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The sp Carbon Family

“Buckyball” ool Robert F. Curl, Harold W. Krot(ﬂ)
fullerenes Richard E Smalley

Discovery : 1985

Nobel prize in Chemistry 1996

sp2 hybridization (trigonal bonding)
Wy =143 s + V23 pe

P =135 -1N6 pet 12 py

o= 135 - 1N6 px- 1N2py

lPleZ= Pz
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Carbon Nanotubes

Norinobu
(Shinshu Univ., Nagano)

Journal of Crystal Growth 32 (1976) 335—349
© North-Holland Publishing Company

“Helical microtubules of graphitic carbon”,

sumio lijima, RS 1 e
Nafure, 354, 56-38 (1991). of each tuby ing
: diameter 6.7 nm. bTwosheenbedame:e 5.5 nm. c. Seven shee(lbe

diameter 6.5 nm, which has the smallest hollow diameter (2.2 nm).
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A playground for Low-dimension Quantum Physics

Quantum Confinement Effects

Fundamental Transport Mechanisms in Low-dimension:
¢S Ballistic transport, diffusive weak and strong localiaati
Coulomb Blockade, (orbitayondo effect, Luttinger Liquid ,...

Spin-Charge separation...
Lee, Eggert, Shinohara et al., De Franceschi and coworkers
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A suited case for teaching Nanosciences....

Basics of CNTs properties to the students....

REVIEWS OF MODERN PHYSICS, VOLUME 79, APRIL-JUNE 2007

Electronic and transport properties of nanotubes

Jean-Christophe Charlier*

Unité de Physico-Chimie et de Physique des Matériaux (PCPM), Université Catholique de
Louvain, 1 Place Croix du Sud, B-1348 Louvain-la-Neuve, Belgium

Xavier Blase!

Université de Louvain, F-69000, France, Laboratoire de Physique de la Matiere
Condensée et Nanostructures, Université Lyon |, CNRS, UMR 5586, Domaine scientifique
de la Doua, F-69622 Villeurbanne Cedex, France

Stephan Roche*

Commissariat a I'Energie Atomique, DSM/DRFMC/SPSMS/GT, 17 rue des Martyrs, 38054
Grenoble Cedex 9, France

(Published 16 May 2007)

Ado Jorio - Mildred S. Dresselhaus ) ) ) . . . .
Gene Dresselhaus  Editors This article reviews the electronic and transport properties of carbon nanotubes. The focus is mainly

theoretical, but when appropriate the relation with experimental results is mentioned. While simple
band-folding arguments will be invoked to rationalize how the metallic or semiconducting character of
&) springer nanotubes is inferred from their topological structure, more sophisticated tight-binding and ab initio
treatments will be introduced to discuss more subtle physical effects, such as those induced by
curvature, tube-tube interactions, or topological defects. The same approach will be followed for
transport properties. The fundamental aspects of conduction regimes and transport length scales will
be presented using simple models of disorder, with the derivation of a few analytic results concerning
specific situations of short- and long-range static perturbations. Further, the latest developments in
) semiempirical or ab initio simulations aimed at exploring the effect of realistic static scatterers
Advanced Topics in the : ; ; \ (chemical impurities, adsorbed molecules, etc.) or inelastic electron-phonon interactions will be
Synthesis, Structure, T8 emphasized. Finally, specific issues, going beyond the noninteracting electron model, will be
Properties and Applications A I addressed, including excitonic effects in optical experiments, the Coulomb-blockade regime, and the
Luttinger liquid, charge density waves, or superconducting transition.

&N -
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Towards (bio)molecular electronics Lego...

S. Roy et al.,
C:ea Direct Electrical Measurements on Single-Molecut@g@mic DNA using Single-Walled Carbon Nanotubes

Maximally non-invasive
Conductance measurement

of some influenza virus sequence
(Lona~30nm)

D)

30! @ in ambient E"'
_20{ ® in vacuum [113“3Torr}£5:;
3 10
s 0
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-) Semiconducting character Vﬂ'iage{\f}
-) Small polarons mediated charge transfer mechanisras




Mitsui 's CNT-production plant

Worldwide production ,
-2006 ~ few 100 tons [ccG—_—_—
-2008 ~ few 1000 tonsjsm '

Coordinated by Arkema
6 application domains
Total budget :: 106 Meuros
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Carbon nanotubes devices ?

