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A quoi peut servir le graphéne en électronique ?
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Gas electrons bidimensionnels 2DEG

Electron mobility (cm? V"' s™)

-ll::ln'l.

107 R

1988: UHV cryopumpbake

-H:'E':-

Mobilité : u=v,/ E

2D mobility in GaAs
2007: MBE growth conditions

SRR
RIS

2000: Sample structure =, 36 million em* V™'*7)

1986: As, Al, Ga source puritlﬁ,f

1982: LN2 shielded sources

1981: Sample loadlock

1980: Single interface

1979: Undoped setback

1978: Modulation doping © — o

Bulk mobility at thegL‘r//’&\
carrier densities

e
(d’apres Tsui et al.)

Temperature (K)

PP00000
Ga Al As

Ga As

>
B

X Er énergie

Effet Hall quantique 1980, 1982
s

-—3

Magnetic field (T)

Quantum de conductance 1988
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Physique quantique dans les 2DEG

Interférometres électroniques (2004)

=
@ @é

Single electron g
emitter

LPN-Marcoussis, SPEC-Saclay, LPA-ENS-Paris

Laboratoire Accélérateur Linéaire, Orsay, 28 Novembre 2014



Le graphene et les matériaux 2D

\\\—A i

(Novoselov et al., Science 2004)
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Graphene

Le graphene et les autres matériaux 2D
Les cristaux 2D et leurs substrat
Propriétés étranges des électrons de Dirac

A quoi peut servir le graphéne en électronique ?
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Exfoliation des cristaux de graphene

HOPG
Graphite

tape

‘ » _Ifjiding N
N\

3M Scotch
MultiTask
Gloss finish
—
L \ \
Lo 4 =4 " L™
Silicon chip — :
SIS0, (300 nm)

monocouche

5pum
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Croissance CVD : Grapheat® @ Néel-CNRS

1.Catalytic CVD growth of Graphene

Catalytic effect lead to surfacic
growth. Due to insolubility

of carbon in copper, no

carbon penetrates the

bulk, leading to pure 2D growth.

T

real time
computer
control

Graphene is produced by chemical

Vapour deposition on copper, with &El \ — {
methane as the source of carbon Large single crystal graphene grains expands on Cu surface.

Coalescence of grains leads to continuous monolayered film. Typ] ca | aspect Of tran Sferred g ra ph ene

2.3% absorbance

=
S
=
B
T
o
'S
=
a
L=
3

cm?
Vs

dvirdl ()
Transmittance

L= 120000 <= (4K)

300 450 600 750
Bate Votage v 1° Wavelength (nm)
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Effet Hall guantique du Graphene

o (KE2)

n (102 cm™)

(Novoselov et al., Nature 2005)
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Modele liaisons fortes

ENERGY

e |

'l k ” k II
/
\ Electrons /

(P.R. Wallace, PRB 1947)

v Deux atomes identiques par maille

(sous réseaux équivalents A et B) H=—t ) (axbj+H.c)
i,j,0
t=28el a = 0,14 nm

v Deux points de Fermi non-équivalents K et K’

v" Fort recouvrement des orbitales p, entre premiers voisins
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Modele basse énergie - fermions de Dirac

SN
=
I
=
/
ENERGY

k' J-'
Electrons /

0 qx — iQy

qx t1qy 0 >=ﬁvFa.q

H =ﬁvp< ] ] .
v Hamiltonien de Dirac (x4)

avec ¢ = K — k et o les matrices de Pauli

v’ Fonctions onde = spinneur

vp = %ta =10°% m/s

Celar (1 i v’ Pseudo spin de sous-réseau
Y. x(q) = 7 (ieieq) avec 6, = tan 7,

v' Modeéle robuste (£ 1eV)
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Signatures Hall-Quantique « des Graphenes »

Gas 2D Graph. 1-couche Graph. 2-couches Grap. 3-couches

E
A

: \

N

(Barlas et al., Nanotech 2012)
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Caractéristiques d’un 2D matériau

Crystal 2D d'épaisseur atomique
. Propriétés dépendent qualitativement du nombre de couches
. Le transport dépendent a l'ordre zéro de la symétrie du cristal

Fortement accordables par des grilles ou autres actions locales
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Quid des autres matériaux 2D ?

Graphene hBN ;
family Graphene ‘white graphene’ BCN Fluorographene Graphene oxide
' . Metallic dichalcogenides:
55 Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
dichalcogenides:
chalcogenldes MoS,, WS,, MoSe,, WSe, MoTe,, WTe,, . '
ZrS,, ZrSe, and so on Layered semiconductors:
¢ ¢ GaSe, GaTe, InSe, Bi,Se, and so on
Micas, Hydroxides:
BSCCO MoO,, WO, Perovskite-type: Ni(OH),, Eu(OH), and so on
2D oxides Bi l‘.aNbQO?’ (Ca’s.r)2Nb3010’
. i, T1,0,,, Ca,Ta,TiO,, and so on
Layered TiO,, MnO,, V,O,, Oth
Cu oxides | TaO,, RuO, and so on il

AK Geim & IV Grigorieva Nature 499, 419-425 (2013) doi:10.1038/nature12385
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Graphéenes en noir et blanc (h-BN)

- [}
. ==
|
Ha |
21
L—
) Wi ARl
0 Wi |
e h-l ! | .|

T
0 hw  hes RER  H§T NAs WA

¥ I‘I |

B niead sblS eTh ol el 1.'|.~':_Lﬁ I

Cd In  Sn | Sb, Te Xe |
e e B imee e e | e |
B0 Dbim eipz SMIE) JHERY WHwes  (DONRy 12

RGN R N8 AR

h-BN e G |ug

B Oodabgs sdTE7 Ma¥EE Wl WERTO TR (R
I'b Dy Ho | Er ([ Tm | Yb | La
band-gap =0 band-gap = 6eV ! g R
0 Blc| Cf | Es | Em/|Md No Lw

= (S cience.gouv.fr
3 e p
=2 -~ ¥ IBl‘-ll : -

oS

J-N. Fuchs, habilitattion, Orsay 2013
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Ou se procurer du hBN ?

TRES BN® Cosmetic Powders

Boron Nitride powders for color cosmetics and skin care

s

Features / Benefits

e Lamellar crystal structure improves texture

*  Soft and lubricious for superior spreading and
adherence

®  Decreases tack by absorbing excess oils

®  Finely divided particle size distributions
<=2 um high opacity and soft focus
6 - 8 um for luminous coverage and soft focus
12- 16 um for translucent appearance

" > 16 um for reflection and luminosity
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Les 2DMs en grande surface (CVD sur metal)
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W. Yang et al., Nature Mat. (2013) Y. Zhang et al., Nature Nanot.. (2013)
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Dichalchogénures de métaux de transition

MoS,, WS,, MoSe,, WSe,

Monocouche => gap direct multicouche => gap indirect

Energy (eV)
"

7’

Energy (eV)

I
I

r K r 04 08 K I 04 08 K
kyn,fﬁ.} k},ﬂfﬂ)

(Y. Zhang et al., Nature Nanotech 2013)
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Graphene

Le graphene et les autres matériaux 2D
Les cristaux 2D et leurs substrat
Propriétés étranges des électrons de Dirac

A quoi peut servir le graphéne en électronique ?
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Le graphene suspendu

=0
RS neutre X
5 =
0= )
S S {100
| 2 5
s <
— L3 e E
= =
2 150 2L
o ®)
[, ~150 nm
_ -0
15 trous

-2

(K.I. Bolotin et al. PRL2008)

Source

Drain
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Transport a la limite quantique

=Ty
= neutre =
3 3
S £ 1100
30 F 2 -
) S
= = =
o 150 @ :
o < c n {10 cmr?)
[, ~150 nm
(E.V. Castro et al. PRL2010)
1o trous
-2
n (10" cm)
' s 4e?
(K.l. Bolotin et al. PRL2008) Conductivité minimum G~%
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Tapis de fakir ou moquette haute laine

~100+—— _ ———+-D. ~100—+/—— —. X 7
2100 75 50 25 0 25 50 75 100 —m{] 75 50 =25 0 25 50 75 100
X (nm) X (nmy)

o Graphene/mica
o Cleaved graphite

Frequency (arbitrary units)

~100+— — 04
100 75 50 25 0 25 50 75 100 |
X (nm) Height (pm)

(Lui et al., Nature 2009)
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Exfolié sur un autre matériau 2D, e.g. h-BN

d Water-soluble - PMMA Glass slide

layer ~. ~ Graphene

Si/Si0, --”%\r/
|
L ¥

— Dl water f

L=
’ ) (i)

Floating __

PMMA
s -
- G

I
E

‘ 1
A
|
= a
— 72K = - -~
204 — 100K T2 )
b Gmphene' ] G"’EIP"IFIEHE _— EC'DK "\.l__: 4
' ® EN 1 o N
¥ 4 500, % 1 y ]
1.5 4 ® y
o D !
3 —~ T T 1
i:.; < -2 E 2
- = 1.0 n (x10% cm™)
£
(=2
=
0.5 1
. Monalayer
| T
2 ; 0.0 . . , . : .
- 2 3 -40 -20 0 20 40

Height (nm}

(Dean et al., Nanoletters 2010)
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la surface de S
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(Courtesy of

(Baringhaus et al. Nature 2014)
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Balistique : encapsulé entre cristaux de h-BN

A B
L 100
1200 J @( 140,000 T=300K
80_— ‘ +
- |
1000 - 5 60 120,000
2401 I L \
L 17K \
T ool M 100,000 :
8001 20 | \k = —— our device
~ O s s == | 2 ——— phonon limited
g 20k ]| g 80,000 model
T 600 40 20 0 20 40| © I
Vgare (V) 2 60,000 -
400 S I
E 40,000 -
-6 -0 Y
O - _
200+ 20,000 - ©O0o- - _ _ o
r GaAs
| ] | I ! Lo
20 40 0 1 2 3 4
n (x10"” cm?)
E 20
o - 40V
O +40V
A = 40V 15
v +40V .
A @ E
oo 5 U =10 + o
=2 o
% o |
% To17K
, . , , E vl vl Y 0 ) ) ) ) ) ) )
3 -2 -1 0 1 2 3 1 10 100 0 5 10 15 20
n (x10" cm?) T (K) device size (um)

L. Wang et al., Science 342, 614 (2013)
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Ou par croissance directe sur h-BN

Length (nm)

(W. Jang et al., Nature Nanotech 2014)
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Haute mobilité méme a température ambiante

8 |
L 2D mobility in GaAs 1 1 j
2007: MBE growth conditions pe0000e '
S—TTTTIT . Ga Al As
2000: Sample structure ™ 6 million cm® V") \
: Ga As \
10” "1988: UHV cryopumpbake BV. | | BC.
~ e . y " Er %énergie
‘n 1986: As, Al, Ga source purity™e
=
e~ &1 2013 : graphene /hBN =
= 107
C Very weak effect of phonons
-
= 1981: Sample loadlock
£
E allz}] 1980: Single interf o \
& PRI EIBHIBSS Room temperature
E 1979: Undoped setback applications 2
j0* | 2005 : graphene /Si02 g °
Bulk mobility at these
carrier densities
10°

0.1 1 10 100
Temperature (K)
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Graphene

Le graphene et les autres matériaux 2D
Les cristaux 2D et leurs substrat
Propriétés étranges des électrons de Dirac

A quoi peut servir le graphéne en électronique ?
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Comparatif 2DEG-graphene

Electrons de Dirac

Relation dispersion linéaire
Fermions de masse nulle

Symétrie électron-trou b =Ty
Pas de bande interdite

‘
A J

Singularité de la densité d’états \
: ) . N
La fonction d’onde = spineur N o
.. Band structures Density of States

Electrons de Schrodinger m,

. . . E A /T.ffz
Dispersion parabolique 12,2 E
Fermions massifs o |
Electrons # trous X
Une bande interdite Np(E)
Fonctions de Bloch scalaires
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Contact gate

li{“éhannel gate
!- B it

Un effet de champ tres efficace

n=1014 n=1012
er = leV er = 100meV
Ar = 0.5nm Ar = 5nm

contact g_ate?

. aprr—————

SEM / source Pd
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Lm Effet spinneur et suppression de la rétrodiffusion

qfinal %
§ Qinitial . /

Tl [dB (1 —cosB)(1+cosB)|V(g)|?

Conductivité : 0 = e“N(&p) vt/ 2

» Suppression de la rétrodiffusion directe / \\
(o2 | .
..\“: - - - . )

» D’ou les grandes valeurs de mobilité A
Y,
™ -

» Mais pas seulement ..../....
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Des mécanismes exotiques de diffusion

scalar range-feld Dirac-mass

Hy = hvpo - q + V(g)1 - ac- U+ dm*o,

e scalar disorder (/-term), short range : adsorbates, void, etc...)
e scalar disorder ([-term), long range : no screening of charged impurities
e pauge field disorder : static distortions like ripples, ete...

¢ Dirac mass disorder : local lifting of sublattice degeneracy
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Transport a la limite quantique

=Ty
= neutre =
3 3
S £ 1100
30 F 2 -
) S
= = =
o 150 @ :
o < c n {10 cmr?)
[, ~150 nm
(E.V. Castro et al. PRL2010)
1o trous
-2
n (10" cm)
' s 4e?
(K.l. Bolotin et al. PRL2008) Conductivité minimum G~%
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Des propriétés de réfraction anormales

Fermions relativistes massifs Porteurs du graphene
E
\/ f,"ﬁ “*‘“#\0 | A’.k
: T T s \/ | '-" '--.R?
= : S s |} 2hvpk
TR ) S b 2hork,

E =+ (mc2)? + (/ick)? E = i\/(ﬁ Vg qy)z + (Z2vp qx)?

T(qy) = exp | —m/2vpk /a .. T(qy) = exp(—nﬁquyz/eEx)

(F. Sauter, Z. Phys. 1931) (Cheianov-Falko, PRB 2006)

Transmisssion parfaite en incidence normale !
( Ando et al., J. Phys. S. J 1998)
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lentille de Vasalego

0

S

jT(qy) = exp(—nﬁ quyZ/eEx)

0.0 T [ T R B R L L }

-0.4

(Cheianov et al., Science 2007)
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Le prisme a fermion de Dirac

a) Vds = 10mV
E (eV)
0] 0.22 0.46 0.56
178 [ T [ T [ T [ ’

0.75
=
£
< 0.5
g

025

(Wilmart et al., 2DM 2014)

n(10'%cm®)
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Graphene

Le graphene et les autres matériaux 2D
Les cristaux 2D et leurs substrat
Propriétés étranges des électrons de Dirac

A quoi peut servir le graphene en électronique ?
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un Pentium Graphene ?

Vos < Ves- Vi
Gate

Source Gate

VG§< VTII
—&I

: Esastioningion depletion region
1 ~ P substrate P substrate i e
Linear operating region (ohmic mode)
| Vos = Ves~ Vi Vps = Vs - Vi
b Source Gate Drain Source Gate
i

\‘II’C-S3 V'III
H—DI

P+ N+ N+

i ==
T | e L pinched-off channel Bt
: E Saturation mode at point of pinch-off Saturation mode

(taken from wikipedia.org)

¥
i
| I

i i 50 T T T 4 I
!!a‘ | ‘M: I - s :
: - "-----:-v\’f.;' 1 = = » i

[ - 3 g 7 : 5

M R 1 __:_ | I i o r —
- e v oL / - 7 ]
i 1 7- e o e s ’g‘ : 3 :
. ‘.:j & | e é‘ - / / -
——— _ﬁ‘f‘ e -'E 20 B / oD . ]
AL - : // ]
& B A -
a 10 3
(Pentium 4, INTEL) |

0 1 1 1 1
0 2 4 6 8 10

Drain to source voltage [V]
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100

Le FET graphene classique (G-FET)

1

Wu et al., Nature 2011

1,000 =
240 300 a0 T
T ol E
£ 180 E 280 \ Vy=0.4Visg g
< < h{ =
800 = 120 = 260f [N\ 10 oo ]|
T 60—8 &6 4 =2 0 Mg T a2 0"
: 600 Vo M) AL Vo) /
£ A
3 e
8
400 - .
Z
2 V,=-8VtoOV
200+ - -
Vg =8Vto0OV
L, =550 nm Ly=40nm
0 1 1 | 1 | 1
0.0 0.5 1.0 1500 0.5 1.0
Drain voltage (V)
100 100 5
a 0.8 b c o 0.2t Im(1/h,,) = f/f
Im(1/h,,) = fif; 0.4l 1M/hy) = flf; @ . — (Vhys) = 1ty
= . = e 3
a
i 0.4t EE&E‘ § 0.2 iy, O
E E" ;
K f =26 GHz f. =70 GHz E f. = 155 GHz
0.0 i’ Yo _ 10 20 a0 Freqis 2{E()3H },30
- 0 10 20 10 10 “&. Frequency z
Frequency (GHz) Frequency (GHz) s
70 GHz "
26 GHz . - - 155 GH
T=300K |' T=300K S T=300K ‘
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| . Ll 1 | ML 1 Ll M b S
10 100 1 10 100 1 10 100
Frequency (GHz) Frequency (GHz) Frequency (GHz)
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Le FET et nano-FET au LPA

(Pallecchi et al., J. Phys. C 2014)

Exfoliated GR on Sapphire : 80GHz

(

(Pallecchi et al., APL 2011)

Current gain Ih,,| < g * (ms)

Vds =0 mV
< Vds =40 mV
o Vds =100 mV

.
2
s,
)
[y
My
y

o "
’, L,
g
@ £ §
e, \, it
. W - A
i)
N n

[ AL
0 0 0 "0 Ry g e

o 0 Qe
[=]
IZ{
100 200 300 400
V. (mV)

T
1E9

1
frequency (Hz)

E10
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Le FET graphene sur BN (GoBN-HEMT)

haute mobilité saturation par les phonons
\ (a)
'q Cyg g
10F L
o—W— W—o
G 1 D
08| Cgs-l_ gm@ o
£ o8l
<
E
= 04} S
b
0.2+ ( )
60
200 05 10 1500 05 o BRI
' ' ' R ' — model
Vdrain V) 40 -
(b) & 1 -
g wf, f 34 Gh:
= 20h
10 +
0+
raphene
. B [ g L ST TP R BT |
BN 0.1 1 10 100
Cr/Au Frequency (GHz)
e Si02 (c)
es2 g, | 19ms | r,ry | 1259
B : Si . | 989 | C, | 17fF
S4700 5.0kV 12.9mm x3.50k SE(M) 6/16/2011 11:37
o | 19 C, | 84fF
Figure 1. GFET device structure. (a) Schematic illustration of the (b)

back-gated GFET device. (b} SEM micrograph of a completed structure.
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Variantes de transistors

graphene

Gr-FET MoS,-MOSFET
(B. Radisavljevic et al. Nature nano 2011)

Gr/BN/Gr (Nature 2011) - Tunnel transistor Gr/Si (Science 2012) - Baristor
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Bolometres sensibles et rapides

4t
= |
:E 21
=
o
>, 1F
[
0.5: > -55V
| 1 | 1 | 1 | 1 |
0 005 010 015 0.20
2
P (MW [pm]*)
800
Vg=+12V (gNP) o**’ 0V
=3 | Sl 600 - V- -10V
/ 20V
optical 5
ph?)tnonsg- Q -32 V
— N electric field > 400
Phanons o scattering g
supercollision 200 B 2 EA
Vg V)
L \ 0 I T T T T T -?:O (') ?I)O
Pump-probe, black body, Noise thermometry, 0.00 0.05 0.10 0.15 0.20
Raman, photocurrent tunnel spectroscopy P (mW [ “m]z)
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50 GBit/s Graphene Photodetectors

Graphene

L | [| ]
[ | 1 1
BOX 700 400 '300"' nm

Qo111 I010001 101001004 11 11001 110010001101101
T T B o A RS Ve ¥ i S A I Y A N U g o

CTT010001 111101 1010000100001 1100711010071 1110110
b - - e s o+
'_-"J_.—"h.-_’\ /'\"_ ) r"‘j T 1‘..--._.-" L ‘_.'\‘_J‘_'\_-_F;f"\-\‘_’._f.vi

1000710 10000011 101 1007114 11
Ly Uy 1 AP AR AP SR WY Y S
2 mv

QU1 10010111011 101000108071 107111071 1000000401 10000
r"'_"\. . .___,.—;_‘...)_. bk ANy sy ."'_"x_',.v"'-.'____.-"-. T, iy |

—— 100 ps n=2"-1, 50 GBit/s

Schall et al. ACS photonics 2014
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Photodetecteurs graphene du Visible au THz

_ T a
1.00 2.3% absorbance

0.98 ~

0.96

0.94+

Transmittance

0.92¢

0.90

300 450 600 750 900
Wavelength (nm)

440 %105

220x107

T T
0 10 20 30 40 50 60
X axis (mm)

(Vicarelli et al. Nature Material 2012)
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v Graphene pour le nouveau standard de résistance (Schopfer-LNE)

v' Graphene pour la spintronique (Sénéor-UMPhi-Thales)

v' Electronique flexible graphene (Happy-IEMN, Derycke-Saclay)
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1.

Conclusions

Crystal 2D d'épaisseur atomique

Le transport dépendent a l'ordre zéro de la symétrie du cristal
Fortement accordables par des grilles ou autres actions locales
Phénoménologie tres riche

Applications en électronique et optoélectronique rapides
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Quentin Wilmart ~ Dr. M. Boukhicha ~ Michael Rosticher  Pascal Morfin  Jean-Marc Berroir ~ Gwendal Féve  Bernard Plagais
(PhD student) (post-doc) (opto devices) (CVD growth)

Allumni Optics team
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Andreas Betz Sung-Ho Jhang Emiliano Pallecchi David Brunel Simon Berthou Dr Wei Yang  Christophe Voisin
(Hitachi Cambridge) (Ass.-Prof. Seoul) (MCF IEMN-Lille) MCF-UPMC (PhD student) (post-doc)
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