org/wiki/%23Multi-walled
http://www.reference.com/go/http://wikipedia.org/wiki/%23Multi-walled
http://www.reference.com/go/http://wikipedia.org/wiki/%23Multi-walled

e In 1952 Radushkevich and Luk}anovich published
clear images of 50 nanometer diameter tubes
made of carbon in the Russian Journal of Physical
Chemistry. This discovery was largely unnoticed;
the article was published in the Russian language,
and Western scientists' access to Russian press
was limited during the Cold War. It is likely that
carbon nanotubes were produced before this
date, but the invention of the transmission
electron microscope allowed the direct
visualization of these structures. A 2006 editorial
written by Marc Monthioux and Viadimir
Kuznetsov in the journal Carbon has described
the interesting and often misstated origin of the
carbon nanotube. A large percentage of academic
and popular literature attributes the discovery of
hollow, nanometer sized tubes composed of
graphitic carbon to Sumio Iijima of NEC in 1991.



http://www.reference.com/browse/wiki/1952
http://www.reference.com/go/http://wikipedia.org/wiki/Radushkevich
http://www.reference.com/go/http://wikipedia.org/wiki/Lukyanovich
http://www.reference.com/browse/wiki/Cold_War
http://www.reference.com/browse/wiki/Transmission_electron_microscope
http://www.reference.com/browse/wiki/Transmission_electron_microscope

* Most single-walled nanotubes (SWNT) have a
diameter of close to 1 nanometer, with a tube
length that can be many thousands of times larger.
single-walled nanotubes with length up to orders
of centimeters have been produced . The structure
of a SWNT can be conceptualized by wrapping a
one-atom-thick layer of graphite called graphene
into a seamless cylinder. The way the graphene
sheet is wrapﬂed Is represented by a pair of indices

n,m) called the chiral vector. The integers nand m
enote the number of unit vectors along two
directions in the honeycomb crystal lattice of
graphene If m=0, the nanotubes are called
zig zaﬁ . If n=m, the nanotubes are called
"armchair”. OtherW|se, they are called "chiral”.



http://www.reference.com/browse/wiki/Graphite
http://www.reference.com/browse/wiki/Graphene
http://www.reference.com/browse/wiki/Vector_%28spatial%29
http://www.reference.com/browse/wiki/Crystal_lattice

Multiwalled nanotubes (MWNT) consist of multiple layers of
graphite rolled in on themselves to form a tube shape.
There are two models which can be used to describe the
structures of multiwalled nanotubes. In the Russian Doll
model, sheets of graphite are arranged in concentric
cylinders, eg a (0,8% single-walled nanotube (SWNT) within
a larger (0,10) single-walled nanotube. In the Parchment
model, a single sheet of graphite is rolled in around itself,
resembling a scroll of parchment or a rolled up newspaper.
The interlayer distance is close to the distance between
graphene layers in graphite. The special Blace of Double-
walled Carbon Nanotubes (DWNT) must be emphasized
here because they combine very similar morphology and
properties as compared to SWNT, while improving
significantly their chemical resistance. This is especially
important when functionalisation is required (this means
grafting of chemical functions at the surface of the
nanotubes) to add new properties to the CNT.



http://www.reference.com/browse/wiki/Matryoshka_doll
http://www.reference.com/browse/wiki/Scroll_%28parchment%29

e A fullerite is a highly iIncompressible
nanotube form. Polymerized single walled
nanotubes (P-SWNT) are a class of
fullerites and are comparable to diamond
In terms of hardness. However, due to the
way that nanotubes intertwine, P-SWNTs
don't have the corresponding crystal
lattice that makes it possible to cut
diamonds neatly. This same structure
results in a less brittle material, as any
iImpact that the structure sustains is
spread out throughout the material.



http://www.reference.com/browse/wiki/Fullerite
http://www.reference.com/browse/wiki/Physical_compression
http://www.reference.com/browse/wiki/Polymerized
http://www.reference.com/browse/wiki/Diamond
http://www.reference.com/browse/wiki/Hardness
http://www.reference.com/browse/wiki/Brittle

e Manufacturing a nanotube is dependent on
applied quantum mechanics, specifically, orbital
hybridization. Nanotubes are composed entirely
of sp2 bonds, similar to those of graphite. This
bonding structure, which is stronger than the sp3
bonds found in diamond, provides the molecules
with their unique strength. Nanotubes naturally
aligh themselves into "ropes” held together by
Van der Waals forces. Under high pressure,
nanotubes can merge together, trading some sp2
bonds for sp3 bonds, giving great possibility for
producing strong, unlimited-length wires through
high-pressure nanotube linking.



http://www.reference.com/browse/wiki/Orbital_hybridization
http://www.reference.com/browse/wiki/Orbital_hybridization
http://www.reference.com/browse/wiki/Sp%C2%B2_bond
http://www.reference.com/browse/wiki/Graphite
http://www.reference.com/go/http://wikipedia.org/wiki/Orbital_hybridisation%23sp3_hybrids
http://www.reference.com/go/http://wikipedia.org/wiki/Orbital_hybridisation%23sp3_hybrids
http://www.reference.com/browse/wiki/Diamond
http://www.reference.com/browse/wiki/Van_der_Waals_force

Hexagonal Lattice (Definition of Vectors)
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Wrapping (10,10) SWNT
(armchair)
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Wrapping (10,5) SWNT (chiral)
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Wrapping (10,5) SWNT

IR
220 20% 26 %0 % %0 %0 %0 %0
22020 % %" 1% 20 % %0 %
SOS8S0Sey E8Sededeses
e (

e o e
“‘ LT oy T “““‘
ST S5 e

(0 x el o (o e

kN

= _

aSe8a Ll IgSce as0s
_‘\vIJV 1 % “vl...../ “v =Y “.v ™y A W

‘ VAN R AN B N S ‘

¢ #¢ o€ ol »xX 9N 4K NS o
‘ { wuam. Jw.lp wéN o= vluNu e W ‘

B e E o 0w ) 1)
(O e ok gl s s 9% 9d » ()
¢ &t £€ Jr6 s 9% X P 5
Lo (4 _Flﬁ..,|ﬁ-0 I o U - G = UL e )

{ &4 NAW“HAQ o I o ¥ PR “”

WA,WANAW \ ,r.. _«.urr.tw.L} |u,¢L.J, ﬂvuuu |u“_.|pf . ‘

e s fe N,, « o4 w9 pd 9e “‘

| 0202
hS <)

FU $6 SU N YU 9 93 23
{ . e S
..fi..w. Aulr, &w?«.)\ r}fLr% v uw b u.w Ly u.\..bv..