Perspective In the frame of core microelectronics
-Mainstrean CMOS-technologies (MOSFETS)

Interconnects

Proof of concept
Ballistic transistor

Artist's conceplion of a gated nanotube transistor 'Jugic
circuit. Bachlold et al., Sciance 294 (2001) 1317

However massivewafer scalg integration
of billions of CNT-FETs in complex architectu
at moderate temperatureshas been facing

overwhelming challenges




Self-assembling & other fields of applications

NANO
LETTERS

Ultra-Large-Scale Directed Assembly of
Single-Walled Carbon Nanotube Devices

Aravind Vijayaraghavan,’ Sabine Blatt," Daniel Weissenberger,t Matti Oron-Carl,!
Frank Hennrich,! Dagmar Gerthsen,* Horst Hahn," and Ralph Krupke*t

Institut flir Nanotechnologie, Forschungszentrum Kavisruhe, D-76021 Earisruhe,
Germany, and L it fiir El i pig, Universitdt Karlsruhe,
D-76128 Karisruhe, Garmany.
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ADVANCED
MATERIALS

DOI: 10.1002/adma. 20601138

Optoelectronic Switch and Memory Devices Based on Polymer-
Functionalized Carbon Nanotube Transistors™*
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By Julien Borghetti, Vincent Derycke,* Stéphane Lenfant, Pascale Chenevier, Arianna Filoramo, "' " Regnate,e0tee
Marcelo Goffman, Dominique Vuillaume, and Jean-Philippe Bourgoin 0 ! LL TPV A
-4 2,0 " 2 4
VGSO(V) 1 2 oS
5
AFPLIED PHYSICS LETTERS %4, 243505 (2009) 4
&} 4
B0 GHz field-effect transistors produced using high purity semiconducting %
single-walled carbon nanotubes i ]
=257
L I's.Iu::nugare«t.1 H. Happy,m £} Deambrlna,1 W De:nryrt::kyaa,2 Jo-R Eourgc:nln.2 A A Gnsane'«n,B T :_; |
and M. €. Hersam®
nstitat d'Elecironiqu, de Microdlectroniqiee et de Naroschnalogie, UMR-CNRS 8520, BP 600a3, 18 4
Avenue Poincard, 59632 Villenewve d'Ascq Cedex, France 10 4
Labarasoire d'Elecromigue Moléculaine, Service de Physigue de I'Erar Condensd (CNRS URA 2464 _
CEA, IRAMIS, 91191 Gif sur Foeme, France ol
Jﬂmwﬁmr aof Materials Science and Engineering and Deparmment of Cheanisiry Northwestern Universiy, a - T
Evansion 60208-3108, Dinois, US4 101 ot 1 10 i
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Growth of « Nanotube conference... »

Ninth International Conference on the

Science and Application of Nanotubes o
Le Corum, Montpellier, France, June 29 - July 4, 2008 ~ (80 pal’tICIpantS

(June 21-26, Beijing, China) 800 participants

Nan‘otube 2009

NT10 (Montreal), NT11 (Cambridge), NT12 (Nagoya),... 11



2D Graphene

Silicon chip
Si/SiO, (300 nm)

Rostya Novoselov & Andre Geim
(Manchester University, UR)
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First “metallic” field effect transistor !

Huge Mobility: 20.000-100.000 cii/-s

(order of magnitude better than silicon)

Quantisation at=N+1/2 Ty, (4€%/h)
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“Is graphene the new silicon?”

2D Graphene :: Zero-gap semiconductor
G0 Graphene Nanoribbons: Semiconductor with adjustable gap

Carbon-based Nanoelectronics

(huge current densities)
(Field effect transistors)

CMOS Hybrldatlon :
f, Innovatlve archltectures

RT- Balllstlc & Coherent_.transport 2D
(massless Dirac Fermions,..)




