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Why StUdying nO|Se ’? gGRAPHENE FLAGSHIP

Because noise limits the performance of graphene electronics
Because it tells us something about graphene physics
It may be usefull to something

Finally, because it is there ..... « noise is the signal »
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L1: NOise OUtIine gGRAPHENE FLAGSHIP

O Introduction noise physics

O Quantum shot noise in graphene
O Hot-electron noise in graphene
O Phonon cooling in graphene

O Perspectives
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Noise of an amplifier
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Statistical distribution
Fluctuations : Al(t)=1(t)—1(t)

Noise spectrum : Al “(t) AV

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais @ WP4 - HF Electronics

< Jar

Coups
2 82 8 &£ g 28 @ g
o 8 8 8 8 8 8 8 8

Al



Basic noises In macro-systems

Vacuum
tube

Tunnel
junction
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Shot-noise
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Equilibrium noise
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W. Schottky

J.B. Johnson
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Noise In macro-systems O craprene ruacsire
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coherent scattering shot noise ) crarvene ruaashie

Conductance is transmission Quantum scattering is noisy
€2\ > T, (1—T,)
G = 4—2 T, S, =2el =2 =~ = 2el X "Fano"
h L T,

R. Landauer and M . Buttiker

Fano factor F<1 : a measure of noise intensity

Ya.M. Blanter, M. Biittiker / Physics Reports 336 (2000) 1-166
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Combining population + scattering noise O craruene racsure
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Combining population + scattering noise O craruene racsure
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Metallic sample : from meso to macro @ craruene rLacshie

... on increasing the sample length
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A.H. Steinbach et al. / Phys. Rev. Lett. 76(1996) 3806
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Metallic sample : from meso to macro @ crapxene riacsuie

on increasing the bias voltage
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Current noise spectrum

a GRAPHENE FLAGSHIP

v
typical noise spectra in a 1kOhm resistor
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Current nOise SpeCtrum gGRAPHENEFLAGSHIP

typical noise spectra in a 1kOhm resistor High bias
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Cryogenic RF-noise measurement @ craptene racshie

Aalto set-up (650-750 MHz) ENS-setup (0.1-2GHz, 1-12GHz)

I Low Temp Phys (2008) 153: 374-392
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See : Antti Laitinen poster !!
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Example of noise spectra and Fano factor plot ) crarrene FLAsHIP
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A. Betz, PhD-thesis, https://tel.archives-ouvertes.fr/tel-00784346
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L1: Noise In graphene devices ) craprene FLacsHIP

O Introduction noise physics

O Quantum shot noise in graphene
O Hot-electron noise in graphene
O Phonon cooling in graphene

O Perspectives
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Metallic sample : from meso to macro @ crapxene riacsuie

on increasing the bias voltage
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Shot noise in graphene junctions (@ DP) @ craprene FLacshie

Short junction with W>>L

. . : |
Evanescent wave transmission T = —— —.
cosh”(m(n + ) )

L 4L [>®  dk 4¢*
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Dirac Dirac W h W 0 CDSI]Z ( k}. I3 ) Th
, ) 00 dky . 1
F Ty = Z;?;—Dl THDIME(I - ﬁ;ﬂ:mc) - fﬂ cc-shzfic}.L)(] cashl(kFL}) . 1
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J. Tworzillo et al. / Phys. Rev. Lett. 96 (2006) 246802
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Shot noise in graphene junctions ) crarrene FLAsHIP

Noise suppression in ballistic graphene (W=5L) F=1/3 at DP
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J. Tworzillo et al. / Phys. Rev. Lett. 96 (2006) 246802  R. Danneau et al./ Phys. Rev. Lett. 100 (2008) 196802
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Shot noise In graphene ribbons ) crarHENE FLAGsHIP

theory experiment

ol4e*/mh]

W/ L

J. Tworzillo et al. / Phys. Rev. Lett. 96 (2006) 246802  R. Danneau et al. / Phys. Rev. Lett. 100 (2008) 196802

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais @ WP4 - HF Electronics



Metallic sample : from meso to macro @ crapxene riacsuie

on increasing the bias voltage
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« Wiedemann-Franz regime » ) crapHene FLaasHIP

e-e interactions at finite bias
=> u(x) and electron temperature profile T_,(X)

TTy

2

e—ep()\|"
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Heat equation : Ta—ta +div]Jo=—J.E
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= —_— ] L. = 2 2 2 — —2
R 3x2 B with L, =m*kg“/3e* = 25 nWQK

Hot electron shot noise V3
SI = 4GkB<Te> = Zel T
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Metallic sample : from meso to macro

a GRAPHENE FLAGSHIP
2

S:/(2el)

on increasing the bias voltage
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Phonon resistivity

OP-phonons
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Chen-Fuhrer / Nat. Nano (2008)
Efetov-Kim / Phys. Rev. Lett. (2010)
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Phonon scattering : Bloch-Gruneisen temp.

