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1. Introduction le;)mpl
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What are current trends in electromagnetics? —

Long radio ey

» Miniaturization of electric circuits components ...
« Energy consumption dropping ... 2

electronic devices currently account for 15 percent of household

 Opening up the THz & FIR frequency ranges ... & 1“@“@'&!“

w&

« Advanced EM materials... AN \‘i\ﬂi

 Cross-border and unconventional fields ...
mechanical eigenfreqguencies are in GHz and THz range, intracellular heating




NANO
LETTERS

. 2007
Carbon Nanotube Radio Vol 7, No. 11

3296—3299

Chris Rutherglen and Peter Burke®

Figure 1. Schematic of the test-setup for the CNT-based AN

demodulator. SEM image of a CNT (right).
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Advanced EM materials [
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Quasi-static regime, <1 MHz
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; | 2. Nanoelectromagnetics ’ & INP l

Prefix “nano-"is the necessary element in
all present-day approaches to solve the problems
mentioned:

v Nanoelectronics,
v Nanophotonics,
v'Nanosensorics,
v' Nano....

v Nano...

v Nanoelectromagnetics



Nanophotonics ’ SINP l

subject is the study of the behavior of light on the nanometre
scale.

motivation The ability to fabricate devices in nanoscale that has been
developed recently provided the catalyst for this area of

study.
Wikipedia

Nanoelectromagnetics

a research discipline studying the behavior of high-
frequency electromagnetic radiation on nanometer scale



Nanoelectromagnetics ’ SN l

is currently emerging as a synthesis of macroscopic electrodynamics and
microscopic theory of electronic properties of different nanostructures.

Electromagnetic field diffraction Confinement of the charge carrier
motion
Diffraction Theory Condensed Matter Physic
Boundary-value problems Quasi-particle concept:
for complex-shaped regions: Electrons, phonons, magnons...
Complex geometry, ordinary Complex electronics, ordinary

electronics \ geometry [

%NANOELECTROMAGNETICS\{




Permittivity of a QD-exciton
After: S.A. Maksimenko, et al., Semicond. Sci. Technol. 15, 491 (2000)

Eon(@W)=Ep 1 + #éop
— ulk .
e B (@@ + 1] Tyepasing) Re[£(w)]

w==x1 isthe QD population (w =1 = inversion) k
8op = 7.10"s™  estimated from experiment
(8op =10"s™" estimated from laser transparancy) N

= 600ps (Borri)=

Tdepha sin g

Eop (@) = gopT = 4.2X10°

Strong interaction between
QD-exciton and EM-field




4 Eow

FUNDAMENTAL CHALENGE in NANOSCALE
ELECTROMAGNETICS is

unusual constitutive properties of structural
materials due to spatial confinement of the
charge carriers motion
or
INTERPLAY of
SCHROEDINGER and MAXWELL EQUATIONS

11



3. Carbon Nanotube
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> Length:
(/ Diameter:
- Conductivity type:

(mlo) -Zigzag,
(m,m) - armchair

1-10 mkm
1-3 nm
metallic or semicondtigtor



.\‘EEE EDAPS Hangzhuu December 13 2011‘-

Bem

Basic Properties of Si, Cu, CNT and GNR

Graphene or
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Simulation,” Ed. by A. Lakhtakia, SPIE Press, Bellingham, 2004

Chapter 5

Nanoelectromagnetics of
Low-dimensional Structures

Sergey A. Maksimenko and Gregory Ya. Slepyan

The Handbook of Nanotechnology. Nanometer Structure: Theory, Modeling, and

THE HANDBOOK OF NANOTECHNOLOGY

NANOMETER
STRUCTURES

Theory, Modeling, and Simulation

S INP

CNT
electromagnetics:
from Phys Rev to IEEE Trans

5.1. Introduction
5.2, Electron transport in carbon nanotube

L reviews

O Ruthergd

Electror

Nanoelectromagnetics: Circuit and Electromagnetid
Properties of Carbon Nanotubes

Chris Rutherglen and Peter Burke*

ITEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 9, SEFTEMBER 2009 1799

Carbon Nanomaterials for Next-Generation

Interconnects and Passives: Physics,
Status, and Prospects

Hong Li, Student Member, IEEE. Chuan Xu, Student Member, IEEE, Navin Srivastava, Student Member, IEEE,

and Kaustav Banerjee, Senior Member, IEEE

(Invited Paper)