¢ e v K / ¥ WY eY ed g
{ FE FUFe NE SR P P
A . N A N

l'/ 1 i — )
‘ ‘ . e A ol A N .
ose & 4

rg %0 SO
e _Jegegecesenec a8
200 20 % 26 % %6 % %0 2 %



Hexagonal Lattice (n,m)
nanotubes
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e The strength and flexibility of carbon nanotubes makes
them of potential use in controlling other nanoscale
structures, which suggests they will have an important role
in hanotechnology engineering. The highest tensile strength
an individual multi-walled carbon nanotube has been tested
to be is 63 GPa. Bulk nanotube materials may never achieve
a tensile strength similar to that of individual tubes, but
such composites may nevertheless yield strengths sufficient
for many applications. Carbon nanotubes have already been
used as composite fibers in polymers and concrete to
improve the mechanical, thermal and electrical properties
of the bulk product. Carbon nanotubes have also recently
been discovered to be a component of damascus steel,
which accounts for why those ancient swords made from it
were reported to have been able to cut through stone and
metal without losing their edge, to the point where they
could still cut silk scarves in mid-air.



http://www.reference.com/browse/wiki/Nanotechnology
http://www.reference.com/browse/wiki/Tensile_strength
http://www.reference.com/browse/wiki/GPa
http://www.reference.com/browse/wiki/Polymers
http://www.reference.com/browse/wiki/Concrete
http://www.reference.com/browse/wiki/Damascus_steel

e Because of the great mechanical properties of the carbon
nanotubule, a variety of structures have been proposed
ranging from everyday items like clothes and sports gear to
combat jackets, space elevators and contraceptives.
However the space elevator will require further efforts in
refining carbon nanotube technology, as the Ipractical
tensile strength of carbon nanotubes can still be greatlx
improved..For perspective outstanding breakthroughs have
already been born. Pioneering work lead by Ray H.
Baughman at the NanoTech Institute has shown that single
and multi-walled nanotubes can produce materials with
tou :Imess un-matched in the man-made and natural
worlds.

* A good example of a practical use for the carbon
nanotubules is the bicycle Floyd Landis used at the 2006
Tour de France. Carbon nanotubes were used to enhance
the strength of the carbon fiber frame and made it possible
to make a bicycle's frame weighing only one kilogram.



http://www.reference.com/browse/wiki/Space_elevator
http://www.reference.com/browse/wiki/Floyd_Landis
http://www.reference.com/browse/wiki/2006_Tour_de_France
http://www.reference.com/browse/wiki/2006_Tour_de_France

e Carbon nanotubes have many properties—from
their unique dimensions to an unusual current
conduction mechanism—that make them ideal
components of electrical circuits. Currently, there
Is no reliable way to arrange carbon nanotubes
into a circuit.The major hurdles that must be
jumped for carbon nanotubes to find prominent
places in circuits relate to fabrication difficulties.
The production of electrical circuits with carbon
nanotubes are very different from the traditional
IC fabrication process. The IC fabrication process
Is somewhat like sculpture - films are deposited
onto a wafer and pattern-etched away. Because
carbon nanotubes are fundamentally different
from films, carbon nanotube circuits can not be
mass produced as of now.



http://www.reference.com/browse/wiki/Electrical_conduction
http://www.reference.com/browse/wiki/Fabrication_%28semiconductor%29
http://www.reference.com/browse/wiki/Sculpture

NOW THAT PLASMA TELEVISIONS ARE HERE,

their makers would have you believe the quest for the ultimate TV is

over. After all, these big, flat screens are dazzlingly bright and have a

wide viewing angle. They can be hung on a wall or even built right into

it. What more could you want?

Well, for starters, how about a TV set that doesn’t consume as much power

as a toaster oven? For that matter, youwould think that any TV technology worthy
of the term “ultimate” would be free of significant flaws, which lower-end
plasma screens are not. For example, many models costing less than about US
$5000 have a distracting tendency to render pure black with a greenish cast.
For reasons like those, bands of researchers in the United States, Europe,

and Asia are insisting that the last word in TVs won't be plasma, but rather
nanotubes. These exotic molecules of carbon, only a few nanometers wide and

perhaps a micrometer long, are at the heart of a new class of big, bright
experimental

displays that could overcome the power and image quality problems
of plasma screens while retaining their brightness and size.
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The heart of a field-emission display is an array of carbon

nanotube-based emitters. Inthis design, a cluster of nan-

.' otubes at each emitter act as a cathode to produce

¢ electrons via field-emission [top left]. Each pixelis

f composed of three red, green, and blue sub-pixels

[above], with their colors combined to create any color. A

gate electrode ineach sub-pixel creates the electric field

for emission [also shown in photomicrograph, top]. Emit-

‘ ted electrons are swept through a vacuum toward a

: phosphor by an anode placed between the phosphor and
the glass surface ofthe display [left]. Struck by the

A electrons, the phosphor emits visible light,asin a

Glass s - traditional cathode ray tube, but in a package that's a

! fraction the thickness [left].