Why Nanotubes and Graphene
are so special ?

A story of sp-symmetries &
pseudospin

15
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Unzipping Nanotubes to form Graphene Ribbons

J. Tour et al.)Nature 458, 872 (16 April 2009) e
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FUﬁ‘I’SU THE FOSSIBILITIES ARE IMNFINITE

Atsugi, Japan, March 3, 2008 —The newly-discovered composite
structure is synthesized at a temperaturgléf°C,

cooler than for conventional graphene formed at tzatpres

too high for electronic device applications, thegrelaving

the way for the feasible use of graphene as a rahtritable

for future practical use in electronic devices

which are vulnerable to heat. 17




7 Effective Model

Cohesion 8, pg, Py = 0
=9 Electronic Properties in the vicinity of Eg p, =

2 atoms/ cell  7yo nearest neighbor orbital overlap

" 0  f(k) 5 .
Hk) =1 i Ry = .
") f*(k) O fk) =7 2a
3kza k.a n
Pl i) = e 3+4C°S(\FT:B> cos(*L%)+2 cos(kya)) "’
B4 (kz, ky) m::s ) K K
EFr=0 K'e oK
E_ (k €Ty k 'y) Q\‘:‘%gé;;i;;{’i'&
Quast1D

1 Brillouin Zone 18



Nanotubes: Electronic Properties

Periodic Boundary conditions
73 7 2mq

=9 Tl y( )_+|T(n,m)| . (q )

Symmetry choice
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Metallic versus Semiconducting Nanotubes

s

T

R. Saito, M. Dresselhaus, G. Dresselhaus APL & ?Aw U Vg

&) J. Mintmire & C.T. White, PRL 92 P-4 i

Metallic

ka
Ef(k) = :I:’)/o\/l + 4cosEcos— +4cos®

n

Er

-1 23 13 0 173 23 1

k.T/2n p(E)

Unique case of 1D METAL !l

Robust against Peierls transition

Semiconductlng

V3a 2T
iQ’Yo )2
| Ch, |

. 1
+ N 2 2
EZ(8k) =~ +2)7+k

)
[k

- /2:’1%/27: ()
Ag=0.59eV  dype = 1.4nm
2mayo _ , . Gap engineering possible
V3 |C | if growth is controlled !



Electronic structure & STS experiments

S. Tans et al.

Helicity

Metallic vs semiconductin
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Remark :Massless Dirac Fermions in 2D vs 1D

.
(7Y :

Nanotubes 4
(n,n) armchairs "

T -
Q=K1 +p/h
Dispersion relation s = %1 | Hi, (P) = vr (P20 +py0y)
B Massless particles
E(p) = svr|p] (in the sublattice basis)
P Ay A A A
E(ﬁ) _ 8\/’012[7}72 + m*2c4 {{{?’{{{{{
. EN
I3 e
Eigenstates (pseudospin svmmetry)f{r{yiy& X . P
h=30—=

1 (gf(A) ) 1 [ se® 17
5 =7 ( ¥y (B) ) T2 ( e "0/ ) WG (s = £1)) = £3|97(s))

Helicity (good qut. Nb) is the projection of the spimthe quantum momentum



Pseudospin symmetry & backscattering effects

* 1D metallic nanotubes/:bsence of backscattering,
« 2D graphene Anti-localization phenomenon,
suppression of quantum correctio

¢S

Long range potential ; |
(charges trapped in surrounding oxide, ripples,..) N4 —\f,f\_'>_ =
Short range potential _\) Dhacany )=
(vacancies, etc..) ;"> x"\s, P
Potential fluct. with respect to lattice spacing ) e f\
Intravalley (pseudospin conservation) Nl N
Intervalley (pseudospin symmetry broken)

