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Carbon allotropes

o Graphene — <= e Graphite

o Nanotubes = <— e Fullerene
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@ NaNoTUBES Basis
© MorivaTiONS
© QuanTuMm MASTER EQUATION (QME)

@ ZENER TUNNELING IN QUASI-METALLIC NANOTUBES




Zener tunneling, transport in Quasi-metallic carbon nanotubes

NANOTUBES BAsIS

(GRAPHENE PROPERTIES
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Energy dispersion Near K :

e(k) = £hve /K2 + K2

ve = Fermi velocity

p, orbitals = 7 and 7* bands

Band Structure: m and 7*
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e(K)=0
= Graphene is a semi-metal




C: chiral vector
Oc: chiral angle
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Quasi-metallic nanotubes (QM):

(k) = £hve /K2 + k2

with k, = constant

€g = 2hvFk, ~ 10 — 100meV
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NANOTUBES BAsIS

SOME TRANSPORT PROPERTIES

Experimental device

/ Carbon Nanotube !

Insulator Vso
Gate ——O
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Carbon nanotubes:
* Highest current density 10° A/cm?
+ Ballistic behavior at room temperature

Applications: interconnects or carbon-based transistor
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MOTIVATIONS

Boltzmann (BTE)

Semicond. Metallic
Ek \/
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ZENER TUNNELING IN NANOTUBE

Wavevector time evolution

k =—eE/h

& source-drain electric field
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MOTIVATIONS

Boltzmann (BTE)

ZENER TUNNELING IN NANOTUB

Quantum

Semiconductor

Semicond. Metallic €
0 :}59=2’7VF‘<° gg=0 0 /—_\}EQ + tuﬁﬁgﬁ;g

K é K K K
k k

@ K ® ©
Sizable for:

Tunneling Probability o semi con ductor
_ 2
Tz = exp(—meg/4Nvref) J € = gpts ~ 300 V/um (€4 = 0.5 eV)

& source-drain electric field
Andreev PRL 99, 247204 (2007)

e Qm nanotubes
&= ~3V/um (g4 = 0.05 eV)

4hv e
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QUANTUM MASTER EQUATION (QM

QME IN HOMOGENEOUS SYST

homogeneous carbon nanotube system under an applied spatially
uniform electric field £ = £x

Boltzmann transport equation (BTE)
Ofa(k) € 0falk) _ af(k)]
coll

ot h Ok ot

e k // tube axis (x), a = £1(band index).
e f, = population, 9f(k)/0t]|, = collisions: phonons, defects...

Quantum master equation: Single electron density matrix

Density matrix: two-bands sytem

e o = +£1 band index. e [,011 ,011]

® Ooa = fa = DOpu|atiOn P1-1 011

e pop (00 # [3) = coherent terms
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QUANTUM MASTER EQUATION (QME)

QME IN HOMOGENEOUS SYST

homogeneous carbon nanotube system under an applied spatially
uniform electric field £ = £x

Boltzmann transport equation (BTE):
Opaak) . é Opaa(k) _ ap(k):|
coll

ot h Ok ot

i p(X(XE fa

Single-electron quantum master equation (QME)

apaﬁ’(k) - gapaﬁ’(k) -G ap(k):|
coll

ot n ok a8(p) + =5,

e Gyp(p) contains the terms responsible for Zener tunneling.

e In Boltzmann model Gog(p) =0, pos =0 ( # B).
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ZENER TUNNELING IN QUASI—METALLIC NANOTUBES

SYSTEMS AND MODELS

Two infinites carbon nanotube with a diameter d = 2 nm: a metallic
tube and a Qm nanotube with a gap £, = 60 meV.
bandstructures

Quasi — metallic Metallic

Ek
(+1)

: o

(=1)
K
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ZENER TUNNELING IN QUASI—METALLIC NANOTUBES

PARAMETERS

e Optical phonons: only two relevant phonons (vao et al., PRL, 84 , 2941 (2000))
* T and K: fAwr = 200 meV and fiwk = 150 meV.
Phonons scattering processes

Phonon I Phonon K
€k

€F :] hwr

K K’
_—
k

* scattering lengths: LT = 451.38 nm, LX = 183.74 nm

S. Piscanec et al., PRL, 185503 (2004)/ Lazzeri et al,. PRB 73, 165419 (2006)

Elastic scatterin,
8 e Short-range impurities (neutral

Ek

defects, ...)
£ * scattering lengths: L. =50
p nm, L. = 300 nm.
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ZENER TUNNELING IN QUASI—METALLIC NANOTUBES

RESuLTS

LINEAR REGIME: ZERO-FIELD C

Zero-field conductivity:
Esp = source-drain electric
field — 0.

o(S.m™h)

e 0° can be derived
analytically

5
0
o 0° = o.g 4 o.g 5 . . . ‘ ‘
10
e 0f = Boltzmann . 1 \/ o3
(Semi-classical) ! ] =
- . ] /\
e 02 = Zener contribution 4 ]
3
(Quantum) 2
1
0
-1

Zener tunneling is made visible by defects.

G. Kané et al., Phys. Rev. B 86, 155433 (2012)
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RESuLTS

ic carbon nanotubes

LINEAR REGIME: ZERO-FIELD CO

Broadening of the electronic bands

Energy band (eV)

Energy band (eV)

T T
€k £ Tryror/2
g ——

® &y + hyor/2 — fluctuations
of the energy band

e Y:ot(k) = scattering rate.
* Elastic.
+ Hole-phonon.
+ Electron-phonon .
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Conclusion

@ Zener tunneling is relevant for small doping, when the Fermi
energy lies in or close to the forbidden gap g4.

© Zener tunneling is made visible by defects in Qm tubes.
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Conclusion

Thanks for your attention |

16



Zener tunneling, De

metallic carbon nanotubes

Conclusion

Minimum conductivity
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