® Researchers in Arkansas in the US have developed new
nanomaterials — dubbed golden nanotubes — for use as
super contrast agents for highly sensitive imaging of
tumours and cancer cells. When intravenously injected
with the nanotubes, mice with tumours in their lymph
nodes show photoacoustic and photothermal signals that
are 100 times stronger than those observed for ordinary
carbon nanotubes. The nanomaterial, which can also be
used to carry therapeutic agents thanks to its hollow
core, could be used as a more efficient and less toxic
alternative to other nanoparticles and fluorescent labels
for non-invasive tumour imaging
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http://nanotechweb.org/cws/article/tech/40326/1/090909

e Nanotubes set to shine for solar energy

e (Carbon nanotubes could be used to produce solar cells
that generate more electrical current per photon than
existing photovoltaic technologies, according to scientists
in the US. The team has shown that photodiodes made
from carbon nanotubes create multiple electron-hole
pairs in response to a single photon — unlike other
photodiodes, which produce just one pair per photon.

e "If this could be exploited in large-scale solar cells, it
would extend the power conversion efficiency above
standard limits," said Nathan Gabor of Cornell University,
who was involved in the research.





http://nanotechweb.org/cws/article/tech/40358/1/nano
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MOTIVATION

Thermoelectric Effect and Applications

* Seebeck effect
::'DT _Si)l_,_r) AV S > 0 for p-type

Lg -
_. AT S < 0 for n-type
+
Heat Source
e Thermoelectric cooling

| e AVe— |
— No moving parts
— Can be integrated with electronic
circuits (e.g. CPU) 1+ _

— Environmentally friendly

— Localized cooling with rapid response Thermoelectric Generator

 Power Generation

— Use waste heat to generate electricity



MOTIVATION

Application of Low Dimensionality

for enhancing thermoe

Secheck Coethcient Conductivity
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ectric Performance
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— A limit to £ 1s rapidly obtamed in
conventional materials
— So far, best bulk material (B1, ;Sby sTes)

has Z7 ~ 1 at 300 K

Low dimensions eive additional confrol:
e [inhanced density of states due to quantum confinement effects

—> Increase S without reducing o

e Boundary scattering at interfaces reduces k more than o
e Possibility of carrier pocket engineering to get thermoelectric
contribution in both quantum well and barrier regions



Thermoelectric figure of merit of superlattices

J. O. Sofo and G. D. Mahan

Solid State Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6030,
and Department of Physics and Astronomy, The University of Tennessee, Knoxville,

Tennessee 37996-1200

(Received 13 June 1994; accepted for publication 19 September 1994)

We calculate the electrical conductivity, thermopower, and the electronic contribution to the thermal
conductivity of a superlattice, with the electric field and the thermal gradient applied parallel to the
interfaces. We include the tunneling between quantum wells. The broadening of the lowest subband
when the period of the superlattice is decreased produces a reduction of the thermoelectric figure of
merit. However, we found that a moderate increase of the figure of merit may be expected for
intermediate values of the period, due to the enhancement of the density of states produced by the
superlattice structure. © 1994 American Institute of Physics.

During the last two years, several papers were published
analyzing the application of quantum well superlattices to
improve the efficiency of thermoelectric coolers."~* Experi-
mental work is being done seeking the confirmation of the
theoretical predictions.>® To our knowledge, the first pro-
posal that a superlattice structure may be a highly efficient
thermoelement was done by Mensah ﬁh—‘___a_l_r__l_ggd_. However,
calculation of the transport properties of superlattices have
been previously reported.””° The first quantitative result was
given by Hicks,” where a huge increase of the thermoelectric
figure of merit is predicted as the width of the quantum wells
is reduced. The thermoelectric figure of merit is a measure of
the quality of a material to be used as a thermoelement'® and
is defined as Z=5%0/«, where S is the thermopower, o the
electrical conductivity, and « the thermal conductivity. Z has
units of inverse temperature and is usually referred to as the
dimensionless quantity ZT', where T is the absolute tempera-
ture. Hicks’ calculation was welcome by both the workers on
thermoelectric devices and those in the field of semiconduc-
tors superlattices. The former are seeking for creative ideas

action, the problem is reduced to the study of electrons with
effective mass components m,, m,, and m, in a potential
profile with rectangular barriers as in the Kronig—Penney
model.'? The energy levels in the superlattice are given by
2,2 242
hek: h k

+
2m 2m

X

Es(kx’ky :kz)z +Es(kz)7 (l)

y

where k, and k,, are the wave vectors in the x and y direction
(parallel to the plane of the interfaces) and E(k,) is the
dispersion relation of the subband s of the superlattice. This
dispersion relation is obtained as a solution of the Kronig—
Penney model that can be found in many introductory books
on electron states in crystals.!?

We will calculate these coefficients in the simplest pos-
sible form in order to make more evident the effects pro-
duced by the superlattice structure. Assuming a constant re-
laxation time we can carry out that the integration over the

momentum components parallel to the interfaces, obtaining
that



theoretical predictions.>® To our knowledge the first pro-
posal that a superlattice structure may be a‘“h“l‘ghly efficient
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thermoelement was done by Mensah and Kangah." However,

calculation of the transport properties of superlattices have
been previously reported.”~ The first quantitative result was
given by Hicks,” where a huge increase of the thermoelectric

'S. Y. Mensah and G. K. Kangah, J. Phys.: Condens. Matter 4, 919 (1992).
*L. D. Hicks and M. D. Dresselhaus, Phys. Rev. B 47, 12727 (1993).
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THEORY

We calculate the electron conductivity, the Peltier coefficient (and hence
the thermopower), the zero-current density electron thermal conductivitzy
and the figure of merit of CNT.We use the approach developed ini6 17,20
21, We noted that the properties mentioned above strongly depend on
the GCA 0h, temperature T and real overlapping integrals for jumps
along the tubular axis Az and the base helix As. The variation of these
parameters can give rise to giant thermopower, unusual high electron
thermal conductivity and the figure of merit greater than 1, making CNT
very good material for the production of thermoelement.