T 2 Transition Weak localization
1o (sl Vi, 1% =0 24 / Anti-weak localization

(s|RLBIR '[6.4]ls) = cos(b, + 6.)/2, _ﬁk + 0 =+ 7T_ ]

wi O

B

5
L

bR

U} ' I ' ) i ;:uu)

e E. McCanret al, Phys. Rev. L1197, 146805 (2006)
J. Phys. Soc. Ji6i7, 2857 (1998) F.V. Tikhonenko et alPhys. Rev. Leti100, 056802 (2008)




Edge symmetries & edge defects

T. Enoki et al, Int. Rev. Phys. Chen2007 126, 609

— A"._' ‘.
- @
@, ."'-'.
5% 05,
(0

Z. Liu, K. Suenaga, P.J.F Harris, S. lijima, High edge chemical reactivity!!
Phys. Rev. Lett. 102, 015501 (2009)



NANOTUBES inside
Device and Quantum Mechanics

25



Monitoring Field effect capability

1.0

0.15

G (e?h)

10

Vgate (V)
Vgate (V)

Conducting nanoscal
Interconnects

Field Effect Transistors
26




Aharonov-Bohm effects on the Electronic Spectrum

T — Landau gauge

I A= (¢/ICpl,0)

Wavefunction

W~ ethyygiCkeat, [ Adiy

{Ch/IChLI, T/|T|}

k() - Re = 8k(0) - Rz + 27w/ (¢0|Chl)

v |V
T <
K'( Y K k. — 2mq 4 2n® \_/</_
\ / v |Ch| CDO /\<-\\
\ 7 N
\ e B
K K g//’/‘\éé//

H. Akijiand T. Ando,
H. Akiji and T. Ando, 2!



Contact 1 Contact 2

10%] Sample 2 V* T=11K
o
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Chirality identification !

G (2¢%/h)
<7e-2 NN WE>028

G (2¢%Mh)
<632l W>025

Charge transporhechanism

Temperature-dependent conductang
Tunneling regime through a Schottky barrig

(B-dependent features)

Sample |1

—&0T

e
r

5
1074 0 15T
10° A 29T |
& 107] . “!5!. sl  Arrhenius plots
O 10° % )
0
0% O o
10—10 . N
2 4
100/ T (K
BO
60 - Sampl;n
B [A(B) T>T0K
= ——{&,(B) (19, 10)
g 0] —AB(19,10)
S
@ 207
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Band profile (V)

Band profile (V)

Ohmic vers Schottky FET ?

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

A barrler falls
J. Tersoff
oo C P b d botbshaveabnghtfuture
r 50 ow t h w h been found to eliminate the
( E E 1 S h ky ba h t hin d |r1Ject|0r1 of electrons into them.

Nature 424, 623 (2003)

Semiconducting Nanotubes / PALLADIUM OhmicTransistors
Diameter=1 nm

e0Bs =0

ADb Initio simulation
The golden way...




Puzzling dissipative regime...

55 nm

LOW -BIAS
2
dI/dV = 4%
Ballistic regime
Ltube < eie
0.90 <
0.85+
0.80
0.75 k L L I
T T vem P8
Vbs = huw
E(k) N
hwq
NP
K g

Bias provides energgl supplyfor
optical phonon emission

7_—1

it~ (W Ik g ikl Vi)

Javey et aPRL 92, 106804 (2004); Nature 424, 654 (2003)

HIGH-BIAS

Dissipation takes place
Born-Oppenheimer apprx + FGR

Wy i)

-1 253 13 0 1/3 2/3 1
—

kT /27

2
l bie = VFP.Tie

n(z,t) = 1/(eM/FoTer(@t) _q)
~ 3 — 80!

T, ~ 1000 — 100.000K

31



generation and detection of RBM
of coherent lattice vibrations in single-

0,14

0,12

C:ea walled carbon nanotubes using
ultrashort laser pulses. o4
FELr
" O 0,06
& O —~ O 0,047
a S I
Time 0,02

---- DoS (10,10)
— "LDosS" for A, t=7000hbay,

— "LDoS" for 2A, t=7000hba

h
He pr= % |37 cfe;(oT +b) 4+ hel,

I R N N e et PR PR SR R N
-1 -08-06-04-02 0 02 0406 08 1 1:

60

) 02y
1

v

=

0.0 0.1 g2 0.4

v V]
Activation mode LO

oa-Torres, SR,

LEF.F
L.E.F. Foa-Torres, R. Avriller, SR,

0.5

Onset of current
saturation at

Vpsg = hwgy >~ 196meV

32



NANOTUBE inside
Challenges folnnovation

33



biotin
Protein interaction, pH, _ ;Eﬂ';EG
enzymatic activity 306 |
S
S 0.4
o
02 f
G 1 L L
10 5 0 5 10
Gate Voltage (V)
Polymer A.Star, Jean-Christophe P. Gabriel,

K. Bradley, G. Grlner

34



- DRI-PB
Transfer characteristics of | oy, g
(azobenzene) chromophore- A e

Cea Nanotube Hybrid Devices 151 4 WRRD, At

g
< 104 ot
Zhou et al., J DO3FB |
. J #5, 1=9%00
3 trans: 24 AE=D24eV .
10 5 0

Threshold voltage shift of device
functionalized with
different chromophores

\"Z

v A% rans o AE=024ev
3% W=827D Lk
301 = 3% AE=023ev T
. « DR1

5 25 . « Doz 110
= i & NPAP =
5 2.0 o . 2 i
,‘315 ¢ , . digh . . .
8 e Simulation : strong binding but

1.0 EL .
g E g Low tube disturbance
B 0.5 - R .
Ean . A" 0D

400 450 500 550 G600 650
Wavelength {nmj)

By synthesizing chromophores with specific absorptiomvindows in the visible spectrum and anchoring them
to the nanotube surface, controlled detection of vibie light of low intensity in narrow ranges of wavelemgths is demonstrated



Challenges for Innovation

Optical switches & Photovoltaic applicatri]ons
Y

Covalent functiona

“Click chemistry” Photo-induced

electron transfer

S. Campidelli,
CEA (IRAMIS/Saclay)

C-C bond fermation

N §%§
n H
] raduction
diazonium salt t{ﬁ:
i
[he
b) -
D-line Aope = 6471 1M
i G-line
e Marko Burghard,
2 = :
[ =
£
o
* lnhlal\

1200 1300 1400 1500 1800 1700
Raman shift / em™'



Hybrid Carbon Based Materials

Is sp” bonding
IS broken/preserved ?




sp® versus sp functionalization : conductance ?

siesta

€2

(;arbene- CNT 1000nm

(10,10)

-
G

— — pristine | 6
—— 1 group
5 groups
—— 10 groups
20 groups | |

B [er ' ' -1‘.5 -l‘.O -6.5 - [C);O O‘.S ll.O 1‘.5
Diffusive transport Quasiballistic transport

A. Lopez-Bezanilla, F. Triozon, S. Latil, X. BlaseR. Nano Lelters9, 940 (2009)



Functionalized Graphene Nano-Ribbons —

OH + H*
(Grafted pairs)

L[10?nm)]

=—a a35GNR
e—=o alTGNR
= - ® a34GNR ||

e - e al6GNR

sp? defect
(covalent bond)

# of groups

Low functionalization limit A. Lopez-Bezanilla, F. Triozon, S.R

Transport regimes and mobility gaps
are strongly dependent on GNR width

2.0 ' [335GNR]] ‘ T
356N = | [a34GNR
1
! 1
| :(\
1.5 ' |
& 1.0 | & 0.0
\/ vV

1

I: —— 25groupsin 200 nm

:u —— 50 groups in 200 nm
]

— 150 groups in 600 nm

— - pristine
— 1 group
——— 25 groups in 200nm

0.5¢

075 050 035 0.0 025 050 075 2903 02 01 00 01 02 03 04

E-Ep [eV] E-Ef [éV] 39

0.0




GRAPHENE inside
From infinite mobility to Graphene
nanoribbon transistor

40



G0

Ph. Kim et al.,

Charge mobilities going to infinity!...?

0.1 1 10

|n| (102¢cm-2) T
i Ki7 |
s K151
e N K12~
ey i ~— Tl ]
1, K145
|
[T~ M K130
1 | |
-4 -2 0 2 4

1105

; =
@)
)
E:
©

104 3
<
w
®
s}

103

p(E) = osc(E)/en(E)

l osc = e2p(E)v(E)Le

Diverges if charge density tends to zero
1e+06

1e+05

Energy [eV]
A. Lherbier, B. Biel, YM. Niquet, SR,



Minimum conductivity in 2D graphene ?

Novoselov, Geim and Zhang, Stormer, Kinygiure 2005

Minimum conductivity

@ Annealing

p(kQ)

o €2/ )
T
o%
o9
10)
69 o
°g

1n—e—
00 4,D|00 8,0|00 12,(;00
Vg (V) u(cm2y-1s7)
. . 4e2 Mobility can fluctuates by one order
o(E=CNP) = omin ~ 7 of magnitude from sample to sample

— h
p(B=CNP) ~ 4¢2 R~ L Not ballistic transport
™~ W & conductance quantization

Field effect is poor due to semi-metallic character cghene bandstructure
Resistivity saturation (down to low temperature)sence of localization effects 7~




Graphene Nano-ribbon Transistors ?
Using top-down lithography to fabricate GNRSs...

< Ribbons down to +0 nm width

(&) 5 s P. Kim et al (Columbia Univ. USA)
B 3 § Pd Pd
SRR -
Tt \'J 1005‘ %“ fﬂ_:n ''''''''''''''''''''''
‘ = s /Q«‘\«\ X L \ : _J = _ S:L IOE— ; ]]:?%_,l:%:ﬁ? ﬁ T (degree)
L O P4 Lg~=—ag
E. Dujardin (CEMES, France) Ph. Avoussal (IBM, USA) " G o2 ‘ |
1 L | L | s |
0 30 60 90
To compete with ultimate MOSFETs, da
clean GNR-FET with ~ 3nm are necessary !!!
X. Lietal., Science 319, 1229 (2008) 200 gy
_ ——
X. Wang et al., Phys. Rev. Lett. 100, 206803 (2008) ﬂi 150
. Zwof i
Strong Mobility decay ! g -
Wl ==

same problem for massive integration as o
nanotubes... o 1 2.7s 4

L=
w




« Holy Grall »

2D Graphene and Graphene ribbo’#s> 10 nm
D) Create or enlarge energy/conduction band gapsg

Chemically-induced device functionalities?

Gate-Electrode

T. Echtermeyer, M.C. Lemme, M. Baus, B.N. Szafranek,
A.K. Geim, H. Kurz,

Electron Device Letters, IEEE 29, 952 (2008)

G .
electrochemical switc / \.\ " in graphene FED
10" v
—_ 10" Vig=-55V Vig=0V an-.ﬂ.-ﬁv",
g j \ g e
gt f) ; <of | -
E 10-9' ' 1 : : -'5.1 current
5 10—10_ J. IIT n ‘.l E 10° pulse
g 1o ' 1 ¥ . 7 10 ;
T 10l i Vo 1 T 1
° 10‘”-% 10’} on on 1
| secand sweep " ™1 : . e
10 a 2 0 2 A 0 10 20 30 40 50 60 70 80 90 100110

top gate voltage V, (V) time (s)



J.H. Chen et al,

Potassium flux

60 ———
Doping time
Os

L
*) Shift of Dirac point o 40l
with doping density £

.§
**) Conductivity decay T 20}
resulting from impurity-induced 3
backscattering

2 80 -60 -LiO -:_;0 0 | 20
o~4—"Te*/h Gate Voltage [V]

45



slesta

102’

60

Ab initio calculation of the
Impurity scattering potential

T
Doping tim
= Os %,

T
e
= 6s cA
. (Y
<
3 4
\ i

12s

n | ! | ! | ! | ! | ! % I .
: ) > 05% (300K] 5 |
i 1.0% (300K e
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~ 10.000 — 108cm?2V—1s—1 Energy (eV)

Electron-hole assymetry remains weak

(factor 2-3) (electrostatic effects)

A. Lherbier, X. Blase, F. Triozon, YM. Niquet, SR,

Shift of the « Dirac point » upon doping



B&N-doped graphene just fabricated !