1. Imtroduction ... BBS

This Review presenis a discussion of the electromagnetic
properties of nanoscale electrical conductors, which are

Abstract—This paper reviews the current state of research S s
in carbon-based nanomaterials, particularly the one-dimensional r;'g:;.'i_,i‘;;l ?%?%%%ﬁ*{@
(1-D) forms, carbon nanotubes (CNTs) and graphene nanoribbons ;_. ol iR )ﬁ'fé’é : &';g_z
(GNRs), whose promising electrical, thermal, and mechanical - f';ﬂjﬁh ({?}, = \%‘t
properti
integratd
physies ¢ \ The current issue and full text archive of this journal is available at
related § @ www.emeraldinsight.com/0332-1649.htm
trical a
various
comparg
guideling El 3 d 1 f Electromagnetic
Single-w ectromagnetic models for s
better p . =
GNR o metallic carbon nanotube
achieved .
ot Interconnects

571

Andrea Gaetano Chiariello and Giovanni Miano
DIEL, Universita degli Studi di Napoli “Federico IT” Italy, and

Antonio Maffucci, Fabio Villone and Walter Zamboni 14
DAEIMI, Universita degli Studi di Cassino, Italy



Nota Bene! SN l

hen we think about CNT as an high-frequency
circuit element, we should clearly realize:

o CNT is not a metal even if shows metallic
properties,

o Contact barrier determines the total
resistivity and has gquantum-mechanical
nature,

. Finite-length effects are generally of
importance in electromagnetic response of
single- and multi-walled CNTs

Just an advice: Do not use standard EM solvers for CNT component

modeling without accounting for the peculiar conductivity law (see
below)

15
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Scattering of Electromagnetic Waves
by a Semi-Infinite Carbon Nanotube

Gregory Ya. Slepyvan, Nikolm AL Krapivin, Sergey AL Maksimenko, Akhlesh Lakhtakia
and Oleg M. Yeviushenko

Abgsirger Scaltering of electromagnetic cylindrical waves by
an isolated. semi-infinite. epen-ended. single-shell. zigrag car-
bon nanctube (CN) is considered in the optical regime. The
CH is modeled as a smooth hemogeneous eylindrical surface
with impedance boundary conditions known from quantum-
mechanical transport theory. An exact soluticn of the diffrac-
tiom problem is obiained by the Wiener-Hoplf technigue. The
differemces between the scatiering responses of metallic amd
semiconducting CNs are discussed.

Eeywords Carbon nanetube, DEffraction, Impedance boandary
conditions, Wiener-Hopf technigue

At optical frequencies, the cross-sectional radins B
and the length L of actmal CHs satisfy the following con-
ditions with respect to the free-space wavenumber &;

ER a1, EKL~1 i1y

Clearly, although the cross-sectional radius is electrically
small. the length is electrically large — conditions that are
characteristic of wire antennas at microwave frequencies

“Clearly, although the cross-sectional radius is electrically small,
the length is electrically large - conditions that are characteristic

of wire antennas...” Thus,

an isolated CNT is a wire nano-antenna

The key problem for the CNT electromagnetic response modeling
is the conductivity low evaluation




CNT Modeling S INP

Dynamical conductivity of an isolated SWCNT
Polarizability of a finite-length CNT

Homogenization procedure for CNT composites

Quantum-

@ﬁm of the dynamical condu@ i mechanical
problem
nanoelectromagnetics

<Sa/uﬁan of the scattering pm@ Classical
Homogenization electrodynam

ic problem

17



Dynamical conductivity of CNT SINP

emi classical approximation:

The motion of w-electrons over the CNT surface is described in semiclassical
approximation: dispersion law is taken from the quantum-mechanical model, while the
motion of the ensemble is described by the classical kinetic Boltzman equation for the
distribution function : £ (p, z,1)

honlocality
7, J
2L o5, 2L J(F (P £ (B, 2,))
dt dp.
v, =dE(p)/dp, is the m-electron velocity Ve e 15 IS e Elen
. - frequency. There are
J(E.[) s the collision integral different estimates of the
F(p) =[1+exp{€(p)/k, T} is the Fermi equilibrium relaxation time. In our
distribution function el e = e
Relaxation time 7 =3x10""%ec.
. . J F ’ ) ,t = F - ’ ’t
approximation: (F(p), f(p,z,0)) =VIF(p)— f(p,2,0)]
PHYSICAL REVIEW B VOLUME 60, NUMBER. 24 15 DECEMBER. 1999-I1

Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions,
and surface wave propagation 18



Dynamical conductivity of CNT = INPI

Let us set E.=R[E ?ef (hz=w07] in the Boltzmann kinetic

equation (1), where A 1s the axial wavenumber (not to be

Further we apply confused with the Planck constant /) and @ is the angular
standard per-fur-bqﬂon frequency of Ehe exciting electromagnetic field. Setting f
procedure of the =F+ ET{[Sfe”i”':_““j] with Jf as a small quantity to be
Boltzman e quation found, and keeping only linear terms in E° . we then obtain

solution: JF  eE"

ﬁf:_ir]pi_ w—hv.+iv’ @

The dynamical conductivity law

J = O'((() )E The axial surface current density J.=R[J e’"*~“?] is to be
determined by the relation

vdzp
(27zh) ”o”pz @—-hv,+iv JEZ{Z:FJ J v.fd°p. (5)

o, (hw)=

with e as the electron charge. Using both foregoing equa-
tions, we get

These equations are analogous to constitutive equations of balk conducting media
in classical electrodynamics. However, there is significant distinction: In our case
we deals with surface current but not with bulk current. 19



Dynamical conductivity of CNT

El <

Radial dependence of the conductivity below the optical transitions

band
zigzag amchair
100+- 1001
>
> . (m,0) CNs E T\.
£10f e N
S 1 e L c |e
g g 1}
e = | v (m,m) CNTs
- 5104
X " (4] ]
§01 o ;
= - 1: Metallic CNs (m=3q) %
%q),o-l N 2: Semiconducting CNs (m#3q) g .
: . 2 —
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Dynamical conductivity of CNT [ = INPI

The axial conductivity, based on quantum transport theory

D= THR 2y

Normalized matrix elements of the dipole transition between
conduction and valence bands

by 7S 7S
R ,§)= 0 1+cos@p.)coy — |—2cos| =
oo 2E3,V<pz,s>{ o) {mj (m

ieza){ 1 m . OE, oF

Electron energy for zigzag CNT (tight-binding approximation):

E.,(p.,s)= i7’0\/ 1+4COS@pZ)CO{§j +4co§~(§]
m

m

overlapping integral 1, =2.7 eV, C-Cbond length b=1.42 A

)

, dp.-25 [IR,PE,
A W+1iV) s=11srBZaI9Z apz © sz

F;_Fv
2 . 2dpz 2
h"a(w+iv)—4E;

normalized axial conductivity

a3
e e == =1

—
o
Lo

(&)
T -' _

(=)
—_

a1

(I}
.............

PHYSICAL REVIEW B VOLUME 60, NUMBER 24 15 DECEMBER. 1999-I1

Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions,
and surface wave propagation 21



4.