Single walled-carbon nanotube (SWNT) is considered as an infinitely
long chain of carbon atoms wrapped along a base helix. The problem is
considered in the semiclassical approximation, starting with the
Boltzmann kinetic equation®3,

O e o L O L e e & oy Ly
dfir v t) Aflr.p,t) af

- + v(p)|—m——+eE—

1) flr,p.t) — folw)

- = = — (1)

i T

4

] B

ot

s

Here 1(r, p, t) is the distribution function, fO(p) is the equilibrium distribution
function, v(p) is the electron velocity, E is a weak constant applied field, r is the
electron position, p is the electron dynamical momentum, T is the relaxation time
and e is the electron charge.



THEORY

The collision integral is taken in the r approximation and further assumed
constant. Eq.(1) is solved by perturbation approach treating the second term

as the perturbation. In the linear approximation of T and , u is the chemical
potential, we obtain

. . | e Fy t""-.l T II.-' t'\-\._l -
flp) = exXp ( —— II folp — e Et)dt + exp | —— || at
0 . T 0 \ T/
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here g(p) is the electron energy. The current density j is defined as

i=e™ wiplfip) (3)

=

and the thermal current density g as

g = E [slp) — p] wip) flp) (4)
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Substituting Eqg. (2) into Egs. (3) and (4), and making the transformation
p-eEt—p
we obtain for the current density
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and for the thermal current density
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We resolve Egs. (5) and (6) along the tubular axis (z axis) and the base helix,
neglecting the interference between the axial and the helical paths connecting
a pair of atoms, so that transverse motion quantizatoin is ignored24, 25, 26.
This approximation best describes doped chiral carbon nanotubes, and is
experimentally confirmed in27. Using the following transformation

- I A
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o (2xh) S i T

:‘._" LA i k de ;

we obtain the electron current density along the tubular axis and the base helix as
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The integrations are carried out over the first Brillouin zone. The axial and
circumferential electron current density will be given as follows

I =3ji+5_f."¥i”'9hi je=5j, cos By 111

and the axial and circumferential thermal current density also as
q. = E:'; + 5; sinfly; g, = S cos 12

where 6, is the geometric chiral angle (GCA).
The energy ¢(p) of the electrons, calculated using the tight binding

approximation is givenas expressed in> as follows:
Pstls ylly

- — AL cos - > (13 )

slw) =&, — Ay cos

€o is the energy of an outer-shell electron in an isolated carbon atom, As and Az
are the real overlapping integrals for jumps along the respective coordinates, ps
and pz are the carrier momentum along the base helix and the tubular axis
respectively, h is h/21m and h is Planck’s constant. ds is the distance between the
site n and n + 1 along the base helix and dz is the distance between the site n
and n + N along the tubular axis.



For a non-degenerate electron gas, we use the Boltzmann equilibrium
distribution function fO(p) as expressed in 16, |. e,

lmL A cos F——. -
kT

.o =T

folp) = Cexp 14

where C is determined by the condition
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and no is charge density, In(x) is the modified Bessel function of order n and

k is Boltzmann'’s constant. The components v, and v, of the electron velocity v
are given by o . .
delp)  Axds . pad;
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Using Egs. (7)—(16) and the fact that E_ = E, sin 6,,
V.=Tsin 6, and E = - &, we obtain the following expressions
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The thermal currrent density g given by Egs. (19) and (20) can be written
in terms of current density | as
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Hence from Eqgs. (17) and (18) we obtain the axial and circumferential components of the
electrical conductivity o as foIIows

T on — (T —— T gin~ 25 (2.3)

Tex = FTg 5111 B cos Oy (24

From Egs. (21) and (22) we also obtain the axial and circumferential components
of Peltier coefficient M, and the electron thermal conductivity . When jis zero as follows
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where a is the thermopower or Seebeck coefficient.
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and (a) A, = L40 eV; (b) A_= 1.80 eV,
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FIG. 2. Temperature dependence of the thermopower o, for A= 0.010 eV, 0.015 eV, 0.018 eV, 0.020 eV and
(a) A, =0.020 eV, (b) A,=0.025 eV, (c) A, = 0.030 eV.
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FIG. 3. Temperature dependence of the electron thermal conductivity ¢ _. for A_= 0.20 eV,
0.60 eV, 1.00 eV and (a) A,= 1.40 eV; (b) A_,=1.80 eV




On the other hand when 0.010 eV< As < 0.020 eV and 0.020 eV< Az < 0.030 eV (Figure 4),
the electron thermal conductivity behaves in a similar manner as the lattice thermal
conductivity obtained by Berber et al.19, i.e. the thermal conductivity rises to a maximum
and then falls off. They exhibit unusually high thermal conductivity at around 100 K.
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FIG. 4. Temperature dependence of the electron thermal conductivity ¥ _. for A = 0.010 eV, 0.015
eV, 0.018 eV, 0.020 eV and (a) A_=0.020 eV, (b) A_= 0.025 eV, (c) A,= 0.030 eV.



To calculate the thermoelectric figure of merit, we needed to use lattice thermal
conductivity data. Because of the similar behaviour of our curves to the curves of Zhang et
al. and Berber et al., we calculated the thermoelectric figure of merit as a function of
temperature using the lattice thermal conductivity data obtained by Zhang et al. for the case
when 0.20 eV Az <1.00 eV and As = 1.40 eV and 1.80 eV, and by Berber et al. for the
case when 0.010 eV< As < 0.020 eV and 0.020 eV< Az < 0.030 eV.In fact in31 it was stated
unambigously that unlike its electronic counterpart, the thermal conductivity of SWNTs does
not depend on the chirality and/or atomic geometry sensitvely both at low temperature and
room temperature. The results for case I), presented in Figure 5, shows that ZT could be
greater than 1, and it decreases with both increasing temperature and Az. However it

increased sliahtlv
(a) (b}

g T T T 1o T T T

g [~ —]

