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Graphene

Carbon Nanostructures

I. Graphene

Outline:
Introduction (Making graphene, Applications, etc.)
Band structure
Physics of Dirac electrons (Barry phase, Klein tunneling)
Half-Integer Quantum Hall Effect
Mobility in Graphene
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Electric Field Effect in Atomically
Thin Carbon Films

K. 5. Novoselov," A. K. Geim,"* §. V. Morozov,? D. Jiang,"
Y. Zhang,' S. V. Dubonos,® I V. Grigorieva,’ A. A. Firsov®

W describe monoarystalline graghitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
between valence and conductance bands, and they exhibit a strong smbipolar
electric field effect such that electrons and holes in concentrations up to 10" per
square centimeter and with room-temperature mobilities of ~ 10,000 square

Andre Geim  Kostya Novoselov centimeters per volt-second can be induced by applying gate voltage.

22 QCTOBER 2004 VOL 306 SCIENCE  www.sciencemagorg g
S

“for groundbreaking experiments regarding

the two dimensional material graphene” ] ’
, e, nSi

20 pm

Surprising, since growth of macroscopic 2D
objects is strictly forbidden due to phonons
(Mermin Wagner)

a) Mechanical exfoliation

Graphene

~1.300nm

S00T SVNd ‘700 92uaI3S U41sayouely

For proper SiO2 thickness interference makes it
visible by optical microscope
+ Even size of 1mm, + high quality, - low yield
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b) Mechanical or Chemical extraction

. . . . . . Liquid phase
sonication + centrifugation, often intercalation extoliatian

. . Dispersed
- Submicrometer crystallites graphens
+ Mass production, industrial scale & _
- Small falke size e .-

-Remaining attached chemicals (oxide)
- Good for polycrystalline films and composite ‘_J
materials. Suspension can be printed resulting h|gh|\“-——~/

“———" Ultrasound
conductive bendable film
Ruoff, Nature 2006, Manchester, Nanolett '08,Coleman et al, Nature Nano '08
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Grow a monolayer of C and
chemically remove the substrate

1) SiC substrate: (upper figs.)

SiCis insulator, Graphene layers grow as a
carpet on the surface. Layers are electrically .
well isolated (different stacking). Possible to grow 1,2 layers.
- Difficult growth process

2) CVD on Cu, Ni (Lower figs.) “Easy” to do: T + gas flow. Self terminating
process. Result: single layer, - polycrystalline, it follows the crystallites of the
metal surface, Use HCl to remove substrate. (commercial available)

/uu/uul

Graphene ~
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Identification

Optically Raman spectroscopy measure the energy
b}
"7 ___ Contrast of graphene difference of reflected laser light
- at diff. SiO, thickness. e.g. layer thickness can be determined from

i {.;(;ﬁ PREY the 2D peak

Computer

Si0, thickness (nm) e
AFM e.g. possible STM e.g. exfoliated TEM
to determine thickness metal substrate
24 IR
9-“_,\,,\,_L,,_j__r,.,_JP‘ Do

Properties

Quantum Hall Effect

Linear Spectrumg oOne Atom Thin

‘Transistors \ ”’5 Membranes/
: ; \ Gas Barrier

High Mobility o — g{ 2 (= oStrength

i [Photovoltaics §’~—~ - Composites Rm=42N/m
ileg:
8 »é._o Unique Optical © oHighly Stretchable 20%
Properties Transparent StretchaiNe /|
Conductors A ‘

3/5/2013



KomplexNano

Graphene

(2011)

Quantum Hall Effect

Linear Specrrumu eOne Atom Thin

High Mobility o . u ? U— oStrength

h Photovoltaics §' C Composites

Unique Optical © vH;gh!y
Properties Transparent Stretchable

Conductors

@

[ S

http://ec.europa.eu/research/industrial_technologies/pdf/graphene-presentations/0-3-ferrari-21032011_en.pdf

Transistors ) - Membranes|
Future Applications Gas Barrief

Membranes

Quantum Hall Effect Buch, Nano Lett. 8, 2458 (2008)

Linear Spectrumg wOne Atom Thin

h i
Transistors — Membranes/
)J Gas Barrier
High Mobility O e ( : «Strength

N2 Permeation Rates

Photovoltaics C—-—- C Composites 1.0 g
Unique (_)pncan'u" »Hrghsy 0.76 ==
Properties Transparent Stretchable F .\
Conductors { \
Impermeable e—
p 1 ) MNatural Rubber with 5% Clay with 5% Vor-x i =
Stretchable, One atom thin: ;k_ﬁ._
p—

““’-———-*

Commercial compounds for plastic
and rubber composites

http://www.vorbeck.com/plastics.html
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Composites

Quantum Hall Effect

Linear Spectrumg «One Atom Thin
; A ,.5
Transistors { Membranes/
)‘)‘ \ Gas Barrier
High Mobility & e . * oStrength
Photovoltaics SJ——-C Composites
A
Unigue Optical @ <Highly

Properties Trans parent Stretchable

Conductors
Light, stretchable, strong: S e e e e e
used in 787 body
Fiberglass W Carbon laminate composite Total materials used
B Aluminum 1 Carbon sandwich composite i By weight
~- + Aluminum/steel/titanium 2 Qther

steel 5% Composites

50%
.
15% |
Aluminum
20%
By comparison, the 777 uses 12 percent
¢ composites and 50 percent aluminum.

Composite Structiral Weight [%]

http://ec.europa.eu/research/industrial_technologies/pdf/graphene-presentations/0-3-ferrari-21032011_en.pdf

Optoelectronics

Quantum Hall Effect

Linear Spectrumg «One Atom Thin

: A\
Transistors )J. { Membranes/

\ Gas Barrier

High Mobility & e L = <Strength
Photovoltaics Composites
Unigue Optical @ <Highly
Properties Transparent Stretchable
| Conductors
(a) (b) E(k)
kx

Bonaccorso et al. Nature Photonics 4, 611 (2010)
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Optoelectronics

Quantum Hall Effect
Linear Spectrumg ©One Atom Thin

: Ay
Transistors — Membranes/
~ \

Gas Barrier

U— wStrength
’

Composites

High Mobility o e

Photovoltaics

o

Unigue Optical @ eHighly
Properties Transparent Stretchable
Conductors

One atom thin:
- Transmittance is high, 97.7%

Linear spectrum:

- For any excitation there is e-h pair

- Broad band applications

-Pair carrier collision (fast relaxation) can not
lead to interband relaxation = Pauli blocking
-> Saturable absorption

Bonaccorso et al. Nature Photonics 4, 611 (2010)

o

Transmittance (%)

5
Distance (um)

(a) E(k) (b)

E(k)

50

Optoelectronics

Quantum Hall Effect
Linear Spectrumg wOne Atom Thin
: Ay
Transistors -_— Membranes/
)') \ Gas Barrier
High Mobility & e U— wStrength
’

Photovoltaics Composites

Unique (_)_l')f.l:’l'ﬁl"-’ eHighly
Properties Transparent Stretchable

Conductors

One atom thin:
- Transmittance is high, 97.7%

Linear spectrum:

- For any excitation there is e-h pair

—>Broad band applications

-Pair carrier collision (fast relaxation) can not
lead to interband relaxation = Pauli blocking
-> Saturable absorption

Bonaccorso et al. Nature Photonics 4, 611 (2010)

o

Transmittance (%)

5
Distance (um)

e-e relaxation

Recombination

e-e relaxation

50

Buidwnd |eanndp

3/5/2013



KomplexNano

Graphene

Optoelectronics ] [

Quantum Hall Effect co
Linear Spectrumg wOne Atom Thin
: Ay a
Transistors — Membranes/ G
) \ Gas Barrier > -2+ =
High Mobility & e U— wStrength g
/ =
Photovoltaics Composites
. -4 r T
Unique (_)_.')J‘J:’:al"-" eHighly -50 (I) 5I0
Properties Transparent Stretchable Gate Voltage (V)
Conductors ) " gs'g;"'?ﬁ;‘;)""'de Wang ,Science 320, 206 (2008)
platinum top gate Window
/ bilayer
gold graphene Bilayer + E
Source — N |