EM modeling of ¢cNT [ ? < INP

Integral equation technique as applied to a finite-

length CNT

Conductivity law in the tight-
binding approximation,
EBCs

a Hallén’s-type
integral equation

a Leontovich-Levin
integral equation

A frequency-domain
integral formulation for
metallic CNT+conductors

- dipole antenna has been developed in

PHYSICAL REVIEW B VOLUME 60. NUMBER 24 15 DECEMBER 1999-11

Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions,
and surface wave propagation

G. Ya. Slepyan and S. A. Maksimenko
Institute of Nuclear Problems, Belarus State University, Bobruisl A, V. Gusakov 150, Belarus

A Lakhrquja 0. Yevtushenko

3426 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 53, NO. 11, NOVEMBER 20035

Fundamental Transmitting Properties of Carbon
Nanotube Antennas

G. W. Hanson, Sentor Member, IEEE

PHYSICAL REVIEW B 73, 195416 (2006)

Theory of optical scattering by achiral carbon nanotubes and their potential
as optical nanoantennas

G. Ya. Slepyan, M. V. Shuba, and S. A. Maksimenko
Institute for Nuclear Problems, Belarus State University, Bobruiskaya 11, 220050 Minsk, Belarus

A. Lakhtakia

[EEE TRANSACTIONS ON ANTENMAS AND PROPAGATION, V0L 54 N0 10 OCTORER 1006 2713

An Integral Formulation for the Electrodynamics of
Metallic Carbon Nanotubes Based on a Fluid I\iflzndcl

Criovanni Miano and Fabio Villone




EBCs for carbon nanotubes o INP

PHYSICAL REVIEW B VOLUME 60, NUMBER 24 15 DECE

Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions,
and surface wave propagation

G. Ya. Slepvan and 5. A Maksunenk A V. Gusakov

Institute of Nuclear Problems, Belarus State University, Bobruiskaya str. 11, Minsk 220050, Belarus

A Lakhtakia
CATMAS—Computational and Theoretical Materials Sciences Group, Department of Engineering Science and Mechanics,
Pennsylvania State University, University Park, Pennsylvania 16502-140]1

O. Yevtushenko
Institute of Radiophysics and Electronics, National Academy Sciences of Ulraine, Ak Proskura str. 12, Kharkov 310085, Ulraine

In optical range A>>b, A>>R,, b=0.142um

[ 0’ 47 Spatial
ol (H “H )= e
Frirany o) \Molowa ™ Hlp) = e disperson
/y, ~ 10~ for
metallic CNTs
H, lp—RO - H, |p—R+0_0 E, lp—RO Ez,(p |p=R+0:O

Solution of the conductivity problem accounting for the sp&tial confinement
effects couples classical electrodynamics and physics of nanostructures

23



Surface Waves in CNTs [ - [NPI

The problem statement:

consider the propagation of surface waves along an isolated, infinitely
long CNT in vacuum. The CNT conductivity 1s assumed to be axial.
The investigated eigenwaves satisfy the Maxwell equations, EBCs and
the radiation condition (absence of external field sources at the infinity)

The statement 1s analogous to the problem of macroscopic spiral slow-
down systems for microwave range [L. Weinstein, Electromagnetic waves, 1988].

Dispersion equation ﬁz K, (kR)I (KR) = i (1 Kszzzczlo}
of surface waves k 4mRo,,\ (o+il7)

24



Surface Wave Propagation - INPI

Complex-valued slow-wave coefficient b B = Yoh _k_ Kk
for a polar-symmetric surface wave c h Rh+ih
A 1: Re(B) CN (9,0
10°F | 2: -Re()/Im(p) ( )
“\  Surface wave!

10°F 4]
P F 1Im(B)| << Re( B}+ N _

L] — Q! 53 ]

{THz 100 THz S,
102} + *\U\ ;

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01

Lrh averaged Povnting vector

Axial component of the time-

PHYSICAL REVIEW B VOLUME 60, NUMBER 24 15 DECEMBEE. 1990-11

Electrodynamics of carbon nanotubes: Dynamic conductivity, impedance boundary conditions,
and surface wave propagation 5
G. Ya. Slepyan and S. A. Maksimenko A Lakhtakia O. Yevtushenko A. V. Gusakov
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Carbon Nanotube as an EM device (primarily in the THz range):

What Can We Learn from the Picture?

+ Electromagnetic slow-wave line: v, /c~0.02

+ Dispersionless surface wave nanowaveguide and
high-quality interconnects

v Terahertz-range antenna 104; ; -RReé?B))/lm(B) CN (9,0)

v Thermal antenna »

v Monomolecular traveling p F —————————————— +
wave tube ;

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01

kb

26



5. geometrical (antenna) [ : l
$ resonances ? < INP

A vibrator antenna radiates effectively if its length equals to an integer number
of halfwaves; for perfectly conducting wire it 1s kL=7an, m=1,2,3

Geometrical resonances: hl=mtm

Because of the large slow-wave effect, h/k=c/v,=1//~50, at optical lengths ~
1 mkm the geometrical resonances are shifted to THz

Im e, (€107°m")

Re a, (x107"°m%

- |
. CNT,-. terahertz antennal “/AV]@ S fé\fé\ffﬂ
10+ '\
ANVZIRYAAAEA AR El
" [~ AY2X AN A2\ A 'ﬂ:'
0.1
" 10° ; fé?é)ﬂm(s) CN G0
. L
o0 ] B102- 2
uj 10°k — i )
1 1
4 Slepyan et al., | 17 M
Sl . PRB 2006 1E-8 1E-7 1E-6 11(;5 1E-4 12E73 0,01




Experimental observations of THz peak in

- — m_;CALL-&ed composites

L]
oy o — i One can suppose
= sl P ) — :.* F;‘-’,! BORONDICS e aif Phys. Rev. B 74, 045431 (2006) | that THz finite-
E;m: ) ' l y thnuEr:ngﬂew » Iengfh (anfenna)
| ' ‘ : resonances depicted
wmar ﬁ::;pl::dﬁrsmm :;£E E explain THz
oL ] conductivity peak in
Froquancy fm) CNT composites

Sample C"

Fig. 1. (a) (b) optical con- b B ——3200K

ductivity ol ornenied nanotubes nims along the o+ and
o directions. The MG fits [Equation (1)] are also

Conductivity ('cm’']

presented. 400 8
PR - [ 0 g‘
. Sample B: — 50K E"
Bommeli F., et al. Synt. Met. 86, et OIS e <
=
2307 (1997). 200 q
il @
N\_"100 1000 10000 .. Drude H 3
Frequency (cm™) e 0
FIG. 3. (Color online) Temperature dependence of the optica ' PR o e
conductivity of the two samples. 1 ? 10
frequency [THz]
(b) Real part of the conductivity together with
-al ! u: i the Drude and Lorentz contributions to the
i

—_ [ e Il fit (solid line).
Elw) = —t N + overa
[ ) w? 4+ T Z [u.?ri - :] — il"iu.:- Foor T. Kampfrath, phys. stat. sol. (b) 244,
No. 11, 3950-3954 (2007)

28
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Homogenization procedure

B

Consider a dilute composite material comprising CNTs
- randomly dispersed;
- randomly oriented;
- achiral;

Low-frequency approach: Waterman-Truell formula (kL<77/5)

neﬁf(w):\/ngL

gZFj(O,w,L)Nj(L)dL k=2rx/A=wlc

P. C. Waterman and R. Truell,
. 2 : J. Math. Phys. 2, 512 (1961).
O-eﬁ‘ ((()) o w[neﬁ ((()) - 1]/417[ A. Lakhtakia, Int. J. Electron.

75, 1243 (1993).

R is the plane-wave scattering amplitude of an

F j(O, o, L)=k aj(a), L) isolated SWCNT at angle & with respect to the

/ » direction of propagation of a plane wave by an
polarizability SWCNT of type jand length L. -




Comparison with experiment

PHYSICAL REVIEW B 81, 205423 (2010)

Terahertz conductivity peak in composite materials containing carbon nanotubes: Theory and

interpretation of experiment

G. Ya. Slepyan. M. V. Shuba, and S. A. Maksimenko C. Thomsen A. Lakhtakia

The predicted amplitudes of resonance lines due
to first two optical transitions of the
semiconducting SWCNTs coincide reasonably
well with the experimental values.

FIG. 3. (Color online) Variations in Re(o,.s) with N at (a) T
=300 K and (b) T=50 K. Solid lines: experimental data from Fig.
3 ol Ref. 18. Dashed lines: theoretical results. When the long-
Wavelength Approach A was used we <ef (a) v=3 % 1013 rad <1
and (b) »=23x%10" rads .

-1 -1
Re(ceﬁ), (Y cm’)

12004 (a)

800+

400+

experiment
- = = theory

[y

=

= (=]
|

oo

=

(=1
|

£

=

=
I

=

Lu.)

APPLIED PHYSICS LETTERS 97, (073116 (2010)

Dalius Eeliuta,1'2'a‘ Irmantas Kaéalynas,1 Jan Macmkevic,1 Gintaras Valuéis,1

Terahertz sensing with carbon nanotube layers coated on silica fibers:
Carrier transport versus nhanoantenna effects

Mikhail V. Shuba,® Polina P. Kuzhir,? Gregory Ya. Slﬁem,ran,3 Sergey A. Maksimenko,’

Vitaly K. Ksenevich,4 Viadimir Samuilov,” and Qi Lu

d=20 pm
pD

0 2 4
Frequency (THz)



PHYSICAL REVIEW B 85, 163435 (2012)

E J
Experimental evidence of localized plasmon resonance in composite materials containing s @ INP

single-wall carbon nanotubes

M. V. Shuba, A. G. Paddubskaya, A. O. Plyushch, P. P. Kuzhir, G. Ya. Slepyan, and 8. A. Maksimenko
Institute for Nuclear Problems, Belarus Stare University, Bobruiskaya 11, 220050 Minsk, Belarus

V. K. Ksenevich and P. Buka
Deparoment of Physics, Belarus Stare University, Nezalezhnasesi Avenue 4, 220030 Minsk, Belarus

D. Seliuta, I. Kasalynas, J. Macutkevic, and G. Valusis

Center for Physical Sciences and Technology, A. Gostaurg {] | [PFPa8 Tibedae Tiel
B
C. Thomsen
Institur fiir Festhorperphusik, Technische Universivdr Berlin, Hardenberg: 3
A, Lakhtakia 0
il 05 ] 1.5 RN X 0.2 0.4 L
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6. Multiwalled carbon nanotube - INPI

PHYSICAL REVIEW B 79, 155403 (2009)

Theory of multiwall carbon nanotubes as waveguides and antennas in the infrared
and the visible regimes

M. V. Shuba, G. Ya. Slepyan, and 5. A. Maksimenko
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we take into consideration

1. the electromagnetic coupling of shells in the MWCNTSs;
2. the finite length and diameter of MWCNTs.

IEEE Trans. Nanotechnology, 11(3) pp. 554 - 564 (2012)

Transmission Line Model for Multiwall
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Carbon Nanotubes with Intershell Tunneling

C. Forestiere, A. Maffucci, Senior Member, IEEE, S. A. Maksimenko, G. Miano, G. Ya. Slepyan
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‘Mdu/fi- walled carbon nanotube
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Radiofrequency field absorption by carbon nanotubes embedded
in a conductive host

Mikhail V. Shuba,’® Gregory Ya. Slepyan,® Sergey A. Maksimenko,® and
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Understanding the electromagnetic response of carbon nanotubes (CNTs) in the radio frequency
range 1s very important for experimental development of therapeutic and diagnostic CNT
applications, including selective thermolysis of cancer cells and thermoeacoustic imaging. In this
study, we present the theory of electromagnetic wave scattering by several finite length CNT

O'Connell, et al.
Cross-section
model of an
individual fullerene
nanotube in a
cylindrical SDS
micelle,Science
297, 593 (2002)
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MWCNT: what new we can expect in
electromagnetic response?

1. Decrease slowing-down effect

2. Screening effect
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Slow-wave coefficient vs the number .
of shells in MWNT @ INP
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Screening effect in finite-length MWCNT due ? ,
‘L to strong depolarizing field = INP

=20 fs

Due to the screening effect, the

e axial surface current reduces in
RS : : :

p=2 magnitude for successive internal

=1
P shells.
e The screening effect is stronger for
shorter MWNTs
B=a : :
‘p=6 e Screening  effect 1s  more
=35
= N e Jﬂpronounced when the electron
. B xS . . .
< ) p,g \&Q\ relaxation time 1s larger. Indeed, the
P= N
A e p=1 @Q’Q larger the relaxation time, the larger
2 1 gem ™ & is the axial surface conductivity and
N g \\j&\ the stronger is the screening effect.
 f=100GHz
0.0 T T T T T T T T ~1
-1.0 -0.5 0.0 0.5 1.0
28(L

The distribution of the axial surface current along the length of metallic
shells of an MWNT exposed to a plane wave with electric field parallel to

the CNT axis. 36



The electric field penetration depth in :
finite-length MWCNTs ? < INP

Number N,,, is equivalent to the depth of penetration: the larger
the value of N, the more the penetration.

ext
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= / o -L=1 pm
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The frequency dependence of the humber of external metallic shells
providing screening the internal shells

Our calculations demonstrate that in a finite-length MWNT interconnect, the

outer metallic shells can be exploited for shielding the remaining inner shells

from external spurious radiation, while the inner metallic shells can be used to

trnasmit signals.
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/. CNT as Nano - TWT

a slowing-down system

Macroscopic TWT
FEL

glectron-emitling ~ focus ,
dlectode 1 Input

RF output

Travelling-wave tubes:
R Kompfner 1952 Rep. Prog. Phys. 15 275

e an electron gun,

glu;ri:t;!; e afocusing structure,
heater ~electron gun collector e aslowing-down system,
© 2004 Encyclopadia Britannica, Ine. ° an electr()n COlleCtOI'

Available online al www sciencedirect. com
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Toward the nano-FEL: Undulator and Cherenkov mechanisms of light
emission in carbon nanotubes

K.G. Batrakov, P.P. Kuzhir®. S.A. Maksimenko



Nano - TWT and NanoFEL: the Basic Idea

Q:;?INPI

It 1s well-known, that electron beam in systems which slow
down electromagnetic waves can emit radiation (Cherenkov,
Smith-Purcell, quasi-Cherenkov mechanisms)

Combination in CNTs of three key properties,

= astrong slowing down of surface electromagnetic waves,
= ballisticity of the electron flow over typical CNT length,
and

= extremely high electron current density,

allows proposing them as candidates for the development of
nano-sized Chernekov-type emitters



Threshold Current and Instability

Increment

g-wmrl

Carbon nanotube as a Cherenkov-type light emitter and free electron laser

PHYSICAL REVIEW B 79, 125408 (2009)

K. G. Batrakov, S. A. Maksimenko, and P. P Kuzhir €. Thomsen

Gain per unit length 1s
extremely large comparing
with macrodevices

Threshold current, j x 10” A/cm?
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Radiation generation is already possible

at the current stage of the nanotechnology
development




8. Conclusion: Where to go?

Q:;?INPI

V. Vasnetsov, Knight at the parting oLthe
ways, 1882, State Russian Museum



‘ Problems on the NEM list [ @ [NPI

B Circuit components and devices design and modeling
interconnects, capacitors, inductors, antennae, transmission
lines, active components, CNT-QD pairs

B Electromagnetic compatibility on nanoscale

non planewave excitations, thermal noise, electromagnetic coupling

B nanocomposites and metamaterials
EM shielding and absorption, heat transfer

B Instabilities
monomolecular travelling wave tube, active circuit elements

B photothermal effect, medicine

Electromagnetic heating of CNTs and CNT thermo-dynamics, heat
transfer on nanoscale

B Near-field optics & quantum information processing
Parcell effect, lifetime, Few-photon (quantum) circuits, quantum-EM
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