5 —

S I S

o I I | o I I I
L1] 100 s k] L] el [+] 10 bbb ELi i) ey

TCED e e A = 020 e TCED
==& &, = 0.60 &%
—o—o—a- A, =100 e

T
T

FI&. 5. Temperature dependence of the dimensionless thermoelectric figure of merit =T for
A =020 eV, 0,60 eV, 1.00 eV and (a) A_= 1.40 eV; (b) A = 1.80 eV
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FIG. 6. Temperature dependence of ZT for A_= 0.010 eV, 0.015 eV, 0.018 eV, 0.020 eV
and (a) A, = 0.020 eV, (b) A, = 0.025 eV, (c) A, = 0.030 eV.



when As was increased from 1.40 eV to 1.60 eV. For case Il), it was observed
(Figure 6) that for As = 0.010 eV and Az = 0.020 eV, ZT is greater than 1 at low
temperatures. It then falls rapidly with increasing T and attains a constant value
of 0.8 at about 300 K. This result corroborates with the suggestion made by
Small et al.30 which says that at temperatures below 30 K, ZT can be greater
than 1 for single walled nanotubes (SWNTS). In that same paper it was
suggested that ZT > 1 if a ~ 200u V/K. This also agrees with our results (see
figs. (3a) and (3b)). On the other hand, as As changes from 0.018 eV to 0.020
eV at Az = 0.020 eV, we observed that ZT is very small at low temperatures and
Increases with increasing temperature to a constant value. As can be seen from
figs. (4b) and (4c) the behaviour of the graphs remain almost the same as we
increase the values of Az from 0.020 eV to 0.030 eV. However, we noted that ZT
> 1 for values of As = 0.010 eV and Az = 0.025 eV and 0.030 eV.

donceuslon: We have studied the thermoelectric effect of CNTs and noted that

by optimizing T, Az and As, ZT can be made greater than 1. This suggests that CNTs
could be used as a thermoelement.



IMPACT FACTOR

Computer simulation of carbon clusters formation P214

Thermopower of carbon nanotubes in a
magnetic field

N.G. Galkin, V.A. Margulis, and A.V. Shorokhov
Mordovian State University, 430000 Saransk, Russia

We investigate thermoclectric properties of single-wall nanotubes in a
longitudinal magnetic field. To study the thermopower we use the approach in
[1] together with model developed in [2]. We demonstrate that the thermopower
dependence on the magnetic field and the electron energy has a spectrum of
peaks. Additionally, the magnetic field splits the thermopower peaks. The
manipulation of the magnetic field and other parameters of nanotubes can give
rise to the giant thermopower. It is shown that the thermopower depends
strongly on the nanotube radius. We stress that the thermopower dependence on
temperature are in good qualitative agreement with experimental results [3] and
theoretical ones [4] obtained in the tight-binding approximation with the help
the Boltzmann kinetic equation.

The present work was supported by the Russian Ministry of Education
(project N E02-3.4-370).
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Electrical and thermal properties of carbon nanotube bulk materials: Experimental studies
for the 328-958 K temperature range

Hai-Long Zhang,' Jing-Feng Li,>* Bo-Ping Zhang,! Ke-Fu Yao,> Wei-Shu Liu,! and Heng Wang?
1School of Materials Science and Engineering, University of Science and Technology Beijing,
Beijing 100083, People’s Republic of China
2State Key Laboratory of New Ceramics and Fine Processing, Department of Materials Science and Engineering,
Tsinghua University, Beijing 100084, People’s Republic of China
3Department of Mechanical Engineering, Tsinghua University, Beijing 100084, People’s Republic of China
(Received 19 August 2006; revised manuscript received 29 January 2007; published 3 May 2007)

We report on electrical and thermal properties in the temperature range from 328 to 958 K of multiwall
carbon nanotube (MWNT) bulk materials that were consolidated by spark plasma sintering. The rather dense
MWNT bulk materials show exclusively nonmetallic temperature dependence of electrical conductivity from
328 to 958 K, owing to the absence of metallic conduction mechanism in such a highly disordered system. The
conductivity exhibited extremely weak temperature dependence with only 35% increase of room-temperature
conductivity at 958 K, which was explained by a heterogeneous model considering both fluctuation-assisted
tunneling between nanotubes or shells of MWNT and variable-range hopping between graphite microphases
that were observed to be dispersed in MWNT bulk materials. The results suggest that fluctuation-assisted
tunneling governed this weak conductivity-temperature dependence. Metallic diffusion behavior was observed
from 328 to 958 K, and it indicates that phonon drag contributed little to the thermoelectric power of MWNT
bulk materials. By contrast, we further show that the increase in sample dimensionality from individual
MWNT to bulk materials tends to increase the metallic temperature dependence of electrical conductivity and
remarkably decrease the magnitude of thermal conductivity. The geometric shift from graphene sheet to tubular
nanotube for carbon-related bulk materials changes the conduction from the combination of 7 and p types to
absolute p type.

DOI: 10.1103/PhysRevB.75.205407 PACS number(s): 73.63.—b, 73.50.Lw, 65.80.+n, 81.07.De



IMPACT FACTOR

Mensah et al.’’ theoretically predicted that carbon nano-
tubes may serve as a good thermoelectric material. So we
also evaluate the thermoelectric properties of our MWNT
bulk materials in this study. Figure 9 shows the thermoelec-
tric figure of merit Z of MWNT bulk materials as a function
of temperature. The value of Z was calculated by

Z=S%olk. (5)

30S. Y. Mensah, F. K. A. Allotey, N. G. Mensah, and G. Nkrumabh,
J. Phys.: Condens. Matter 13, 5653 (2001).
31C. Qin, X. Shi, S. Q. Bai, L. D. Chen, and L. J. Wang, Mater. Sci.
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Thermal rectification in carbon nanotube intramolecular junctions: Molecular
dynamics calculations

Gang Wu*
Department of Physics and Centre for Computational Science and Engineering,
National University of Singapore, Singapore 117542-76, Republic of Singapore

Baowen Li'
Department of Physics and Centre for Computational Science and Engineering,
National University of Singapore, Singapore 117542-76, Republic of Singapore and
NUS Graduate School for Integrative Sciences and Engineering, Singapore 117597, Republic of Singapore
(Dated: July 28, 2007)

We study heat conduction in (n, 0)/(2n, 0) intramolecular junctions by using molecular dynamics
method. It is found that the heat conduction is asymmetric, namely, heat transports preferably
in one direction. This phenomenon is also called thermal rectification. The rectification is weakly
dependent on the detailed structure of connection part, but is strongly dependent on the temper-
ature gradient. We also study the effect of the tube radius and intramolecular junction length on
the rectification. Our study shows that the tensile stress can increase rectification. The physical
mechanism of the rectification is explained.

PACS numbers: 66.70.+f, 44.10.+i, 61.46.Fg, 65.80.4+n



periments and numerical simulations have payed their
attention to the extremely high thermal conductivity of
SWCNTs. The dependence of the thermal conductiv-

10°S. Maruyama, Physica B 323, 193 (2002); S. Maruyama,
Microscale Thermophysical Engineering 7, 41 (2003).
11 'W. Zhang, Z.Y. Zhu, F. Wang, T.T. Wang, L.T. Sun, and

13 7. Yao, J.S. Wang, B. Li, and G.R. Liu, Phys. Rev. B 71,
085417 (2005).
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High thermal conductivity of carbon nanotube reinforced

copper materials

Guangyu Chai and Quanfang Chen*
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Carbon nanotubes (CNT) [1-3] have attracted more and more research interests

multi-walled carbon nanotube (MWNT) respectively. These thermal conductivity values

are essentially higher than that of diamond. Therefore, these remarkable thermal

4. S. Berber, Y-K. Kwon, and D. Tomanek, Unusually high thermal conductivity of
carbon nanotubes, Physical Review Letters 84 No. 20 (2000) 4613-4616.
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TepnioaneKTPOABNXKYLLAA cuna yrnepopaHbix HaHOTpy6oK

© A.B. Maspurckuin Y, E.M. baiituHrep

YenabuHcKuil rocyAapCTBEHHbIA NeAArorniecknini yHuBepcuTer,
454080 YensbuHck, Poccun

(MonyveHa 12 pexabps 2007 r. [puHsata k neyatu 21 mas 2008 r.)

[IpeicTaBiesl pe3y/ibTaThl PACYCTOB TEMIEPATYPHOH 3aBMCHMOCTH Kod(uimenTa Tepmosnc rpadura u
O/lYMETAUIMYECKMX  YITICPOIIHBIX HAHOTPYBOK C y4eToM LHIMHIPHYHOCTH MX HalaToMHOro crpoenus. Me-
NOb30BaHK ypasHeHHe BosbumaHa M -2/eKTPOHHAS MOJINIb MOJTYMETALIHYECKHX YIJIEPOIHbIX HAHOTPYOOK.
OCHOBHBIMM T1aPaMETPAMH pacyeTa SBJSIHCH: KOHIEHTPALMA 2JIEKTPOHOB, SHeprust PepmMu u IHEPrus JI0KaTbHOro
ypoBHSi, 0OYC/IOBICHHOTO LMIMHAPHYHOCTBIO YIJICPOIHBIX HAHOTPYOOK. PesynbraThl pacyeToB COMOCTAaBAIOTCH C

HM3BECTHBIMH IKCI

P [TATbHBIMH

PACS: 72.15.Jf, 73.63.Fg

1. BsepeHwne

Vrneponnbie HaHOTPYOKH, BrepBble CHHTE3UPOBaHHBIE
Wokumoii B 1991 romy (1], oTHocATes K Kiaccy rpaduTorno-
[0OHBIX MaTepuanos. MMeercs psil yHHMKaIbHBIX CBOWCTB,
KOTOpbIE YHACIIENOBATH HAHOTPYOKM OT rpagura, — BbI-
coKasi TepMHYecKas CTOHKOCTb, HU3KHH KOI(DOHUUHMEHT Tep-
MHueckoro pacimmpenust u ap. OmHako ocoboe KapkacHoe
CTPOEHHE LMIMHAPHIECKOH GOpMbI NPHIAET HAHOTPYOKam
CBOMCTBA, 9aCTO CYNIECTBEHHO OTJIHYAIONIME UX OT rpadura.

Jycpelh 970 OTHOCHTCSH K 9JIEKTDOHHBIM_CBOW-

cTpoeHusi 06pasylomero MX MOHOC/IOs rpaduTa, 9acTo Ha-
3bIBAEMOr0 rpad)eHOBBIM JIMCTOM. 30HHAA CTPYKTYpa MOHO-
CJ1081 OTHOCHTEJIBHO TpocTa [7]. Ipadenosbiit JMCT sBAACTCH
IBYMEPHBIM MOTyMETAJI/IOM: BajJCHTHas 30HAa M 30HA IPO-
BOIMMOCTH 7T-3J7IEKTPOHOB conpukacaiotes. [lpu mamimdmn
coceTHuX TpaUTOBHIX cioeB (B ciydae 0GbEMHOrO 00-
pasiia) NpOMCXOIUT HeBOMBIIOE MepeKphiBaHHe SHEpreTHye-
CKMX 30H, TAK 9TO PABHOBECHas KOHIEHTPAlMs CBOOOMIHBIX
JT-371eKTPOHOB (M [BIPOK) NpH KOMHATHOH Temneparype
COCTAB/IAET He3HAUNTENbHYI0 Beuuuny, ~ 10'% em™3. Bui-

Ta_00vesioBJieHa HCKIlio-

IMPACT FACTOR

Kak nokazano B (6], yriepomHble HAaHOTPYOKM BIIOJIHE

MOT'YT OBITH IOMIXONSIIMM MaTepHaJioM Il CO3HaHus 3(¢-
GEXTUBHBIX TEPMODJICKTPUIECKUX Npeobpasosareiieid. JlaH-

TPYOOK OCHOB@HbBI PA3pauaTblBACMbIC AMMHUMCUKNE Coniupbt

Hasi CTaThsi MPEJICTABJIACT pPa3BUTHE STOr0 HAYYHOrO Ha-
npasnenus. OHa COCTOMT M3 KPaTKOro OHMHCaHHS 30HHOIO
CTpoeHusi HAaHOTPYOOK B COTIOCTABJICHWH C AHAJIOTHYHBIM
30HHBIM CTPOEHHEM IpadUTOBOrO CJIOs, ONUCAHUS METOAA
pacderoB KoahduIHeHTa TEPMOITEKTPOIBIKYLIEH CHIIbI
rpapura ¥ HaHOTPYOOK, COMOCTABJICHHA pE3Y/JbTAaTOB C
IKCTIEPHMEHTOM H 00CYIKICHHUS.