Low e density,

gate tunable E.:
Tunable gap up to 0.25eV o f
in bilayer graphene ) %
> Far infrared light generation, amplification, detection
Modifications of Graphene: it
e.g. Grapheneoxide show broad photo luminescence |

A

Science 459, 820 (2009)

Transparent conductors

Quantum Hall Effect Requirements:
High transparency (T), low sheet resistance (Rs)
_ A\ Dominant material: ITO (indium tin oxide)
Trmatatons )_)"- '5 Membranes/ (909 |n,0, 10% SnO, )T= 80% Rs =10-300Q
\ Gas Barrier LS
ITOs limitations:

Linear Spectrumg wOne Atom Thin

High Mobility & e U— wStrength

” - Scarcity
PR  SR—— - dlff|c.u.|t!es in pa.ttfernlng, p.roces.smg requirements
: J - Sensitivity to acidic or basic environments
Unigue Optical @ eHighly Brittl
Properties Transparent Stretchable - Brittle R
Condiictors - Wear resistance One atom thin,
" Graphene: T=97.7%, Rs=6kQ  High mobility:

a 30 b

® Ag nanowire

1 Graphene calculated

200 400 &00 800 01 1 10 100 1,000

Wavelength (nm)  Bonaccorso et al. Nature Photonics 4, 611 (2010) Thickness (nm)
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Transparent conductors

Quantum Hall Effect Requirements:
T SORE AT High transparency (T), low sheet resistance (Rs)
_ Al Graphene: T =97.7%, Rs=6kQ
Voansimons )J‘ ’5 Membranes/  goped CVD flakes could outperform ITO and others
\U-?zizz;:er LPE (Liquid phase exfolation): Rs higher, T=90%
but cheaper, easier to scale = application with cost
o reduction

High Mobility o .

Photovoltaics Composites

Unigue Optical @ <Highly
Properties Transparent Stretchable

Conductors

Bonaccorso et al. Nature Photonics 4, 611 (2010)

Transparent conductors

Quantum Hall Effect

Linear Spectrumg «One Atom Thin

: A\
Transistors )J. { Membranes/

\ Gas Barrier
High Mobility O e _' U-usrrengm

Photovoltaics Composites
Unigue Optical @ <Highly
Properties Transparent Stretchable
Conductors

SKKU Process
Bae Nature Nano (2010)

Graphene on
polymer support Released

A
.

Targetsubstrate
Graphene on target

/ Polymer support

Graphene on Cu foil

Bonaccorso et al. Nature Photonics 4, 611 (2010)
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Applications of Transparent conductors

Quantum Hall Effect Touch screens

Resistive touch panel, by pressing the front conductive

_ Al layer comes into contact with back one. Cost, brittleness,

Transistors f— i Membranes/ wear resistance, chemical durability main limitation of ITO .
: Gas Barrier  Graphene fullfills.

Linear Spectrumg wOne Atom Thin

High Mobility © e }.)‘ eStrength Capacitive touch screens (iPhone) Glass coated with
. : ITO, human body as conductor changes the capacitance. 2>
Photovoltaics Composites Reduce cost, improve performance.
Unique Optical @ eHighly Flexible Smart windows/bistabile displays

Properties Tra nsparent Stretchable

Depending on the orientation of the liquid crystal
Conductors

droplets milky film or transparent one.
SKKU Touch screen Due to high cost of ITO not-widely used. G is even
flexible. Also for zero power bistabile displays.

Graphene-based
transparent electrodes

o | @ 1D|@
2

- Polymer-
dispersed
liquid crystals

Bonaccorso et al. Nature Photonics 4, 611 (2010)

Applications of Transparent conductors

Transparent
graphene film

4 inch scale graphene film on
Stretchable Substrate

'C SUNGKYUN KWA
) UNIVERSITY

- -
hie’

— - 1l
Patterned Graphene film 4 inch scale graphene film on
on PET Flexible Substrate

Bonaccorso et al. Nature Photonics 4, 611 (2010)

3/5/2013
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Applications of Transparent conducto

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

; i
Transistors Membranes/

Gas Barrier
U— wStrength

Composites

High Mobility o .

Photovoltaics

A}
Unique Opncan'u" <Highly
Properties Transparent Stretchable

Conductors

SKKU Touch screen

Bae S otal Mature Nano {20100

Substrate

6 * Front Plane : Touch Screen. OLED
* Back plane : TFTs

Graphene-based
transparent electrodes

Yk Polymer-

dispersed

Bonaccorso et al. Nature Photonics 4, 611 (2010)

liquid crystals

Photovoltaic cells

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

; i
Transistors j— Membranes/

Gas Barrier
U— wStrength

Composites

High Mobility o .

Photovoltaics
A}
Unique Opncan'u" <Highly
Properties Transparent Stretchable

Conductors | SS—

Inorganic cell
Bonaccorso et al. Nature Photonics 4, 611 (2010)

Organic cell
Polimer for light absorp-
tion and charge transfer

g @

It converts light to electricity.

It consists photo active part (ph = e-h ), electrodes
Currently silicon cells dominating n = 25%,

Organic cells are economical, n = few%

Function of Graphene:

- Transparent conduction window

- Photoactive material (claim n >12% is possible )

- channel for charge transport

Dye-sensitized cell

with G as a TiO bridge n = 7%
with G counter electrode n = 4.5%
instead of Pt n = 6.3% = cheaper

Transparent
graphene

=ne counter-electrode

3/5/2013
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Saturable absorbers, ultrafast laser ] ®

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

: Ay
Transistors — Membranes/
~ \

Gas Barrier

U— wStrength
’

Composites

High Mobility o e

Photovoltaics

o

Unigue Optical @ eHighly
Properties Transparent Stretchable
Conductors

Basic principle

Laser gain

Saturable
Absorber

Bonaccorso et al. Nature Photonics 4, 611 (2010)

Mirror Mirror : —
TS P s s /,.,f
- @ /4'
cw fe

media Ultrafast Pulses L
<102 second TE L

Laser sources with nano to subpicosec pulses
Important in physics, biology, chemistry and also
applications: e.g. eye surgery, circuit board
manufacturing, trimming electronic components.
Principle: Saturable absorber (SA) turns a continious
wave output to ultrafast pulses

Requirements for SA:

Fast response, strong nonlinearity, broad
wavelength, low optical loss, high power handling,
low power consumption, low cost

Graphene: linear dispersion, ultrafast carrier
dynamics, Pauli blocking = ultra broadband, fast SA

4

Teraherz devices

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

: Ay
Transistors -_— Membranes/
)-) \ Gas Barrier
‘ J=wStrength
d

High Mobility o e

Photovoltaics Composites

Unique ()_.')J’J:’,‘i—h'\«‘I eHighly
Properties Transparent Stretchable

Conductors

===

Bonaccorso et al. Nature Photonics 4, 611 (2010)

Radiation in 0.3 -10 THz range (30um to 1mm)
Important for biomedical imaging, spectroscopy.
Unexplored, lack of efficient sources and detectors.

Graphene plasma waves, bilayer graphene tunable
band gap, gap of nanoribbons are in this range.

Teraherz emission in optically pumped graphene is
demonstrated. = THz generation

G can be used for THz detection and frequency
conversion.

|
i
']

=0 N\

——

3/5/2013
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Transistors

Quantum Hall Effect

Linear Spectrumg

Transistors \ —— '5

High Mobility o e W

\
Photovoltaics (‘-—-

Unique (_)_l')f}l’)'ﬁl'v‘

Properties Transparent Stretchable
Conductors

100

Zero band gap = small on-off ratio

For Radio frequency (RF) transistors e.g. amplifier,

«One Atom Thin

\ Gas Barrier

U— wStrength

d
C Composites
\
eHighly

mixers, e.g. in wireless systems not a problem.
Membranes/  f;: cut off frequency, Current gain goes to 1.
fmax: max freq. of oscillation with power gain 1
High mobility - high frequency
fr =300GHz exfoilated graphene
f = 155GHz with 40nm gate length in industry
compatible graphene transistor.
CVD growth graphene deposited on diamond like

carbon film instead of SiO, (to enhance mobility)

L 0 10 20

e b o[ m{izng) = i, ] |
® om %
Y £

01

fr = 155 GHz

< 10 Frequency (GHz)
155 GHz _ .
T=300K Scitbcie’ T
L,=40nm i
1 " e
1 10 100

Frequency (GHz)

Wu Nature 472, 74 (2011)

Transistors

Quantum Hall Effect

Linear Spectrumg

Transistors A —— '5

High Mobility o e W)

\
Photovoltaics (‘-—-

Unique (_)_l')f}l’)'ﬁl'v‘

«One Atom Thin

\ Gas Barrier

U— wStrength

d
C Composites
\
eHighly

Properties Transparent Stretchable
Conductors

For high f;graphene

is compatitive.

With 20nm channel length intrinsic f; = few
THz is expected. Possible to scale down.

fmax IS quite low compare to Si and I1l-Vs.
Reason: weak saturation of drain current
due to lack of band gap and high contact

resistance.

Schwierz Nature 472, 41 (2011)

fmax (GHz)

Zero band gap = small on-off ratio

For Radio frequency (RF) transistors e.g. amplifier,
mixers, e.g. in wireless systems not a problem.
Membranes/  f;: cut off frequency, Current gain goes to 1.

9

fmax: Max freq. of oscillation with power gain 1

1.000? o InP HEMT
[ o GaAs mHEMT

(]

%

[ o Si MOSFET ° 35
t v GaAs pHEMT Y,
100+ % Graphene FET
£ * Graphene FET Wu et al.
[ . *
i
104 * e
E o
1 10 100 1,000
f; (GHz)

3/5/2013
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Transistors

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

Transistors 3 = '5

High Mobility o ) ‘ b v Strength

\ ld
Photovoltaics €- _ C Composites
\
Unique O_.'.?J‘Jr:a."..‘I eHighly
Properties Transparent Stretchable
Conductors

For high f;graphene is compatitive.
With 20nm channel length intrinsic f; = few
THz is expected. Possible to scale down.

fmax i quite low compare to Si and llI-Vs.

Reason: weak saturation of drain current
due to lack of band gap and high contact
resistance.

Schwierz Nature 472, 41 (2011)

Zero band gap = small on-off ratio

For Radio frequency (RF) transistors e.g. amplifier,
mixers, e.g. in wireless systems not a problem.
Membranes/  f;: cut off frequency, Current gain goes to 1.

\  Gas Barrier frmax: Max freq. of oscillation with power gain 1

1,000

Drrain current (A )

L, =550 nm

b0 0.5 1.0 1500 08 10
Drain voltaga (V)

Drawbacks:

- No saturation of |, for large Vg,

- Small effect of V, due to R ;e

Transistors

Quantum Hall Effect

Linear Spectrumg wOne Atom Thin

Transistors 3 = '5

High Mobility ‘ b= o Sirength
g ¥ wile i
U >

\ d
Photovoltaics €- _ C Composites
\
Unique O_.'.?J‘Jr:a."..‘I eHighly
Properties Transparent Stretchable
Conductors

For high f;graphene is compatitive.
With 20nm channel length intrinsic f; = few
THz is expected. Possible to scale down.

fmax IS quite low compare to Si and I1l-Vs.

Reason: weak saturation of drain current
due to lack of band gap and high contact
resistance.

Wu Nature 472, 74 (2011)

Zero band gap = small on-off ratio

For Radio frequency (RF) transistors e.g. amplifier,
mixers, e.g. in wireless systems not a problem.
Membranes/  f;: cut off frequency, Current gain goes to 1.

\  GasBarrier fmax: max freq. of oscillation with power gain 1

200
40 nm
150 A\
PN
H
o 100F
_‘_.'_ 140 nm
501
550 nm
Loy N v A
D 1 1 1 1
0 100 200 300

Temperature (K)

Operates from 300K to 4K!

3/5/2013
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Graphene + Hybrid systems

Quantum Hall Effect Advantages:
Lhser S"E""’”m“\ “One Atem Thin ¢ 2DEG compatible with S and F contacts
Transistors . Membranes/ . . . .
\  GasBarrier °® Simple production, flexible structuring
High Mobility . \{ )= vstrength Qdots, Y —junctions, loops
PR G Composites eLarge mobility, long spin mean free path
= 5 2 ~ ~
Unique Optical® \MH@W K =6 10° cm?/Vs @77K I,~3um, |, ~2pum@RT
Properties Transparent Stretchable

¢1 atom thin (= Local probes)

Conductors

* Exotic electron structure
Dirac spectrum, isospin, pseudo spin

x

N. Tombros arXiv:1009.4213 (2010)

Graphene 15
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Carbon Nanostructures — Part Il

I. Graphene

Outline:
Introduction (Making graphene, Applications, etc.)
Band structure
Physics of Dirac electrons (Barry phase, Klein tunneling)
Half-Integer Quantum Hall Effect
Mobility in Graphene (ways to improve...)

References:

E. McCann Graphene monolayers Lancaster University, UK Tight-binding
model, QHE

C. Beenakker, Reviews of Modern Physics, 80, 1337 (2008)

L. Tapaszto & J. Cserti talks, MAFIHE Teli Iskola a Grafenrol 2011, ELTE

A. Geim talk, TNT Conference 2010
http://www.tntconf.org/2010/Presentaciones/TNT2010 Geim.pdf

N.Peres, F. Guinea and A.H. Castro Neto, PRB 73, 125411 (2006)

BANDSTRUCTURE OF GRAPHENE

Graphite Monolayer

Two dimensional material;
zero gap semiconductor;
Dirac spectrum of electrons

Bilayer
Three dimensional layered
material with hexagonal 2D
layers [shown here with
Bernal (AB) stacking]

Graphene 1
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1 Tight binding model of monolayer graphene
1.1 sp? hybridisation

Carbon has 6 electrons: 2 are core electrons, 4 are valence
electrons — one 2s and three 2p orbitals

sp? hybridisation

- single 2s and two 2p orbitals
hybridise forming three “c
bonds” in the x-y plane

o bonds

- remaining 2p, orbital [“” orbital] exists perpendicular to
the x-y plane

n bonds
only & orbital relevant for
energies of interest for transport
measurements — so keep only
this one orbital per site in the
tight binding model

1 Tight binding model of monolayer graphene
1.2 lattice of graphene

Wigner-Seitz.
unit cell

"conventional"
unit cell

2 different atomic sites — 2 triangular sub-lattices

3/12/2013
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1 Tight binding model of monolayer graphene

1.3 reciprocal lattice

1st Brillouin — hexagonal Brillouin zone
Zone

K triangular reciprocal lattice

1 Tight binding model of monolayer graphene

1.4 Bloch functions

We take into account one 7 orbital per site, so there
are two orbitals per unit cell.

- 1 & .
Bloch functions @ A(k, ,7): WZ gy (,7 _ RA)
Ry

@B(/E,f)=%§:e"’?%g(f—1§3)

N/RB
sum over all type atomic
B atomic sites wavefunction

in N unit cells

3/12/2013
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1 Tight binding model of monolayer graphene
1.4 Bloch functions

We take into account one 7 orbital per site, so there
are two orbitals per unit cell.

Bloch functions : label with j =1 [A sites] or 2 [B sites]

- 1 & ik -
o (k7)== " (F-R,)
J \/_ z J 7
sum over all type atomic

J atomic sites wavefunction
in N unit cells

=

1 Tight binding model of monolayer graphene
1.5 Secular equation

Eigenfunction ‘I‘j (for j = 1 or 2) is written as a linear
combination of Bloch functions:

lIjj(lgj)z ZCJJ.,(IE)(DJ..(I;,F)

Eigenvalue E; (for j =1 or 2) is written as :
E, (,;): <\Pj |H| \P1‘>

(¥,]¥))
2 2
substitute R ZCﬁCﬂ<CDi |H|(D1> ZHileile
expression in terms £ J (k = 1,12 = l'é
of Bloch functions Z,: C;le<q>i |(1)l> Zl:SilC;iCj’
defining transfer fy =<<I>.|H|(D > and overlap S =<q)A|cD >
integral matrix ! ' " integral matrix ! .
elements elements

3/12/2013
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1 Tight binding model of monolayer graphene

1.5 Secular equation

2
~ ZHilC;iCj/
Ly (k)= lé .
ZSiICjile
il

If the H; and Sﬂ are known, we can find the energy by minimising
with respect to C",

jm*

2 2 2
oE Y H,Cp X HCCYS,Ch
_ T _ il !

j
oC

. T2 * 2 2
" Z SuCiC [Z 5,CC j,]
’ il

*

aE 2 2
=0 = ZHm,C,:E ZSWCI
acjm I=1 ! jl=] !

1 Tight binding model of monolayer graphene

1.5 Secular equation

Explicitly write out sums:
m=1 = H,.C,+H,C,=E/[S,C,+S,C,)
m=2 = H,C,+H,C, =E,(S,C,+5,C,,)

J

Write as a matrix equation:
EH” leJ(Cilsz-(Sll Slzj(Cﬂ]
H21 sz Cj2 ! S21 Szz Cj2
HCj = EjSCj

Secular equation gives the eigenvalues:

det(H - ES)=0

3/12/2013
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1 Tight binding model of monolayer graphene

1.6 Calculation of transfer and overlap integrals

Hsle) s =(ofe) o)y e (-7
RJ

=

Diagonal matrix element

Ho (0[]0, =35 o, (R, o, R, )
R RA/

Same site only:

A and B sites are chemically identical:

H, =Hy =g S=S8p=1

1 Tight binding model of monolayer graphene
1.6 Calculation of transfer and overlap integrals

Off-diagonal matrix element

Hoy=(@,|]@,) =35 N (7 R, il - R, )
Ry Ry

Every A site has 3 B nearest neighbours:

Parameterise nearest neighbour transfer integral:
Vo= _<(pA (’7 _EAi )‘H‘ P (F_EBj )> § = <¢’A (F_ﬁm)‘ Py (?_ﬁBj )>

= HAB=_70f(]€); f(];)zie”;'gf = SAstf(E)
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1 Tight binding model of monolayer graphene

1.6 Calculation of transfer and overlap integrals

Off-diagonal matrix element

1 Tight binding model of monolayer graphene

1.7 Calculation of enerqy

0

- 70f* E) )
Secular equation gives the eigenvalues:
det(H - ES)=0
det( f-E +Es)f(1€)]:0
—(;/0+Es)f (k) & —F
-\2
(£ )~ + BV (k) =0

£ goi?/o‘f(];}

- lis‘filgl
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1 Tight binding model of monolayer graphene

1.7 Calculation of enerqy

Typical parameter values [quoted in Saito et al]:

E:goi%‘f(];]
& =0,7,=3.033¢V,s=0.129

lis‘filgi

f(E)= BB o ke COS(’%“)

Brillouin
zone

k,
K' K
M ki

Two non-equivalent
K-points

Y
3

- Gapless semiconductor

2 Expansion near the K points
2.1 Exactly at the K point

Brillouin = a =
kzyone ) =[O’fj’ = K.6,=0
. (4r 3 :[3 _L]. o k27
K=|—,0 2 ’ ’ “
K’ K (3a J 225 Y
< a a . < _777[
Mk S-(-3r3p) = w3
Two non-equivalent
K-points _ 3 B . .
f(K)= Dt =" e e =0
5=l
E
W At the corners of the Brillouin zone (K points),
electron states on the A and B sub-lattices
X C K decouple and have exactly the same energy

T o ey el e (essiis K points also referred to as “valleys”
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2 Expansion near the K points

2.1 Exactly at the K point

6 corners of the Brillouin zone (K points),
but only two are non-equivalent

Brillouin
zone
ky A We consider two K points with the
K K’ following wave vectors:
K' K
' SRR
M kx 3a 3a
K’
Two non-equivalent
K-points

2 Expansion near the K points

2.2 Linear expansion

Consider two non-equivalent K points:

Brillouin 4
zone 12’12':6{”’0}5 E=4l
k, 3a
K' K and small momentum near them:
M k - 4 D
k = .f( ,oj +L2
Two non-equivalent 3a h
K-points

3/12/2013
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2 Expansion near the K points
2.2 Linear expansion

Consider two non-equivalent K points:
Brillouin 4
zone 12,12'= 6&(”’0}; E=+1
k, 3a
K' K and small momentum near them:
M k - 4 D
k= .f( ,oj + L2
Two non-equivalent 3a h
K-points
. . X - 3a . 5
Linear expansion in small momentum: f(k) SRR (;p —ip )+ O(pa/h)
2h ! g

(0 —ntE) (0 -,
H‘[—nf*(fé) 0 J(gpp 0 J

(s (1 0y, e Vary o
S_(sf*(l;) ) JN[O Jﬂ-O( h] vzi}/zlo mls

2h

2 Expansion near the K points
2.2 Linear expansion

— 0 _70f(é) » 0 gpx—ipy
H_[—yof'(’?) 0 }v(fp +ip, 0 J

1 sf(ﬂ) (10 spa 3 . .
S_[sf*(lg) ) JN(O 1J+O(hj v:%h]/zlo m/s

New notation for

components on A C, = {Cj J o y= (V/A]
and B sites 2

Graphene

3/12/2013
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2 Expansion near the K points
2.3 Dirac-like equation

For one K point (e.g. £=+1) we have a 2 component wave function,
V=
Vs

with the following effective Hamiltonian:

. Bloch function amplitudes on

TT=p, T 1p, = pe? the AB sites (‘pseudospin’)

Tt = p. - ip. = pei® mimic spin components of
Px= 1Py =P a relativistic Dirac fermion.

Pseudospin is an index that indicates on which of the two
sublattices a quasi-particle is located

2 Expansion near the K points

2.3 Dirac-like equation

To take into account both K points (¢=+1 and £E=-1) we can use a 4
component wave function,

Yk
| Ve
W =
W ax
Yk
with the following effective Hamiltonian:
0 p.-ip, 0 0
p,tip 0 0 0
H=yv g .
0 0 0 -p.—ip,

0 0 -p.tip, 0

Isospin K and K’ valleys are also called isospin.

3/12/2013
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2 Expansion near the K points Chiral electrons
2.3 Dirac-like equation pseudospin direction
is linked to an axis
O T * o N determined by
H =V =VOo-p=VpOo-n electronic momentum.

7z O

for conduction band

“Schrédinger ultra-relativistic massless electrons,
fermions” articles Dirac fermions = =
Y _ a2 . "p ~ o " _ . o-n= 1
H=p*/2m H=co-p H=v.5p
valence band (‘holes’)
o-n=-1
It is due to

symmetry of the
honeycomb lattice

monolayer graphene

metals neutron stars Y
and and r T
semiconductors accelerators

v, =¢/300=10" m/s

Basic transport characteristics

Measurement: E(k) = hvglk| 3
Graphene (blue) is etched to a Hall bar shape and
contacted by metal leads (yellow). Si layer is doped,
used as a backgate (G) . By applying voltage on G the
chemical potential of graphene can be varied.

graphene

R vs. Vg characteristics

Effect of gate voltage, V;?
N=ClVyle > n~Vg > kp~[V,

Drude model:
vy = uE, j=envy = enuE = oE, 0 = enu =
- et et _Ww_E&__B <
o=1/p = m’ 'u_m’ RH_I_jx_ ne

X X electrons
Measurement of Hall resistance allows to determine n.

o

@
3

Combining it with p, i can be derived.
Fig. a: longitudinal resistance vs. Vg, AR= 100 times!
Fig. b: mobility and charge carrier density vs. Vg
- At V=0, R, (and n) changes sign > boarder between e
and h bands
- 1f V, 0 R, however R is finite (x~4kOhm) at Dirac

&
5

o

e (10% cm2 V=1 71)
(-wo,,01) °u

5

F-80
point although n=0. (No real OFF state.) =3 o V"’M @ &
- mobility largest at Dirac point (V. = 0). Nature 438, 201 (2005)

3/12/2013
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3 Consequences of Dirac like spectrum 3.1 Berry’s phase &

Massless Dirac fermions

: 0 0 e
with Berry’s phase 7 H=vf " l=vp ¢
Tz 0 e’ 0
—ip/2
Solution: E=w & ‘//((P) = %( o2 j
n

D E =vp|
(K

P, V=1 ( e:(f )ejp " Making a loop around
2 \e” k=0 induces a phase shift
Px of .
¢—>o+2In Similar to the 360°
Y — e rotation of an 1/2 e spin.

3.2 Massless Dirac Fermions?

Consider Quasi Classical Dynamics of Dirac electrons

a—f:%hvl, K =vFeT(=v,§§, E(E) = ihUF|E|

s=1
" ho |k|

thus |v| = vg, 7|k
->Speed of e is constant independent of
momentum, like photons (ve¢>c) conduction band

What is m, effective mass?

1 1 1 0%E

m~ my, h%ok2
h2k?
Zmeff'

For quadratic dispersion: E = m = Mesyr

For Dirac electrons, where E(E) = hvp|l:| ?

Naively 1/m= 0, but NOT. To calculate 1/m:

2
Pl _ _ 5 1_1, My
okz BT my, h OFk3
alk| _ 12k, .
ky - Em ~ Effective mass depends onk Beenakker, Reviews of Modern Physics, 80, 1337 (2008)

3/12/2013
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3.3 Klein tunneling and backscattering

1 Vg kf, Evolution of group velocity:
My R |k|3 dl?x 1 1
- = F = —e)E *
T Rl QUL IO
N-P junction: In linear electrostatic potential (e.g. slope in Figure) :
Potential profile with V= on' Ex — Eo' Fx = e EO

a step of Uoat a distance d
At normal incident: k, = 0 > dditx =0~
backscattering is avoided. Electron can propagate
through an infinite high potential barrier.

hk = F = —eEge, (*%)
Effect of the potential profile, U (see figure):

- k decreases and changes sign (**)

Klein scattering: - based on (*), ¥ stays constant, i.e. ¥ = vge,.

perfect transmission

. - e ends up in the valence band
at normal incident

3 Klein tunneling and backscattering

1 CLASSICAL PHYSICS

Electron as . No chance of
low-energy —Barrier penetrating
particle barrier

@)

2 QUANTUM MECHANICS

Electron as Some
“slow- chance of
moving” penetrating
wave barrier

f\ >

3 QUANTUM ELECTRODYNAMICS

a

Electron as 100%

high-speed chance of
Wwave enetrating
j’\ arrier |

a

Beenakker, Reviews of Modern Physics, 80, 1337 (2008) Geim, Kim, Sci.Am. 298, 90 (2008)
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Klein tunneling and backscatterin

Result of proper calculation
Wave function matching

(b}

o barrier height

Katsnelson et al Nature Physics, 2, 620 (2006)

Transmission probability T 0
through a 100-nm-wide 0 (om)

barrier as a function of the

incident ang'e' two different 9 Difficult to measure whether it

Transmission probability vs. D

of normally incident electrons

- in single- and bi-layer graphene (red and
blue curves,respectively) and in a non-chiral
zero-gap semiconductor (green curve)

is 100%, since e-s out of normal
incident also arrive

Klein backscattering & Fabry-Perot Interferences

(a) L (b) (©)

B=0 B>0 B=0

At B=0 (see Fig. a) the incident angles

transmission amplitude

Shytov et al. PRL 101, 156804 (2008)

Interferences on P-N-P junction

When incident angle, a is varied from positive to
negative, phase of the reflection amplitude (R)
jumps 1. Its sign changes. (At a=0, R=0).

If a<>0 > R>0, several scatterings in P-N- P 2>
interference pattern
Accumulated phase in one circle:
AB= 20wsk+AB1+AD2
where Bwsk phase from travelling in N
AB1,A0: Klein back reflection phase of the
interfaces

AB12) at P-N and N-P have opposite signs = jumps in AB1, AB2cancels
At B>0 (see Fig. b), trajectories are curved, 2 incident angles at P-N and N-P can be equal

In this case one can show that AB:1+AB2 = 1t (It is the Barry phase previously derived!)
Thus for B=0 A and trajectories with small py 1t shift is expected (i.e. sign change)

(Fig.c) one can show, it is robust against barrier roughness

Graphene

3/12/2013
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Klein backscattering & Fabry-Perot Interferences

(a) a (b) (©
B=0 B>0

xX=x; X=Xy

Remark (Barry-phase):

Trajectory in Fig.a correspondsto 1 I
Trajectory in Fig.b corresponds to 3

The main difference that during one

circle between P-N and N-P:

the k vactor of 3 goes around k=0

while for 1 NOT.

This generates the Barry phase:

Due to the chiral symmetry, topological singularity

at degenerecy point of the band structure k=0.
Shytov et al. PRL 101, 156804 (2008)

50 nm

k, (nm™)

i

-03

0
k, (hm™)

03

Klein backscattering & Fabry-Perot Interferences

N-P-N device
Separate gating by backgate and topgate
Topgate width=20nm! - ballistic

i,
Vig

G vs. Vre vs. Vse

* Conductance is lower when N-
P-N setting instead of N-N-N
*Oscillations at N-P-N
configuration:

- V16 varies pot. barrier >
86wsx = oscillations
-Oscillatory G is induced by
trajectories with incident
angle where neither T, nor R
is large (i.e. a not too small)

a
.

b

Young et al. Nature Physics 5, 222 (2009)

2/h)

Conductance (e

G (e/h)
AL

Vi (V)

3/12/2013
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Klein backscattering & Fabry-Perot Interferences

N-P-N device
Separate gating by backgate and topgate
Topgate width=20nm! - ballistic

-n~‘ P

G e (62/h)

n
Young et al. Nature Physics b, 222 (2009)

G oscillations vs. B (Dots experiment, line theory)
At different B fields (B=0, 200, 400, 600, 800mT from
bottom to top) the oscillations of G.
In this B range = 1t shift is induced in the interference
pattern.

60

30

n, (102 em~2)~V1g

Half Integer Quantum Hall effect in graphene

Novoselov et al, Nature 438, 197 (2005)

Graphene in Hall geometry
Sample width of 200nm

- Sample: Hall geometry is etched from
graphene flakes by oxigen plasma (a)

BM

P k)

Longitudinal and Hall measurements vs B field
Conventional way of QHE measurement

-In magnetic field Shubnikov-de Haas oscillations are

QHE vs. density (gate voltage)

presented. (b) At large B field, p,, gets zero as for QHE.

0,,, (4e?/h)

N

-]

T
&
N}

- =82

—5/2

— =7/2

- Great advantage of graphene, that the charge density (n
can be varied by gate voltage. QHE effect can be studied as
a function of n.

-Figure c: QHE measurement at 14T, 4K.

Half-Integer Quantum Hall effect
Properties:

- Height of the Hall plateaus is 4e2/h

- First e (h) plateau is at 2e?/h

- P, is zero at the place of the plateaus.

(u/8%) %o

o, = 4e?/h(n+1/2)

(Inset: same for multilayer graphite. The first plateau has
the same height as the rest)

pyx has maximum at n=0 > There is Landau level at zero
energy. Electrons or holes contribute?

3/12/2013
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Half Integer Quantum Hall effect in graphene

Solution of the graphene Hamiltonian in B field

Let us start with the effective Dirac Hamiltonian at the K point
+
H=v ), m=p,+ip, nt=p,—ip,.
(n ) Px T 1py Px — Dy

Hint: Besides a constant r and 7T are the same operators as the raising and lowering
operators of the harmonic oscillator Hamiltonian of the normal 2DEG in B field, i.e.

A =ho,(@a+1).

In case of magnetic field: p = %ﬁ — %K, VxA= Be,

Let us use a gauge of A = (—By,0,0) : ™= ’gax + 2By + ho,,
mt =19, + By — ho,,.

Take the wave function ansatz, ¥ (1) = (Czc(lp‘fl’il)e”% i m= hky +2By + ho,,
n* = hky + 2By — ho,,.

Replacing y by y', where hk, +<By =2By': m= fo’ + hd,,

nt = %By’ — hoy,.

N.Peres et al., PRB 73, 125411 (2006)

Half Integer Quantum Hall effect in graphene

Solution of the graphene Hamiltonian in B field

Let us introduce a*,a  which fulfills the algebra of the raising and lowering operators of the harmonic

. . . hc
oscillator: a = £ 1 , where 7, is the cyclotron radius 7,2 = —.

+ — c 1
eB \2r¢’ a =T Vare eB

It gives

a= r%n(y’ +7.20,,),

at = ﬁ(y’ - Tczay,).

These two operators fulfill: [a,a*™] = 1.
¢, is the eigenfunction of the a related harmonic oscillator, i.e.
aldn) = \/zlqbn—l)' a+|¢n) =Vn+1|¢ne1)

Returning to the Dirac Hamiltonian:

-1
sz(n ﬂ+)=_v<£ﬁlrc) (zfr a)z_v\%ﬁ(a” a)

N.Peres et al., PRB 73, 125411 (2006)

3/12/2013

18



KomplexNano

Graphene

Half Integer Quantum Hall effect in graphene

Solution of the Hamiltonian of Dirac electrons in B field

. ) - @ eikxx
Let us start with the wavefunction ¥, (r) = ( n ) where @ = +1.

apns1/) VL
1> (0 “)(gn ) = (2o ) = v Ta (g )

HY, = v T 1a¥,

Tc
Landau levels in graphene: E,, = iv%”\/n +1, n=0,1,2,..

0

There is an extra solution as well: ¥, = ( 0

0 )eikxx

S @) enono

Degeneracy of the levels:
Similar to normal Landau Levels. L >y > 0> L > :—;kx > 0 and k, = Znwhere n is integer.

->The degeneracy: N = % i.e. number of flux quantum i
/e Density of states
penetrating the sample. B=0

Solving the problem for the K’ effective Hamiltonian

gives the same spectrum as the one for K. Therefore E
each E, energy level has a degeneracy of N * 2 2. 4D B>0

2 from the two valleys, 2 from the real spin of the

electrons.

E
N.Peres et al., PRB 73, 125411 (2006)

Eléllapotok

Eléllapotok (edge states): a minta szélén lokalizdlt dllapotok
Elektron dllapotok x irdnyd sebessége:

v (k)= 1 0E(n, k) = ! aES(y)%_LaES(yk)

n ok h dy ok eB oy,
- aminta belsejében v,(n k) = 0
- az él dllapotokra v,(n,k) z O, a minta két szélén az
elektronok ellentétes irdnyba haladnak

Az éldllapotoknak a minta faldn pattogva elére haladé klasz-
szikus elektron mozgds felel meg, (a minta belsejében 1évs e
dllapotoknak kérpdlydt leiré e mozgds feleltetheté meg)

Belsg e dllapotok és éldllapotok

klasszikus megfeleldi ~By Mivel L, » Ay (Ay ~25nm/B[TI°®) > a
e mintdban a jobbra és balra haladé dllapotok
Q térben (y irdnyban) szepardlédnak.

Q& \% Ha Er két LL kozott helyezkedik el, akkor

§ N csak a minta szélén vannak e-k a Fermi-

E Q § feliileten 9 Szennyezc’fk{n/em képe'sek az'e—’r

B@ y § I .azlegylk lr'anyfm h?ladc') eI'aIIapo*rbol a mdsik
irdnyba haladdba dtszérni >

X l_’ Q Nincs visszaszérds

Eldllapot széréddsa szennyezdn

3/12/2013
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Eléllapotok drama

E(n.k) dramot adé dllapotok  Visszaszérds hidnydban a minta
szélei lgy viselkednek, mint
~H1  tokéletes transzmisszidjd ballisz- ;,\T/;<
tikus vezetdk. A minta y=L,/2 szélén az e-k 1. kontaktusbdl
jottek, igy u; lesz a kémiai potencidljuk, mig az y=-L,/2
szélén |évd dllapotok 2. kontaktussal lesznek egyensilyban.

[V T

Ha V fesziiltséget kapcsolunk a mintdra - py-y, = eV

(eV<hw, py és , ugyanazon két LL kozétt van)> a py ésp,

kozotti éldllapo’rok netté dramot eredményeznek:
H1 j2esilos_ 2 L 106,
L7hok L 5,27 hok

ZId LM(,ul —11,), ahol M a Er alatti LL szdma.
A
Az ebbdl négypont és Hall-ellendlldsok:
Ry e VitV _dammy _thmms
5 1 1 el el
Vo ViV _ps—py _p—p, _h 1
I I el el & 2M

- Visszaszéras nélkiil vezetd éldllapotok

R, =

H

feleldsek a Kvantum Hall-effektusért

uantum Hall effect in graphene

Solution of the Hamiltonian of Dirac electrons in B field

Remark:
The edge states behave similar to the ones of QHE of normal 2DEGs.
v, = 10E _10Eay _ 10E 1
X T hdky hdyokx  hoyeB/c
On the two sides of the sample they propagate to opposite direction.

Half-integer quantum Hall-effect: Charge density of Landau levels

Due to the 2 spin and 2 valley, there are 4-fold degenerate
Landau levels. Each degeneracy provides a conductance

channel with G = % Therefore each filled LL enhance the

28

Hall conductance by G = 22, When Ep is placed on a LL, the

Hall conductance changes from a quantized plateau to the
next one. Since there is a LL at ZERO ENERGY the first electron

like Hall plateauisat G = 2¢® and the rest are at

G= —“,f (n+)d).

The zero energy LL makes the QHE of graphene special.
It consist e and hole states as well.

N.Peres et al., PRB 73, 125411 (2006)
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Quantum Hall effect at room temperature

Landau-levels

E, =+,/2emv’|[n|B 2D Dirac fermions (m=0)

E, =ha.(n+1/2) 2D free electrons

Experiment

Pxx (k)

(yrL) ™o

-60 -30 0 30 60
Vy (V)
Novoselov, Science 315, 1379 (2007)

Comparing to GaAs based 2DEGs

Graphene: GaAs/AlGaAs:

E,;(B=1T)~350K hw(B=1T)~»20K
E,;(B=10T)~103K hw(B=10T)*»200K
px10%cm?/Vs (2006) @4K  p~105 cm?/Vs (1980)
u=106 cm?/Vs (2010) @4K  p~107 cm?/Vs (2004)

E,(29T)~1800K >KT
px10%cm?/Vs @RT (weak T dependence)

Limitation of B, that wT>>1 (7 elastic mean free
path).

If the amount of scattering can be further
decreased, QHE gets visible at lower B fields.
- New possibilities for current standard,
quantum circuits at room tfemperature

Mobility and scattering mechanisms

Conductance in simple Drude picture:
o=er>
m
However the effective mass depends on k, thus
one has to average 1/m for all filled states.

Accurate calculation of g, from Boltzmann
equation (see Solyom 24.3.39.):

2
— 27— p27.2.0. Ak 1
g=e Tm_e T-2-2 ffilledkstates(z;;)zmxx
VF
Result: o=e’tLtk
' F

with relaxation length | = vgt

2e?
o= —Ilk
3 F
Mean free path: l= gu\/nrr

E.g. for mobility =600.000, | is = 3um

conduction band

E(k) = hvglK|

R vs. Vg Transport characteristics

)

(103 cm2 V=1 1)
(-Wwoy,04) U

Nature 438, 201 (2005)
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Mobility and scattering mechanisms

What limits the mobility at room T?
Source of 1/t ?

Scattering mechanisms resulting resistivity:

- potential scattering: impurities, defects, vacancies
- Electron — phonon scattering

- Etc.

Usual terms: (see Solyom 11.)
- Residual resistivity (py): T independent
- Longitudinal acoustic phonons (p,): linearin T
: o . h\ DLk, T
;)(VB.’I) = P()(Vg) +pu(T): pu(T) = (—1> T

Measurements (see Fig. a,b)

- At higher T, strong deviation from linear T dependence
- Dependence also on Vg

-1t suggests scattering on high energy phonon modes

Chen Nature Nanotech. 3, 206, (2008)

Graphene on SiO, substrate, UHV

T=[20K-500K], 4-point

25

pl102h/e?)

(10207

200 400 0 200
T T

obility and scattering mechanisms

p(Vg. T) = p“(\/g) + pa(T) + pgl Vg. T);

e @ 1
pe(Ve T) = B V™ <U\'S“7mc\’! T 1

pg: additional term to fit the measurements (see Fig. c,d)
Bose-Einstein distribution ~ population of high energy
phonon modes, e.g. optical phonons

Very good fit of the measured curves with alfa=1.04

Optical phonons of graphene?

- Strong Vg dependence is not expected

- Mainly out of plane phonons at this energy. It is not
expected to give strong contribution

Interfacial phonon scattering: Surface optical phonon
modes in SiO, couples to e-s in graphene

The expected phonon energies and coupling strength
(1:6.5) are inserted into pg

Strong Vg dependence is also expected

p(1020/e?)

pl102h/e?)

3/12/2013

22



KomplexNano

Graphene

Mobility and scattering mechanisms

What limits the mobility at room T? Contributions at Room T
Different T dependence of pg, p, , pg allows to a = Residual resistiviy p,
separate the three contributions. (pg = p-py-pa) f e S ggmgig%
. I "y —— Sample
® S LA phonon resistivity p,
Fig. a TN T | [ e
puV;independent < | [
Ps NVg -1.04 relation confirmed | . \m}“ $i0, phonon resistivity
- Residual resistivity dominates 01+ e Samle 2
Flg b ! 10 Sample 3
. Equation (2a),

Derive the mobility related to two e-p processes : T=306k
u=1/nep= 1/cgvge p (b LA phonon limited mobi

. . . . 20 Global fit to Sampl
-> SiO, contribution (b) dominates = 142
- The intrinsic, LA phonon scattering mobility at T 10 %wm mo
n= 10%2cm2 (technologically relevant) : u= 200 000 ;‘% Z =
(see blue dot) Higher than any known semiconductor! = , | -~ - 3%l Total phoron fimited mo]
(E.g. InSb =77 000 and carbon nanotubes =100 000). ' ) gi?ﬁiié

2 1 | — Sample
10 20 30 40 50
v, (V)

Mobility and scattering mechanisms

What limits the mobility at room T?
Different T dependence of pg, p, , pg allows to
separate the three contributions. (pg = p-py-p,) T dependence

Fig. a B To

P4 Vyindependent

—e— Kish graphite
—o— Pyrolytic graphite;

N Graphene

Pg~V, % relation confirmed [T

. o as e . A 2
- Residual resistivity dominates N\ 2 A phonons
Flg b 04 Ne | $i0,, phonons|

Derive the mobility related to two e-p processes : mpuites

- - —Sample 1
u=1/nep=1/c,V,e p
-> SiO, contribution (c) dominates Total implied mobiliies

,:,:,:,;;;‘!!Lﬂm”\. —=||— Sample1
-> The intrinsic, LA phonon scattering mobility at ~ 10* \

n= 10%2cm2 (technologically relevant) : u= 200 000

w(em? V-1s)

(see blue line) Higher than any known semiconductor! 10 100

(E.g. InSb =77 000 and carbon nanotubes =100 000). T(K

Fig. c

Comparision with graphites, sources of exfoliated graphene

Mobility is much smaller than for graphites. It is impurity dominated. 3: Problem, SiO,

—>Residual res. not due to point defects

but due to charge impurities in SiO is bad substrate

2 substrate
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Suspended flakes

To improve mobility eliminate the substrate. = Suspended graphene samples
Two techniques:

- Etched SiO by BHF - Use an organic polimer bellow,
expose and desolve

-~

low-T mobilities: few million cm?2/V's

This high quality samples allowed to

demonstrate Fractional QHE in graphene PMGI based organic polymer
Possible with any metal contacts! 2>

At room T the mobility is 10k- 100k cm2/V's ? spin physics, superconductivity

New flexural phonons appears in suspended

samples, low energy out of plane vibrations

SEl  300kV X5000 1gm  WD8.9mm

- Observation of

> Try to apply tension condcutance quantization,
- 0.7 anomaly
Andrei, Kim & Yacoby also Manchester N. Tombros arXiv:1009.4213

600.000 cm2/Vs @5.0 E9 cm2,77K. L~3pum

Suspended flakes

Conductance quantization in graphene
- PMGI based organic polimer

- short and wide channels, reduce the role of
edge roughness

- K-K’ valley degeneracy is lifted.

5 10 15 20 25 30 35 40 45
k,(10%m)

electrons

Gl2e’h)

et 6 5 4 3 32 4 0\/1(\/)2 3 4 5 6 7 8
- N. Tombros arXiv:1102.0434 (2011)

0 5 10
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Graphene

Better substrate — Boronnitride

room-T mobility
close to 100,000 cm2/V's

Advantages:

- Atomically smooth surface that is
relatively free of dangling bonds and
charge traps.

- Lattice constant similar to that of
graphite, and has large optical phonon
modes and a large electrical bandgap.

Water-soluble - PMMA Glass slide
layer -.. — " Graphene =S
o =

Si/sio, "’V =]
Dl water =0 i s
0 i

Floating _

PMMA 0
( .l BN e
w ! Graphene (v

(i)
Dean et. al., NatureNanotech 5, 722 (2010)
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Graphene

Carbon Nanostructures

Il. Carbon Nanotubes (CNT)

Outline:
Single walled carbon nanotubes (wrapping)
Synthesis
Electronic properties (metallic vs. semiconducting CNT)
Quantum transport (Ballistic conductance, Fabry-Perot
interference)

CNT Quantum dots (spin, orbital degeneracy, Orbital and SU(4)
Kondo effect)

References:

S llani and P. L. McEuen Annu. Rev. Condens. Matter Phys 1, 1-25 2010. and
references within.

P. Jarillo-Herrero, Quantum transport in carbon nanotubes, phd thesis 2005.
Wikipedia: en.wikipedia.org/wiki/Carbon_nanotubes

arbon Nanotubes (CNT)

CNT = Big carbon molecule, Rolled
up graphene with half buckyballs at
the ends.

Diameter *nm, length up to 15cm
Single-walled CNT

Multi-walled CNT

Single walled nanotubes:
Band gap 0-2eV, semiconductor or
metallic
Wrapping vector (n,m) :
determines the waist of the CNT
C=na,+ma,
Special CNT, which are not chiral:

k s - Zigzag CNT: m=0:
ATHEhaT - Armchair CNT: m=n

n=m m=0

3/12/2013



KomplexNano

Graphene

Nanotube

1991
S lijima
Electron microscope

Synthesis of CNT

- Arc discharge (original method)

graphite electrode + voltage,

30% of weight could generate CNT

- Laser ablation

pulzed laser on graphite target in inert gas.

CNT are forming on cold surface yield of 70%, mainly
single wall

- CVD (Chemical vapor deposition)

Metal catalyst particle (Ni, Fe) on the surface, high T (700C)
and carbon containing gases (e.g. acetylane)
Advantage: Possible to grow directly on the surface

Big challenge: controlled growth only certain chirality, or
large scale separation

90-95% selection of semiconducting or metallic SWCNT is
possible

Similar good mechanic, heat conducting and electric
properties as for graphene

Electronic properties of CNT

Band structure

ferencial direction, ku:

—>1D bands form from

Metallic or semiconducting?

of the graphene spectrum

If a slice passes through the Dirac point ‘v."
(see Fig. c) > Metallic CNT
If not 2 Semiconducting CNT (see Fig.b)

R ) .} )
Starting point is the band structure of graphene (a). " $Ny : x‘\;
Rolling up = periodic boundary condition i.e. Qe > °
quantization of the e wavenumber in the circum- 1. g g

b e
Ak, d=2m, S— e
o T
where d is the diameter of the tube. Z n g0 4 R
discrete slices g i o d \7§
299 "o y )
> 2
kY ot |
o
g S g
® “0

3/12/2013



KomplexNano

Graphene

Electronic properties of CNT

Fig. d: phase of K point 00 Q- @
wavefunction of graphene. —Q 9—Q o
Due to 3-fold symmetry A Q 0—Q o—Q
atoms have three possible o O [ e °
phases: 0, 120°, 240°, color € [ Li/u,m:;"\ \t\) Q
coded by red, green, blue. 0-—Q <O O
d »—d - 9—d
0o—Q ® O o

There are two ways of rolling up:
- Red atom rolled to an other red one (Fig. c).
—>Wave function satisfies the boundary condition
i.e. wave function in K is a legitimate solution on the
cylinder. = There is slice pass through K 2 metallic
CNT (Fig. c) (MCNT)
-Red atom rolled to blue or green (Fig. b)
There is a phase mismatch of 2/3m at the boundaries. This can ‘
be solved by changing K to K+k°, , where k° nd=-2/3 it ® <o
- lowest quantized wavefunction is away from K = semiconducting CNT (Fig. b) (SCNT
Consequences: - 2/3 of CNTs are semiconducting

- with energy gap of E, = 2-hvpk) = 4Hhvp/3d = 0.7V /d[nm)

Electronic properties of CNT

In reality usual metallic tubes also shows small ! '
bandgap. Since the metallic band structure is instable
against perturbation like e.g. mechanical deformation.
Everything what destroys A<>B symmetry (i.e.
pseudospin) generates gap. Taken into account the
curvature of small diameter CNTs also generates gap.

G(e?/h)
T
L

\ Off state

0

=10 0 10

Figures: measured transport characteristics @RT. Ve (V)
T

Gate electrode is used to change the e filling.

o
@
T
|

Maximal conductance:

In Landauer picture each ballistic subband gives a
maximal conductance of e2/h. In CNT there are 4 L Offstate 1
subbands, due to 2 spin and 2 isospin (valley K, K’)

degeneracies. l.e. G,,,=4e%/h. ol : L : —
Vs V)

G(e?/h)

max
The conductance is also limited by contact resistances.

It has to be a clear transparent barrier. For semiconductor
tubes palladium gives Schottky-barrier free contacts for p-type CNTs. While Al with
low work function gives good contact to n-type CNTs.
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Electronic properties of CNT

Typical numbers of mean free path and mobility:
l, ~100nm (SCNT) ~1pm (MCNT) @RoomT and
1>100.000 cm?/Vs (SCNT), |, ~10um (MCNT) @<50K

high T.

Limit of maximal current

lnax™ 4€%/h hwy/e~25pA
hwy=160meV.

The large mean free path has the same origin as for
graphene. C has light mass, sp? is a strong bonds 2>
high energy phonons, which are only populated at

At large source drain biases, e-s accelerate in the
tube and can excite optical zone boundary phonons.
This dramatically decrease I, to 10nm, and thereby
this voltage threshold limits the current:

1 T
3
3 r 4
v
Off state
0 1
=10 0 10
Ve(v)
T T T T
015 -
s L 1
~
L
O
Off state 7
1 1 1 1
0 -5 0 5
Ve (V)

Quantum transport of CNT

Ballistic and coherent transport
at low T (T<5K)

Fabry-Perot cavity

Due to coherent scattering on
the imperfect contacts
interferences occur: periodic
oscillations as a function of gate
and bias. V, or bias changes k
and thereby the accumulated
phase on one loop.
Periodicity (V.) is proportional
to L', where L is the length of
CNT segment.

Sample geometry with electron path

scattered on the contact interfaces’

a

-

Souvc
I

[ Gate

Corresponding scattering
matrix problem

s = s @ s @ s

Periodicity of the oscillations vs.
Length of the CNT segment
periodicity determined by

arrow position in right figure

G vs. V, and Bias
V(mV) 1

> ©
(4iz8) APIP
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CNT Quantum dots

Dispersion relation of CNT

Valley (isospin)

Quantum dots:

If the barrier resistance R~h/e?, e-s are
localized between the contacts.

- Qdot physics.

Typical charging energy: >(p§gud2;:,.”ni
U = 5-20 meV/L|pm] /

For short segments also large level spacing,\i> /
transport through individual quantum levels. ’

Shell structure: Level spectrum and symmetries
of CNT QDot g

Graphene has three 2-fold symmetries:

Pseudo spin A<>B, Isospin (K, K’), electron spin
First generates the Dirac spectrum (e-h symmetry)
Second two induce 4-fold degenerate levels of Qdot with SU(4)

The K’/ K isospin corresponds to solution encircle clockwise
/anticlockwise around the tube. From valley degeneracy of
graphene = orbital degeneracy of Qdot levels.

In a Qdot longitudinal momentum is also quantized: Ak, = /L
resulting a level spacing of: A =%upAk

CNT Quantum dots

Expe riments: Qdot levels demonstratmg‘ the shellf with 4 Igvels

-~ anotuve Z

The 4-fold degenerate shells were observed in
experiments. Every 4th Coulomb diamond is wider. Level
spacing has to be paid when a new shell opens. If there
is disorder the isospin degeneracy is lifted. (see right
lowest Fig.) Mostly this is the case, only newest
ultraclean CNT devices show 4-fold degeneracy.

G (e2\h)

The 4 states in the shell can be split by applying B field %
parallel to tube axis: ¥

11 devg
Eéwicew = —Wom + Hepin) B = (iT

i%&’ﬂn) By

B field dependence of the 4 levels

LT O

- - -2 -1
o VeV) g
Jespersen NaturePhys10.1038 (2011) & Physical Review B 71, 153402 (2005).
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CNT Quantum dots

1e and 1 hole state of semiconducting CNTs

In semiconducting CNTs one can access the g
200

single electron and single hole filling of the
quantum dot (see right figs). Large diamond
corresponds to the empty quantum dot.

In ultraclean CNTs (grown on top of the
electrodes) shell structure was studied at 7/ T=03K
single e filling (see bottom left fig.).

Evolution of the 4 states in B field V,,=-2mV

-200 0 200 400 600

v, (mv)
As B| | increased E of K states are decreasing while
one of K’ increasing, similar to figure on previous
slide.
Surprising that at B=0 the four states are split in two
2-fold degenerate levels. See also inset for zoom in.
Reason: spin orbit coupling. E-s on K and K’ orbitals
induce B field, which effects the e spin

Bso = —(vx E)/f'z
’> K and K get lower energy. SU(4) symmetry is
lifted. Nature 429, 389 (2004).

SU(4) and orbital Kondo effect in CNT

Kondo situations in CNT Qdot: Kondo situations In CNT
n 2
a) Normal Kondo: Two degenerated spin states P

b)  Orbital Kondo: Two orbitals have the same gl [% %} Ié % """
il oy Al

energy
¢) Two orbitals x two spin states are degenerate Orbital

%ﬂ Tk, ALk

Spln-‘/z ® Orbital = SU(4)

'7-"/ + 7

Yellow region: at finite B field — | *4 -
two states with same spin
get degenerate, inducing a [+.4)
situation of orbital Kondo N
effect

. -4
Green region: 4-fould

. . -

degeneracy, spin and orbital BN
induces a SU(2)xSU(2)=SU(4) =

KO n d 0 situation P Jarillo-Herrero Nature 434,484 (2005)
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SU(4) and orbital Kondo effect in CNT

Orbital Kondo effect a10
Fig. a) At B=5.8T for 1e occupation of the last Ez
shell (I) there is a conductance increase due @
to Kondo effect, see yellow dotted line.
(Orange numbers are the spin of the dot, LT
green lines are boarder between charge states) 0.90 V. (v) 095
Fig. b) Bias slice at the Orbital Kondo situation <
(B=5.9T, V,=937mV). Inset: Peak height follows
Kondo scaling.

Yellow region: at finite B field
two states with same spin
get degenerate, inducinga [E
situation of orbital Kondo
effect

Green region: 4-fould

= ne
= ()
kil/av (e%/h) o

i |7+.¢> 0 v (mV)1
? |_Yl)
g Zoom in of yellow

> —~|+1 region: anticrossing
degeneracy, spin and orbital < | 8, due to coupling

induces a SU(2)xSU(2)=SU(4) <3 B, ™" between |+>and |->
Kondo, sitHatiaNs. o) B B

SU(4) and orbital Kondo effect in CNT

SU(4) Kondo effect signatures

Fig. a) Decreasing T, G increases in the
valley of state | and Ill.

Fig. b) B=0 zero bias resonance appears

in state | and Ill. (There is no orbital splitting
as in previous slide due to higher Kondo

G (e?h) ®
n

-
L

-1

temperature §5< Ty )

Fig. c) At B=1.5T the Kondo resonance
splits into 4 branches for state |

Fig. d) The splitting of the 4 states vs. B
field for state I.

Outer lines are cotunneling from |-> to
| +> orbitals, while the inner lines are
cotunneling process from|-, >
to]-,\>. (p'spin=u'B + Morbital = 13u B)

The multiple splitting provides direct
evidence of the SU(4) Kondo

V(mv) &

n
o

di/dv (e*Ih)

0.5
resonance. )
(For B=1.5T & Ill the inner two states are not split.
Since T, large spin-1/2 SU(2) Kondo remains.) P Jarillo-Herrero Nature 434,484 (2005)
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