a GRAPHENE FLAGSHIP
2
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8D X TBG
Ap(Tpp < O56) = % f (T—> ~T*
Pm ph

Ap(Tph K 936) ~const.x TWW ; const.= 0.1Q/K /!
tpn(300K) = 1/neAp ~ 2 x 10°/ny,

lpn(300K) = pEp/evp = 7 um [\ny,

L. Wang et al. / Science 342 (2013) 614

@ WP4 - HF Electronics



Phonon relaxation / cooling ) crarHene FLacsHiP

Joule heating and phonon cooling at 4K (cold phonons)

I I
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— 5
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Pyraphene = 10mW /m2K* X T,* & Pyapitza = 10W/m?K* X Typ* < Prerars = 500 W/m2KS x T,°
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Phonon scattering : Bloch-Gruneisen temp.

a GRAPHENE FLAGSHIP
2
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8D X TBG
Ap(Tpp < O56) = % f (T—> ~T*
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L. Wang et al. / Science 342 (2013) 614
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Phonon relaxation (hot phonons)  © creuene ruacsie

Ordinary electron-phonon 3-body electron-phonon-impurity

\ / AC-phonon "

\
Impurity

T3

L, L?0°T*(x) _ V?

Heat equation TR =% + Ppnonons

. 7T2D2k34EF 4 4
Cold phonon cooling Pon(Tyn K Opg) = T5p 75570,3 X (T,* — oh )
Supercollisison regime 1 9.62D%kp’E*

Pon(Typn > Opc) = X (To> — Tpp*)

X
kpl  8m2p,h°s?vgt
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RF noise measurement g GRAPHENE FLAGSHIP

Thermal + 1/f noise diffusive G/hBN sample
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A. Betz et al. / Phys. Rev. Lett. 109 (2012) 056805
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Electronic temperature measurement @ crapuene riacshie

(Te> =R SI/4kB

800

600 -

T, (K)

400 -

200

0.00 0.05 0.10 0.15 0.20
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A. Betz et al. / Phys. Rev. Lett. 109 (2012) 056805
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Checking the phonon temperature ) crarHENE FLAGsHIP

Temperature dependent Raman shift of 2D Peak
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A. Betz etal./ Phys. Rev. Lett. 109 (2012) 056805
B. Collab. C. Voisin group
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Data analysis : Bloch-Gruneisen regime @) craptene rLacshie

T < Tgg (cold)
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A. Betz et al. / Phys. Rev. Lett. 109 (2012) 056805
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Hot phonons : supercollisions ) orarrene FLasHip

Ordinary electron-phonon collision 3-body electron-phonon impurity
T3
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‘ 3 n
600 | ok -10°V =
20V = 5
— 32V £ 0
=, 400 43V / <
= o
5 -5 3_;3\/ “’\o 1 -
200 |- 2-5/\ — 0
T, NVAAN -
0 .................... =30 0 30 05- ii} ] | ] | ] | ] |
0.00 0.05 0.10 0.15 0.20 0 005 010 015 020

2
P (MW [um]) P mWikml')

A. Betz et al. / Phys. Rev. Lett. 109 (2012) 056805
A. Betz et al. / Nat. Phys. 9 (2012) 109
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Supercollisons regime ) crerhene FLaasHip

Ordinary electron-phonon collision 3-body electron-phonon-impurity
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A. Betz et al. / Nat. Phys. 9 (2012) 109 Song-Levitov / PRL (2013)

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais 34/80 @ WP4 - HF Electronics



The full AC-Phonon scenario ) rarvene rLaashie

Suspended G : Antti Laitinen poster !!

Puis (Wg" mz)

108 102
—~10" Bloch-Griineisen hot-phonons T5 - 1 .
= !
m =+
3 g - 107 4100
T 1004 & g = =
] = 3 L [ 3
- m 3 E o
Qv §  eeF & | =10c <107
= -7 =
v o o C
g el = [ 13 E E. -
3 i - 8 ot 100 + 108
c T2 . o & F ]
S 10°+ .. T - '
= [oeeee § 10t < 10°
E — MLG diffusive o = -
& 00— |- MLG clean = C .
. - - — I - - ——rry . . 103 1 [ 1 I 1 1 1 11 1{]4
10 100 1 000 100 1 000
Electronic temperature (u.a.) T. (K)

C. Voisin and B. Placais / special issue “hot carriers in graphene”, J. Phys.: Condens. Matter 27 (April 2015)
A. Betz et al. / Phys. Reuv. Lett. 109 (2012) 056805

A. Betz et al. / Nat. Phys. 9 (2012) 109

A. Laitinen et al. / Nano Lett..14 (2012) 30009.
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Supercollisions are also seen in optics @ crarhene FLaaship

Pump-probe experiment at Cornell (Graham et al., Nat. Phys 2013)
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Phonon cooling optoelectronics

(a) Optical excitation (b) