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Carbon-based materials
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Graphene

e aone-atom-thick planar sheet of sp2-bonded carbon atoms

Picture from: A.K. Geim and K.S. Novoselov, “The rise of graphene”, Nat. Mater. 6, 183 (2007)

Graphene applications

Fundamental research
Health and environment
Production

Electronic devices
Spintronics
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Sensors

Flexible electronics

Energy storage and generation
Composites
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Biomedical applications

Quantum Hall Effect




http://graphene-flagship.eu/wp-

Graphene road map content/uploads/2013/11/simpleshow_EN_Graphene 131004-640x360.mp4

Some of graphene’s optoelectronic applications
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» Great properties for optoelectronics
- High mobility - optical transparency - flexibility - environmental stability
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F. Bonaccorso, et al., Nat. Photonics 4, 611 (2010)

Growing graphene

a)

/ Polymer support

How does graphene look like?

A single graphene layer of thickness d=0.335 nm is visible to the naked eye!!

Bright field microscopy

Images by Silvia Milana,
Univ. Cambridge (2013)




Carbon: ¢C=1s22s22pZ, group IV

orbital hybridization

sp? hybridization: diamond .
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Graphene electronic structure: p, orbitals

Graphene: a 2D hexagonal lattice with a basis

/Schrb’dingerequation \

H-¥(r)=E-¥(r)

wavefunction
W(r)=c,®,(r)+c,®y(r)

D, (r)= Z = P(r— r,)
O,(r)= Z gt P(r—ry)

nearest neighbor vectors

lattice vectors d = %(1,\/5 ) unkno;vsn:uir;ig:,eo?kand @
a .
=233.43 eigenvalue problem
L o) D, | H|¥)=E®, | ¥
2 (O, |H|Y)=E(D,|Y)

a,=2(3,-3) _a (@, | H|¥) = E(®, |¥)
2 d, _E(_I’O) K j




Tight-binding approach

» Eigenvalue problem Y(r)=c,® ,(r)+c,D,(r)
(O, | H|Y)=E(D,|¥) D,(r)= " "g(r-r,)

(@ AW =E@,|¥) =3 " g(rr,)

p-

e Integrals

iK-(r,— .
|¢r e (ra=rs) —¢-e™% ifr,andrg are neighbors, otherwise = 0
B

16, )0 =0

b )

e Weget t, t’ from experiment

t ~3eV
t'~0.1eV

iK-(r, -1 » .
< | H |¢ e’ *ar) =¢. e’k'a if r, and r,, are neighbors, otherwise = 0

ifry=r, , otherwise = 0

t’<<t, thus we only assume r, <> rg hopping

Tight-binding approach

» Eigenvalue problem
(O, |H|¥)=E®,|¥)

Y(r)= CAd)A (r) + CBCDB (r)
D, (r)=) " " gr-r,)

O, |H|¥Y)=ED, |V
(D, |H|¥)=E(D@,|¥P) D)= S gir -,

t~(eik‘d' +ed +e[k'd3)~cB =E-c,

t-(e"""d' re it e ) c,=E-c,

A W
t-f (k) 0 Cp Cy

» Solution to the eigenvalue problem
-F t- f(k)

rwy op |70 = Bl

set  f(k)= e et pe

| FK) = \/3 + 2005(«/51{}\11)-#4005[?/{},11] cos(%kxaj

ik-dy

Graphene band structure

» Relation between wavevector k (momentum) and energy E

» zero-gap semiconductor
« linear band crossing

Dirac point

« Expand around K-point k—>K+q

2z 4
k. = k = +
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e Energy around K-point

E;J_r%t~a|q|=ihuF|q|
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Massless Dirac fermions

typical semiconductor

graphene
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Optical properties

Direct optical transitions
- transition rate (Fermi’s golden rule)
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Dirac density of states

o 2D density of states
27k - dk

D(k)dk =4 o

» Change into energy
E=nv.k

2F-dE

D\EVE = ———

* The joint density of states is DOS at 7w/2

ho ho o
D—|=—5=—7=
2 v, Aho;

Transition matrix element

Hamiltonian with minimal coupling

A

H:ch(p—EAJ:I:IO+I-AI'
C

Vector potential as a function of electric field

Matrix element
A 1 e’
M P=[(f|H |l>|2=Ev§;|EI2

Electric field as a function of incident power
72'821)127

M P=1—
2cw




Optical properties

» Direct optical transitions
- transition rate (Fermi’s golden rule)

2
- transition matrix element
2.2
e v
|M[=1——
2cw

- Dirac density of states
h
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- absorption coefficient
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Universal optical conductance

» Real part of conductivity

Ro(w) = %62 [v(@) [ D(w)

4]
2 2 D(w) <
|v(@) Poc v} (@)
o2
Ro(w)=—
4h
o Dielectric constant
.4rno(w)

e(w)y=1+i

Graphene optical transmission

thin film limit
d=0.335nm<<A

d
t,t eikd \ Serythl is a function of
ikd ikd ikd ikd 12°21
[=1,670, +1,€7 5 € 1€ 6 +...= a2 dielectric function e, and thus of
1=ryr, € the conductance o

Light transmission in the thin film limit

TP - Ro=1- 2% = 1- e
C

Cc o=— fine structure constant

Light reflection in the thin film limit

R w’d’> =0
Light absorption = 1-R-T = na _3.14159...
« universal absorption na per graphene layer Ta = 137.035

~0.023=2.3%

Graphene optical transmission

» Experimental verification of no absorption per layer
- experiments on graphene suspended in air
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Graphene visibility

If graphene does not reflect, how come it is visible?
- only in specific substrates due to interference
- choose a substrate with small initial reflection
- graphene’s effect is then maximal

Condition for small reflection: antireflection 1
- spacer thickness = /4

- spacer index = +/substrate index

Experimental verification
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Dark field visibility

« In dark field mode, only the edges of graphene “light up”
- Numerical simulations and theory predict this behavior
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Conductance at finite temperature and doping

o Fermi-Dirac distribution function

u: chemical potential (due to doping)
T: temperature (K)
kg: Boltzmann constant

J(E)=

1(E)

e(E*/t)/kgT +1

¢ Interband transitions in the Dirac cone

Graphene conductance

o The full spectrum of graphene
- Van Hove peak in UV
- Universal conductance in VIS
- Pauli blocking due to doping in NIR
- Drude free electron conductance in IR

Photon energy (eV)
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Electric field effect: doping by gating

» Graphene/oxide/semiconductor system
- Conductor/dielectric/conductor = capacitor
- Field applied by bottom gating with voltage V,

0=C,-V,=n=C,V,le

p k)

- The scaled capacitance C,/e was measured for graphene
10 -y7-1
C. / €oomsionsiy = 7:2x107 ecm™V

- So we can use

n[lO10 cm’ ] 7.2%

300 &, t: spacer thickness 50 -30
[V] . spacer dielecric

[ ]3 9 g constant

Electric field effect: Fermi level shift

Number of charges in Fermi level (at T=0)

ke Ky )
dk ky
n:gxgv 7 :72 27dek=i 100
var 4 -([ w §
- So we can relate the Fermi energy to doping (at T=0) E, Vo
s B0
n=k§/7z=Cg-Vg/e:noch -3 1

0l 1 L
by =N = \[7CV, e = ky [V, 80 —40 0 40
[\
v =hoNm =hv, [7CV, /e = E, <[V,
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Doping by direct contact Graphene’s free charges
« Graphene contacted by a metal with different Fermi level o The free carrier conductance
- Local.sh1ft of graphene’s Ferm1’ ltj:-vel _ o : 3 . 2%,T p 1 - 010 1=0.1 ]
- Creation of a lateral “Schottky” junction : ntra = In| 2 cosh - N
74 is 7’ 2k, T )1/ T —iw © o008t ]
a b) /\ /\ . $ u.s 3 @w T g06L_=0.06 ]
I\ \ / m: oo iy 1 H - At high doping (large Fermi energy E; or chemical ‘c
. . 70'4 ) . 1= potential p), the free carrier conductance ’Icl? 0.04r 1
,&\" = F becomes temperature independent. So we use the & ¢, | #=0-02 ]
\"J/\ /\ »&\ ____________ " i ‘ ; T=0 approximation: ° =0
\ / \ e e, O ) 009 100 200 300 400
1 ) ) m—Ws (EV) e EF 1 t: free carrier Temperature (K)
/ \ _— A= . G . Giovannetti, et al., Phys. Rev. Lett. 101, 026803 (2008) Ot (a)) ~ pre m relaxation time

« Graphene photodetectors

T . Mueller et al., Nat.
Photonics 4, 297 (2010)

These carriers have an effective mass E, =v,p, =m'v; =>m =E,/v}

« er
- The mobility p* is related to the relaxation time t from the Drude formula: y# =— =7 =
m

- Typical mobility values & >10000cm*/ Vs or higher. For E;=0.1 eV we get 7 >107"
typical values for noble metals are 7 ~107"*

- Graphene very promising for IR plasmonics!!




Graphene plasmonic applications

Graphene plasmonics:
Active plasmonics: Waveguides and circuits
dynamically modulated metal plasmonic

|

Surface Plasmon Polaritons

Charge density oscillations coupled with light
- Bound to propagate along the metal surface
General form of all fields
- above the interface (insulator with dielectric function &)
E.E,H, gfm e o ki —ew® /¢

Au

- below the interface (metal with dielectric function ¢’)
e )
ELE,H, oc g/t K=k —gw’

Boundary conditions

J. Christensen et al., ACS Nano 6, 431 (2012) E'=E H.=H,
c d .
5 ; A ) Surface Plasmon Polariton (SPP)
H N In plasmonic biosensing: ,
H bio-functionalization and dynamic modulation K +£ -0 %)
r = y
i 3 S
o eg' 05 7
[ | 7~ SPPs
b 0] ]
. JAVAVA
J. Kim et al., Nano Lett. 12, 5598 (2012) | E | 0.0 T T T
1 0 1 2 3
J.C. Reed et al., Nano Lett., 2012, 12, 4090-4094.
V.G. Kravetset al., Nature Mater., 2013, DOI:10.1038/NMAT3537. K| |
Plasmons on graphene SPP conditions
o Light coupled with Dirac charge density oscillations o | dcdla' | «  We get two different SPP relations
- Bound to propagate along the graphene surface e r —
| typical metal/dielectric SPP typical dielectric/graphene/dielectric plasmon
e General form of all fields , ,
- - . - K K x kK l-¢
- above graphene (insulator with dielectric function &) —+—= 0 — = g
i(hkpx-or) e € ¢ & d
ELE H, oce™e™  x=\kl-s0’/c )
w | & _ _&+e
- below graphene (insulator with dielectric function ¢’) kH =— ; (I da
o ) - cVe+e (I-¢,)
E!’EV’HV o ez( s w)e+xz K= k”z Py insulator &
L 1T,
- inside graphene (which has conductance ) we have a current s or 15 0
I, =0k, . 2 ol 2 ol
using &, =1+ 19 2 2
« Boundary conditions 8 de,w g a0l g a0l
[} (8]
E =E, H =H +1, % %
QD 60} O 60}
) . we also get a )
General SPP condition —+==""2 o o l—g
° enera condition c & e Sfp—e £ 1.0 15 2.0 2.5 0.2 0.4 0.6 0.8 1.0
o c £ d hw (eV) i
2, 2 , e+¢&' 2iw E+e o (eV)
If k>>ew’/c’ =>K=x"~k then k=g ——— ky» ———
2 o d(l-¢,)




Camparison between SPPs

Ag/Si SPP air/graphene/Si plasmon
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Excitation of SPPs

» Surface plasmon polaritons exist below the light-cone
- momentum conservation does not allow direct excitation
- special care is needed to excite them

Kretschmann Otto (TIR)

(d) SNOM

Zayats, Smolyaninov and Maradudin, Phys. Rep. 408, 131 (2005)

(e) Diffraction grating 1 Diffraction

« In grating excitation: )
T

ki —>k+m—, m=0,%1, £2,..
a

Z. Fei et al., Nature 487, 82 (2012)