2. 3JneKTpoOHHOE CTpoeHue
rpacheHOBCro nucra

J1is ONMCAHUSI TEPMOIJIEKTPUUECKHX XapaKTEPHCTHK yT-
SIEPOIHBIX HAHOTPYOOK HEOOXOMMMO 3HAHUE DNIEKTPOHHOIO

¥ E-mail: mavrinsky@gmail.com

JTYSMITMPHYECKOM METOle CHIIBHOM CBA3M), X = k — ko —
BOJIHOBOE YHCJIO JT-3JIEKTPOHOB. 3Haku () 03HAYaloT, 4To
JT-30HBI 3€pKaJibHBl B HEGOIBIION OKPECTHOCTH TOYKHM HX
KacaHHs,

C yuerom (1) TUIOTHOCTB COCTOSHMH ONpPENEAETCS KaK
(rpadmdecku npeacTaBiieHa Ha BCTaBKe K puc. 1)

N(E) = B |E|, @)
roe 1
6
. 3
3mpdbic (3)

KoadduumenT nponopunoHaibHOCTH B JTHHEHHON 3aBh-
CHMOCTH TUIOTHOCTH COCTOSIHMI JT-DJIEKTPOHOB OT 3HEPI'Hy
N(E), xak BumHO w3 dopmynsl (3), onpemeinsiercs euie
M DapaMeTpoM ¢ — MEePHOIOM IJIeMEHTapHON SYCHKH B
NEPeHINKYIAPHOM CJIOI0 Hanpasienuu. [lisa uaeanbHOro
kpucrasia rpagura ¢ = 0.67 M. Beenenune 3T0ro napamer-
pa B (2) 0BycioBIeHO HEOOXOMMMOCTBIO CPABHUBATD pacue-
THl C 9KCIEPUMEHTAJILHBIMU PE3yJIbTaTaAMH, TOJTydaeMbIMH
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TepMoaneKTpoaBMXYLLAsA CHNa YINIEPOAHBIX HaHOTPyGOK

reMrepaType nogyycHo 3HaUCHAe koarumenta TepMoInC
200 MxB/K. D10 BnojHe pealibHas BEeJINYHHa, 9T0 CeTy-
T 13 PACCMOTPENHs Pe3yIbTATOB, PHBEICHHBIX Ha puC. 3
Ha puc. 3 nipeicTapiiennl PACICTHEIC TeMIIepaTypHble 3a-

505

X BCEBOMOKHBIC jAeopMaiiy, B TOM HUC/IC H3IMEHEHHE
auameTpa
Tepmoanexrpiaeckas IPPEKTHBHOCTL  YCTPOHCTBA, HC

NO/TB3YIONIETo TAKHe HAHOTPYOKH, MOKET GHITH BhicoKa (23

BHCHMOCTH KOI(HUIMCHTA TEPMODIIC NOTYMETATUTHIECKHX
3
W TIPH 3HAYCHUAX DHEPTUH

IMo 3Tofi NPHYIHE HAHOTPYOKH BIOJIHE MOFYT OBITh HCO/b-

HaHOTPYOOK 11pH C 107! em 30BaHbl JUIA TOMYSEHHSA YTJICPONCOAEPKALMX TEPMOIJICK-

H3MEHsIeT BEJIMINHY M TeMIlepaTypHOe IOBeIeHre . BUIHO
Ka9eCTBEHHOE CXOACTBO C Pe3ylbTaTaMH, INOJyICHHBIMH C
MIOMOIIBIO aHAJIOMMYHBIX BbraucieHni panee |20)].

" 3aKnio4yeHve

IpuMeHCRNE JT-3IEKTPOHAON MOJIe/H MO3BOJIYA
YECTBEHHO ONHCATh TEMIIEPATYPHYIO 3aBHCHMQAL Koo(du-
menta Tepmoic a(T) nomymerammraeckpl yriepoaHsX
HaHOTPYGOK TIPH  YCSIOBHM paccesHus #-ONIEKTPOHOB Ha
rennopkix Konebanuax. [lpyu pacqeTaxMciionb30Banbl crie-
JLylOlie NapaMeTpst: KonteaTpaimsi L T-2JICKTpoHOB (1w
IHIPOK ), MOKATN3OBAHHEIX TIPH SHGATHMHU £, a TAKKE JHEPIHA
Depmu Ey. Bapuanms oTHX TIapaMeTPOB CYMIECTBEHHO

T Yy HT paTypHOe a. Buano
KaveCTBEHHOE CXOACTBO C PE3YIbTATAMH, MOMYYEHHHIMH C
MOMOIIBIO AHATOTHYHBIX BhaHCaennit panee [20].

Jina HAHOTPYOOK napameTtpa C=

10010 em™ (cm. puc. 3) He sBasercst owenb GOb-
M. JIerko OUEHHTB, 9TO NPH AMaMeTpe HAHOTPYOKH 2 HM
M KOHICHTPALMH SACKTPoHOB C = 10%' cm~? ma ywactke
amnoit 0.3 HM  JIOKaIM30BaH JIMIUL  OHH  T-JIEKTPOH
(MsTH, BO3MOXKHO, Mapa C NPOTHBONOIOKHBIMU CITHHAMH ).
B patote [21]. B xOoTOpO#t HCCTEOBasH POCTPAHCTBEHHOE
pacnpeaencHie JICKTPOHHON TUIOTHOCTH BJIOML OXHOCIIO-
¢Boil HaHOTPYOKH (amameTp 2—3HM), pacCTOSIHHE MEXIy
JOKABLHBIMI  MAKCHMYMaMH  9JICKTPOHHOMH [UIOTHOCTH Kak
pas okaszanock 0.2—0.3 um.

Ponb JOKambHOrO YPOBHs Hepesmka, ecnu |Eg| < |Enl.
OmHAaKo cciM BCIEACTBHE PasHbIX Npudun yposeHs Dep-
MM OK@)KeTCs JIoKanu3oBaiibiM BOMM3n ocoGennocty Ban-

IHAYeHHE

XoBa; T0 BO3MOKHO YaCTHIHOE NEpEepacnpe/icieHe 3apsia
MEHILY JIOKATLHEIME H TIPOBOJSIIIMMH COCTOAHMAMM. DTO
ABNSETCA NPHYMHON M3MEHEHHS KaK TePMO3JIEKTPHYECKHX
XapaKTepPUCTHK, TaK, BOIMOKHO, M APYTHX JICKTPOpH3N-
HecKHMX CBOWCTB YITICpOaHbiX HaHOTpyGoK. [TpudiHoi cMe-
menus yposus Pepmu B 0612CTh NOBHIEHHBIX JIOKAIb-

(Miramare-Trieste, 2005) p. 15.

JW. McClure. In: Proc. on the Physics of Semimetals and

Narrow-Gap Semiconductors (Dallas, Texas, 1970) p. 127,
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Kegiuo 2 Ohoxh vog BEpuiKoC atatnTilpa porg | Puakés upyés ALToupYiug Tou

andoPeone Vo peydhn micon pe cvykekpyévo pubpd wokng (“...by quenching
melted Pb-Sn-Te powders within a certain pressure range at a given cooling rate...”)
[77]. To péyeBog kOKKOL (grain size) TOV CYNUATICHEVOV Kphpatog petprifnke pe
TEXVIKY IKpOOKOTiag Kot eivan Ayotepo and 100 vavopetpa(oyipa 2.3.3.p).

Ot S.Y.Mensah et al [78], mpoteivovv éva Bempntikd poviéro mpofheyme
Tov cuvvieheot| Seebeck yw vavoowiiveg GvBpaka (Carbon Nanotybes, CNTs).
MEG® TOL GUYKEKPIHAVOD HOVTEAOV, TAPUTIPTIOAY OTL TO GUYKEKPILEVO VAIKO HTOpEL
va oopmepwpepfei eite ©G MUAYOYOS T-TOTOV EiTe MG V-TOHMOV UVAAOY® HE TIg
TUPUpPETPOUG Tapackevs Tov. Ot mpofhemdpeveg Typég Tov cuvieheot Seebeck yu
TV MEPITTOGN OV TO VAIKO CUPTEPIPEPETAL MG V-THTOV Myayds (1) TAeloym@ic
TV Popémv eivar omég) eivar and -4000 éng -500 pV/K evd v ™y mepintmon mov
CUPTEPIPEPETUL 1OG TT-TOTOV (1 TAELOYMPIX TOV POPEMY UMOTEAEITUL U NAEKTPOVIL)
eivon amd 50 éwg 100 pV/K .

Suykpivovtag Tig avoepOpeves g ovvtereot Seebeck kai otig Tpeig

£ _TiC__DIGPYOVoE 10t “ooufotikd  VAMKGA”. UmopovuE  va

Ot S.Y.Mensah et al [78], mpoteivouv éva. Bempntikd poviédo mpoPreyng
0V ovvteheoth) Seebeck Y vavoowinveg avOpaka (Carbon Nanotybes, CNTs).

ME£Gm TOL GUYKEKPIUEVOD LOVTELOV, TTOPATIPNOAV OTL TO GUYKEKPIUEVO VAIKO UITOpPEL

deikt  anddoone omotedei M eEuo@diilcon 060 TO  SuVATOV  HEYOADTEPNG
Oeprokpaciakg Swpopds peTa&d TV d00 TEPOXOV (Yyoxpie kat Oeppig) Kat
FupnAng Beppukng xopnTikdmTag TV Beppolevydv (Yo mv eacpdiion ypiyopns
amokpong) [83].

Ou M.Strasser et al [79], dnuocicvouav oyetika npoceata (2000) e mbavi
Sdtaln piag Bepponiektpikig yevwntpuag yapniig toyvos. Ta Beppoledym mov
TPOTEIVOLV ATOTEAOVVTOL BTG TOAVKPUGTUAIKG TVPITIO - YeEppavio (poly-Size,Geson)
ev M Deppukn) pOVOIOT TPOCPEPETUL PECH PIKPOUNYUVIKTG OYKOV KOl CUYKEKPIHEVXL
pécm evog Buoralopevov emmédov d10&ediov Tov mupitiov. ZOpQovVE pe Katdrinheg

OempNTIKEG TPOCOUOIDOEL; MO TOVG 310V EPEVWNTEG, Y pic OeppOKPUCIUKT

Terida 43
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ments have been carried out to measure thermal conductiv- = = [;g @ ar §
ities of the single walled carbon nanotube (SWNT) and the 5 ::T. : S
multiwalled carbon nanotube (MWNT) [5-7]. However, -] -i:?&§ §§
S ; > X < ~ N QD
the measured thermal conductivity varied drastically from [354:;: S = §°°
30 to 3000 W/m K. Moreover, some of the thermal con- 2 2 8 'a°3’s°'<\
S T . ~
ductivities calculated based on the molecular dynamics : ? g §’ :§ g‘?
(MD) simulation were as high as 6000 W/m K at room N
temperature for an isolated SWNT [8 10]. On the other /[ 1] ][]

: < ~ ~ ) & g " [
hand, 1t 1s known that carbon fiber and carbon fiber g sy g= &<
reinforced carbon/carbon (CC) composites have thermal & 2,585 -é’j;’
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