By Arc-discharge technique

(graphitic electrodes, H#B,H,, H,+NH,,... &

C@J LS. Panchakarla et akrXiv

By CVD technique
(25nm thick Cu film-800°C, C{] NH,)
D. Wei et alNano Letters(in press)

e XPS spectra

Nedoped Graphene @ “graphitic” N atom g

mﬂm\'\

MW @0 S0 a0 W M A0
Binding Energy (eV) (b

Intensity (a.

[ 1

330 382 304 365 308 400 402 404 406 408 410 412
Banding Energy (eV) -

4 order of magnitude gained on lon/loff
(nature of N-type defects-~ 10% N!...)

@ Catom @ "pyridinic” N atom

Intensity (a.u.)

N-doped graphene-FET

AuTipad  N-doped graphene  AulTi pad
(Source) (Drain)

n++ Si (Gate)
)
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Transport in Chemically-doped CNTS and GNRS
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Scaling study of guantum conductance

siesta

Effective
Tight-Binding model

K doping
T 7 0

—0 3 @lé; + hc + Z Vel

= ] <Z,]
- 1-1
2 :
" 17 Landauer-Bluttiker formalism
i 13 (Green’s functions &
g bt decimation techniques)
0 2 4 6 8 10
o G(e) = GoT'(e)
il R W o e B B W e e —~ ~
R e s e e T(e) = Tr{trr(e)typ(e)}

- Mhr&-hfh-hah-'_&-h&-h&ur&- ,,,n-..:.
M‘L e . ..-t--- '.‘....., ‘3-.. »

‘ Chemically disordered Random distribution of impurities (varying density),

raphene Nanoribbons Length up to micronmeter,
grap - Width several tens of nanometers 49
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Quantum Transport in Chemically doped GNRs

Boron-doped GNRs

5nm width

35-aGNR | oo EI
< | — 0.05% |
< of N X
“p | Small gap GNR | 0.1% 1
N I |
g |
o 1

0

3
<2
N
O |
3}
o 1

Huge Electron-Hole
Transport asymmetry

Mobility Gaps !

~1leV

Doping should allow upscaling GNRs-FET (lon/loff) penf@ances
However are those properties robust for large ribbon width ?  sg



Engineering high-performances GNR-FET

Robustness upon width upscaling

' | ' | ! 'l ' | ' ] '
81-aGNR . —002% !
L — 0.05% !
2r T 02% 7
l |
—~ | |
L I I
N : '
0) | !
) | |
| — —J
©, 1 09 -06 03 0 03
E-E. (eV)
0 ] L
-1 08 -06 -04 -0.2 0 0.2

E-E, (eV)

10 nm width

Within the reach
of Lithography!

B. Biel, F. Triozon, X. Blase, SR|ano Letters 9, 2725 (2009)



35-aGNR
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Carbon based Spintronics
The newkldorado ?

53



Carbon-based coherent spintronics

 Spintronics is a branch of electronics based onlgmn-related properties

* Information is stored, transmitted and read vi&teleal carrier’s spin orientation
C:e:J (hence spin injection, coherent spin transport apih collection)

* It requires an artificial manipulation of the sporsentation

Al
R L ® _
' ' MR: RAP I:\)P
FM Tunnel FM FM Tunnel FM
electrode 1 barrier electrode 2 electrode 1 barrier electrode 2

©) >
() > © > M. Julliere, Phys. Lett. A 54, 225 (1975)
© > @) >
O

Spin relaxation in carbon nanotubes :: 1= 1-50 ns
 Small spin-orbit coupling
*Small hyperfine interaction

High Fermi velocity v;= 1x10” ms’!

Magnetoresistance controlled by the relation between
dwell and spin lifetime
A. Fert et al., >4




Transformation of spin information into electrical signals

o B3 '
"'@@5 Multiwall
nanotubes,._
-—-—-%—L_ﬁ—:-
K — —» 1250 =
60 25 mV
A =
Ig 74 {225
— , ¢ o | Q
La,sSr,,MNO, X 407 5| 8 7 =
. . ~ ’ T 9 o 200 =
(spin polarization ~ 90 %) nd 5 L e Y
=20 [ lp L s {7
I . W E
Hueso, Mathur, Fert et al. 0} crcomrmpinmmms oo, {150
-150 -75 0 75 150
B (mT)
Interface resistance large enough to overcome
“conductivity mismatch”but not too large Tsf — 30ns fsf = 50,um 55

to induce large spin decoherence



Graphene Spintronics: promising first results

(including epitaxial graphene & multilayer graphgne

[ T N = I »
T T 7 1T 71

=]
T T

L/ _
Rnon—local ~ )\sfe [Ass 4 —
Sl iy it
Room Temperature\s ¢ ~ 2pm S R S R T R
-200 150 100 50 0 50 100 150 200
B, (mT)
Graphene Multilayer graphene
N. Tombros et al., Nature 448, 571 (2007) M. Nishioka et al., Appl. Phys. Lett. 90, 252505 (2007)

S. Cho et al., Appl. Phys. Lett. 91, 123105 (2007) H. Goto et al., Appl. Phys. Lett. 93, 212110 (2008)




Zigzag GNRs are semiconductors with edge-states near E

D
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Uy
-1
-2
k(1/a)
Transverse electric fields in E,=00V/A E_=005V/A E,=0.10 V/IA
split-gate geometr . .
RIroae 9 Y fleld induced half-metal *°*

Y.-W. Sonet al,



And more... Spin-dependent transport, Spin Qubits,..

Spin valve based on GNR functionalization
S.-M. Choi and S.-H. Jhihys. Rev. Lett. 101, 266105 (2008)

Spin injection in rough Graphene ribbons
M. Wimmer et al.,Phys. Rev. Lett. 100, 177207 (2008)

005 01 0 005 01
Electric field [V/A) Eloctric fisld (V/A)

(b) (€)

ARTICLES
Spin qubits in graphene quantum dots

BJORN TRAUZETTEL, DENIS V. BULAEV, DANIEL LOSS AND GUIDO BURKARD*

Department of Physics and Astronomy, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
*e-mail: Guido.Burkard@unibas.ch
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* Introductory comments
C@J — Some salient facts and features

 Why Nanotubes and Graphene are so special ?
— A story of sp Symmetries and Pseudospin

* NANOTUBES inside
— Device & Quantum Mechanics

— Challenges fol nnovation

« GRAPHENE inside
— From « infinite mobility » taHigh Performance transistors

e Carbon-based SPINTRONICS
— The newEldorado ?
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G0

Electronic doping and scattering by Transition metal on Graphene
(K. P1 et al. unpublished)

Conductivity (mS)

Metal deposition & chemical doping of graphene

E. J.H. Lee, K. Balasubramanian, R. Weitz, M. Bargh K. Kern,

Graphene/Tin-doping of graphen&Graphene/Aup-doping

transfered charge density6.132 charges crm.
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Electron/hole transport
asymmetry ~factor 2-3

Reveals different type of
metal/graphene interaction
(charge transfer)
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New types of electro-mechanical memories...

NANO. -+«

Graphene-Based Atomic-Scale Switches

——— Brian Standley, Wenzhong Bao, Hang Zhang, Jehoshua Bruck, Chun Ning Lau, and Marc Bockrath
Nano Left, 2008, & (10), 3345-3346 - DOF: 10.1021/n1801774a « Publication Date {Web): 26 August 2008
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Electron Electron . Ol
Incigent refléchi transmis

* Llectron traverse parfois
EFFETTUNNEL DE HLEH {ELECTRODYNAMIGUE QUANTIOLE) = quantigue et relativiste
Electron Flectron
incident ransmis
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Lélectron traverse toujours
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