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Importance of cleaning by current annealing
Efficient field effect in layered conductors

Tunable metal : broad range of electron and hole doping
Dirac fermion physics : conductivity at neutrality ~4 e?/h
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d A
v' Gate tunable

e-concentration
chemical potential
e-color
compressibility
v"high mobility
v" Finite residual conductivity :

v Large Fermi velocity :

v’ Large sound velocity :
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H
n,=10"-10"% cm2
E-r =350 meV
Ae= 10-100 nm
e’y= 10-100 fF ym-2
0.002 — 20 m2V-1s-
4e2/h=(6,45 kOhms)"

ve=1, 10° m/s

c=2.10% m/s

(symmetry)

(from Cr to Pt)
(e-quantum optics)
(Q-capacitance)

(! Dirac Fermions)

(! quantum tunneling)

(Magic carbon-bond !)

(Magic carbon-bond !)



2) Transit frequency of microwave transistors
3) Diffusion probed in a field-effect capacitor
4) Acoustic phonons controls noise of resistors

5) New transistor architectures
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graphene
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80 GHz transistor (S-parameters)

E. Pallecchi et al, APL 99, 113502 (2011)

16 GHz nano-transistor (S-paramters)

ER-Tremblay, 28/06/2012 J. Chaste et al, Nanoletters 2008, APL 2011)



Exfoliated GR on SiO2 : 16GHz

current gain : H,, =1+ j%

Exfoliated GR on Sapphire : 80GHz

ER-Tremblay, 28/06/2012
(Pallecchi et al., APL 2011)
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(CVD graphene on diamond, Wu et al., Nature 2011)

(P. Avouris)

Today 300GHz'!
Tomorrow 500GHz ?




e

s| =
—_— e o
20
T RN sy Al

|l ' =
4
o
s il
" %
3§
i s
e
1
E
b
i =
s o =
e
o =
Tl : ==
= i it
T s i
& |
| T
i S
Il -
-
.{ " % -
g i ¥i it
. 1,3
f 5
el ;E . :‘A 3
S| & | | —_—
| =
g E
i

(Pentium 4, INTEL)

ER-Tremblay, 28/06/2012

depletion region

P substrate

Vps < Vs~ Vi
Gate

Ves Z Viy Channell
_—

(irwversion layer)

depletion region

P substrate

P substrate

pinched-off channel

Linear operating region (ohmic mode)

Vps = Vos - Vry
Gate

P substrate

Drain current [arbitary unit]

Saturation mode at point of pinch- off

50

40

30

20

10

Saturation mode

(taken from wikipedia.org)

3 -VTH:T v -

-
/
—

p—

Drain to source voltage [V]




1,000

- / Tk
E 280r , /Vy=04V]ng,
< i =
800 -3 2s0f N\ 0
T 240 T o °
5 o A ;) Z
2 A
§ /‘
3
400 - .
=
e V,=-8Vto0V
200 - -
V,=-8Vto0V
Lg =40 nm
s | s
0.5 1.0
(V)
Today 300GHz'!
100
a 0.8 ) =
Im(1/h,,) ﬁD 2t Imi1/hy,) = fif;
~ Tomorrow 500GHz, .... 1THz? 3
S o4l =01
- E
E —_—
- - £ f =155 GHz
— 0.0 L | 00 & - ' 10 20 30
& 10 0 10 20 10k 0 E 10 EEBH 30 10F & Frequency (GHz)
— Frequency (GHz) requency (GHz) g
70 GHz "
26 GHz - _ 155 GHz_ .
T=300K : T =300 K .' I-SDOK U
L =550 nm L, =140 nm | g=40nm -
1 g *. Ll 1 9, A 1 L Ll L
1 10 100 1 10 100 1 10 100
Frequency (GHz) Frequency (GHz) Frequency (GHz)

ER-Tremblay, 28/06/2012

(CVD graphene on diamond, Wu et al., Nature 2011)



Autonomous Driving

Google's modified Toyota Prius uses an array of sensors to navigate public roads without a human
driver. Other components, not shown, include a GPS receiver and an inertial motion sensor.

LIDAR . POSITION ESTIMATOR
Acrotating sensor on the roof A sensor mounted on the left
scans more than 200 feet in all \ ! rear wheel measures small
directions to generate a precise = < movements made by the car

three-dimensional map of the

and helps to accurately locate
car's surroundings.

its position on the map.

VIDEC CAMERA L EEESSEREE
Acamera
mounted near the
rear-view mirror
delects traffic
lights and helps
the car's onboard
computers
recognize moving
obstacles like
pedestrians and
bicyclists.

RADAR: -+ e H
Four standard automotive radar sensors, three in front and one
in the rear, help determine the positions of distant objects.

Source: Google

radars for aircrafts radar for (Google) Car

THz imaging
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3) Diffusion probed in a field-effect capacitor
4) Acoustic phonons controls noise of resistors

5) New transistor architectures

ER-Tremblay, 28/06/2012
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scalar cauge-field Dirac-mass

Hyg = hvpo - g + Vgl + ac-U  + dm*ao,

- (10
I_(Ul)

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

=]

e Dirac mass disorder : loecal lifting of sublattice degeneracy

Castro-Neto at el. RMP 2009,
Peres et al. RMP 2010,
Das Sarma et al. RMP 2011,
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mechanisms scattering time | conductivity
local impurity T~ 1/kp o ~ Const
local impurity T~Inkp/kp |o~Inn,
random Dirac-mass |17 ~ Const o~ /e
charged impurity |7 ~ kp T~ M,

resonnant scattering

T ~ kpIn?(kg)

o ~ nplnn,

. (2H 1
ripples T ~ k} ) o ~nl
- 2 3/2
acoustic phonons |7 ~ kj o~ e




thin oxide

Thick metallic gate

Cgeo

quantum capacitance
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geometrical capacitance graphene flake
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E. Pallecchi et al, PRB 83 (2011)

Wave guide (CPW)
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graphene -
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(Transport scattering time probed through rf admittance of a graphene capacitor, Pallecchi et al., PRB 2011)
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(Pallecchi et al., PRB 2011)

resonnant scattering

T ~ ]II:F lnz(k}r)

o ~ nelnn,
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. 2 3/2
acoustic phonons T ~ kg T ~ T
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(Pallecchi et al., PRB 2011)




4) Acoustic phonons controls noise of resistors

5) New transistor architectures
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Phonons spectrum
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» Large O-Phonon energy
» Weak A-Phonon coupling
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Phonon frequency [cm™1]

Phonon wave vector

OP interactions (Kohn anomalies)

ICN Barcelone, 17/02/2012
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P=V?/R

S=4k,T./R

electrons |
—

I e o
P| % Yra~0.01 Wm K™
]
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TD

—

Pl %EK ~ 10 Wm K™

substrate

TD

Volume x S(T° — T;'h) (3D) (metals)

Area  x N(T; = T,) (2D) (graphene ?)
Length x X(17 = T3)  (1D)  (nanotubes)



(metals) heat sink
G = AXT3AT

cooling power

K = Volume x X (TS — T}?h) (3D)
[~ T TTTI | T TTTITm l TTTITI
Q = Length  x % (T2 -1T3) (1D) :
(1D nanotubes, Wu et al. APL 2011) 10" —— =
' - a_%pr
2214
kg T/

T" p— =
~LA lﬁph”v%-ﬂg
Theory : Viljas et al. PRB 2010

ER-Tremblay, 28/06/2012
(Kubakaddi, PRB 2009, Viljas-Heikkila, PRB 2010)



Noise of an amplifier

S\ =S, +R*S,

Fluctuations:  Al(t)= |(t)—m

Noise spectrum : Al *(t) = jS, (v) Av

ER-Tremblay, 28/06/2012
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Shot-noise and/or Thermal noise

|| @sl +

W. Schottky J.B. Johnson H. Nyquist

ER-Tremblay, 28/06/2012
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| Te i |

phonons electron
T conduction
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Heat equation, sample L x W
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5) New transistor architectures

ER-Tremblay, 28/06/2012



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

] : hBN
Gr/hBN (2011) - Tunnel transistor Gr/Si (2012) Shottky-transistor

ER-Tremblay, 28/06/2012



I, pA/pm’

v,V

V.,V
( Britnell et al. Science 2012)
ER-Tremblay, 28/06/2012
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Grg
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ER-Tremblay, 28/06/2012 :
remeay ( H. Yang, H.-J. Chung et al. Science 2012)



Loa

> Transistor:

» Capacitor :

> Resistor :

> Devices:

APS-Boston, 28/02/2012

large transit frequencies

anomalous diffusion

weak electron-phonon

High-speed LNA’s, sensitive bolometers !
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