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Armechair

and Zigzag (0°.and 30° to diag:)
 Quantization results in:2xn

Electron

«:2 special directions
degenerate.subbands; labeled
with angular momentum,
wavevector and pseudospin
«'(Gap depends on:chirality;

« NI radius defines energy. gap:




» charge density follows LDOS and
local:chemical potential (or electric
potential because Es=const)

o l) = AW — ed® (£
M-N T DOS=const _ S
M 3mh 0

* As:a result a local connection:holds between 1D charge and
act 1D: potential

n(l) = —e I/MQb

Mav 31. 2002 ‘ SV Rotkin 7




) -— Poisson Equation in 1D

-

«:Electric potential i1s: divided:in:2:parts:

" (r) = ¢ (r) + 4 | G(r,r’)p(r")dr’

*Integral equation for charge density

1D:Green function includes:the charge and image charges

(1:e..the geometry of:the device)
Mav 31. 2002 % | SV Rotkin 8



......

A

In a contmuum electrostahcs the NT ;

' . device may be dividediin three. parts
A.. s__cree_ne__d mt.. B__m_am _Ganflleyer

. C underscreen'-ed t'p e
Mav 31. 2002 | | T e otkin O



NT Electrostatics

*LLinear connection between electric potential:and:a charge

which fulfills exactly at a large separation trom the contact

reqgion . ext
9

for.a straight N T:it gives an:analytic solution in a closed form

Lo, !
Coo =
vy et

(/_O:O F(Az)dAz) - = m

Mav 31. 2002 : | SV Rotkin 10



/|

it decays with k.
Therefore, substitution of

gives:a reasonable accuracy and allows analytical solution.

Mav 31. 2002 : | SV Rotkin 11



Poisson Equation in 1D (4)

10 15 20 25 30 35 40 45 50
Z,nm
« Comparison of analytical approximation:and exact solution

of-integral:equation confirms:the use of:Continuum Compact

Model for Nanotube Electrostatics
Mav 31. 2002 1 : 1 SV Rotkin 12




*Within .our approximations; a NI device (charge density) is
described by an atomistic capacitance which has two terms

».geometric.capacitance
(of:a metallic cylinder)
and
* quantum capacitance

Mav 31. 2002 ? | SVY Rotkin 13



Solution for Distorted NT

« Write 'a solution using a perturbation theory:
= hg + 0h Fi = Fy+o0F 0= pg + 0p

¢ Some terms of egquation

Mav 31. 2002 : | SV Rotkin 14



sShroedinger-Poisson vs.
Boltzmann equation

» Solution of

selfconsistent

Shroedinger-

Poisson equation

coincides with

classic charge

i owing:to high

_ // DOS of NT shell
T e © It gives a base

0 5 10 15 20 25 30 35 40 45 50 fifeigie/=iV=ilejo]lglefi=
Distance from the contact,nm Compact Deévice

Model for SWNT

K.A:Blilashevich; S:V:Rotkin; "Nanotube ‘Devices? Electrostatlcs
Microscopic NModel;" JETP:Letters:75 (4),:205:(2002)

Mav 31. 2002 ? | SVY Rotkin 15




Atomistic view on E/S force

* ight=binding (1SB) o
approximation was s
used for calculating |
the charge distribution
with:external potential
applied to N1 device
*.Finite size: effects
are clearly seen:
Quantum Beating at
the NT ends

« Besides that QM

30 40

res u Its ag rees With B P Distance from the contact, nm

«-/Analytical:Semiclassical (QM) calculation. was compared
with TBA and:BP.: correction is small-because of-high DOS

Mav 31. 2002 ? | SV Rotkin 16
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NT Transport Devices (2)

*‘Non-=equilibrium charge is computed within drift-diffusion
approximation

«We decompose the charge
density into even and odd
components

« and separate built-in:charge

Mav 31. 2002 : | SV Rotkin 18



S Equilibrium Charge
Distribution

* Equilibritm: charge distribution is calculated within the NT
Compact

Model for
Electrostatics

« Comparison of
different appro-
ximations for 40
nm:long SWNT: :
- QM:result in red
= fully statistical
approach in blue
- Compact:Model
in dashed green

Mav 31. 2002 : | SV Rotkin 19



— _Linearnzation Approximation

* I inearization:allows:to obtain-Ohm:law for: small V.

s equilibrium charge is proportional: PAHEIENETHE)
to the even part of the potential °(z) = do(2)+ b, (2)
s e g

» Solution for non-equilibrium charge density includes current

/Jf dz’
—L/2 [ne + Ang(z')]

Which is Eﬂ
9 LJ2
a where the §pe- ;/ / i
0

resistance efl (e + Ang(z)]

Mav 31. 2002 : | SV Rotkin 20
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selfconsistent:potential with
iImage charge

depolarization:by the SWNI is
given by the Compact Model

o Local gating:is due to electric:potential developed:in
proximity to the charged complex '~ ‘rider -molectile

Mav 31. 2002 ‘ ? | SV Rotkin 23
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_ the SWNT is several hm,
- 2(e2 1 1)p + OG0T e e

SV Rotkin 25



Local Gating of SWNIT (3)

Transmission coefficient
das a function of energy of
incoming:electron for
differentrider:angles on
the NT surface

* Ballistic:current:depends
only onthe difference of the
chemical potentials:at the
right.and left sides of the
device and transmission

probablllty at Fermi level
‘ SV Rotkin 26
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Iy vl ligirg g
/s S g a e e re
i ediari
R T R
sl iy,
d"‘ll;”l

Rider nea Osubstrate

« Conductance as a function of the chemical potential and
the angular position:of the rider on the nanotube surface

Mav 31. 2002 ! | SV Rotkin 27
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MD parametrization of
Continuum Elasticity

« Geometry of simulation: fixed-fixed DVYN
L =20nm; R=1nm

« Beam theory gives the same shape as MD at

E~1 2 TPa Marc:Dedquesnes; SlavaVi-RotkinINarayaniR. -Albru;
z Int:d:Comp:Electronics (2002):

Mav 31. 2002 ‘ ? 1 SV Rotkin 29
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System becomes unstable at certam voltage | TR

©

o
n

’ 1*\

AT
d,

Q
.
Deflection (um)

Tip deflection (um)

@)

Q
—

| % t /;'

Apphed voltage (V - i . . - 1
':'Theory Marc Dequesnes Slava*\/ Rotkln Narayan R A1uru e
‘{Galculation of:pullsin veltages:for Carbon nanotube-based nanoeiectromechanlcal i
_f"-._SWItCheSs Nanotechnology 13 120 131 2002 et e e R B e

v H e et e L e T et e L e T e i L e T e e L L
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NEM Switches: Role of
vdWE in the Optimum Design

*'Van der Waals forces:manifest itself-in pull=in of cantilever
device because of lower stiffness: The pull=zin:gap decreases.

&
n

:"‘
n

= = with van der Waals interactions Wl:th van der Waals interactions
—— without van der Waals interactions | — without van der Waals interactions

s
s

©
3]
w
5)

3_

w
T

N
o

—r
- (4] r [
T T T T
N
(4]
1

Tip deflection {nm)
Peak deflection (nm)

—
(&) n
1 I

—_
T

. 06 0.8
Applied voltage (V)

SV Rotkin 31



Analytical Theory for
-...... the Pull-ln at the Nanoscale

* In order to be able to predict behavior of various NEMS an
analytical:theory has been developed

* |t works with the minimization of:a:total .energy comprised
of:three terms in a simplest case

— V2, 0;C) = W(z;¢, )

s electrostatic energy

— (h o 58)2/2 *.elasticity

—
« \V/an der Waals forces [/ [/ ™~ €T

Mav 31. 2002 ? | SVY Rotkin 32




The puli ln phenomenon IS an mstablllty of the selutlon for
T‘;f-;devrce equatlon ln terms of total energy the condltlons are __;j-j

7."}'-:'_i;.| n a standard way
;jf_-.;srmple functlons

Mav 31. 2002 ‘ ? | SVY Rotkin 33



Analytical (3): Example of
Planar MEMS

* First, neglecting van der:Waals force the pull-in x and V:

planar MEMS

..........
-----------------
N T

are-given as functions of logarithmic derivatives of the
electrostatic potential:

As a consistency check; the MEMS _ 3/2
result is easily reproduced V(-;,(O) X h

Mav 31. 2002 : | SV Rotkin 34




> Analytical (4): vdW terms

AN L
LA \‘_‘-_tf'..

*:Including van:der. Waals potential

« Explicit expressions for the pull-in:voltage and gap show
that vdW energy at the pull-in'gap has to be comparable with
the elastic energy at the initial separation to be able to
observe new effects: this is:the case for nanoscale NENMS

Mav 31. 2002 ? | SV Rotkin 35



Analytical (5)

ST L e TS
..................
N

* For practical application; one has to keep only linear terms
in the expression

TN
Lo 2 hS (1 + 405(& — 1) e +o(W/kh ])

3

V, =~

\/I., (Zh)SIZ( 9 Wi

1 — 1 — T o(ﬂ*"'/khz))

v/Co
The results of the analytical theory:are

s the vdW decreases the operation range of the NEMS: (by.
increasing the pull<in.gap)

s:-when scaling down the device size; a:principal limit of
operation will:be reached; which is due to V. goes to zero

Mav 31. 2002 ? | SV Rotkin 36




NEM switches: vdWE sets
a Principal Physical Limit

*'Van der Waals forces lower an operation range of NEMS
»-Scaling down of: the NEMS is limited:by vdW critical size

classical operation range

SV Rotkin 37



NEM switches: vdWE sets
a Principal Physical Limit (2)

«‘The pull:in'voltage does not scale down as:a 3/2: power: law.
as: predicted by classical MEMS theory. Instead, it drops:at h_

SVY Rotkin 38



S

5 Nanotube NEMS

*Nanotube based NEMS devices have different electrostatics
|t Is favorable in terms of.the device operation range

Mav 31. 2002 ? | SVY Rotkin 39



2 Quantum Capacitance of
a NT device for NEMS

» The analytical expressions for the pull-in:voltage and gap
of a NT device are different from a: MEMS result: the device
operation range is larger for'NT devices

Mav 31. 2002 : | SV Rotkin 40



Quantum Capacitance of
a NT device for NEMS (2)

»‘The pull-in'voltage is much larger than a classical MEMS
result:(effect does not disappear:for large ©@m scale)

Mav 31. 2002 ! | SV Rotkin
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>
s & Details of Computation

« vdW: energy as a change of the total energy of
l.ocal Electromagnetic Modes

Ok = R? (k2 R?) K,(kR)I,(kR)

Amne?

mi

where 2D plasmon frequency w,, = \/




»
i Details of Computation

. .Semiclassical approach for interacting plasmons




>
s & Details of Computation

* |nteracting plasmons change its zero-point
oscillation energy: the Lagrangian of Interaction

w

W)+ 3 3 (525~ 1) o ora)-

KM wipr(2)

(Dera(2) + okn (2)peu(1)) + hoc

¢ .Secular equation for plasmon frequency for tube-
to-tube and tube-to-substrate interactions

W2 W2 Ku(kR)L(kRy)\ _ L.(kRy)Kau(kD)
J (‘ " 1) (‘%(2) " Ku(le)fu(le)) -7

SV Rotkin 51



>
s & Details of Computation

« ‘Secular equation for plasmon frequency for tube-
to-tube and tube-to-substrate interactions

I, (kRy) K5, (kD)
K, (kRy)

Mav 31. 2002 ! | SV Rotkin 52



>
1a Tube-Tube interaction

. Many-body term has a fractional power:law for distance
dependence due to 1D character of plasmons

0.01 NT-NT D3 w

0.001

NT-Me D35

0.0001

0.00001

6

110

Mav 31. 2002 3 | SV Rotkin 53



»>
s & Details of Computation

o -Starting with the same Lagrangian of Interaction
Wwe can.compute almost any axial shell system

1

(Denu(l) + 5 > ( 2w2 - 1) ot (2) e (2)—

KM wipr(2)

(Dera(2) + okn (2)peu(1)) + hoc

* For example, here is secular equation for:-plasmon
frequency for intershell interactions in: DWNT

Cam ) Cam i) =

SV Rotkin 54



>
s & Details of Computation

« .Secular equation for plasmon frequency: for
intershell interactions in DWNT:

Mav 31. 2002 1 | SV Rotkin 55



>
I > |nteraction between walls

« Inter-wall interaction in DWNT decays as ~D2°

.
0.01
0.001

0.0001 |

0.00001

SV Rotkin 56
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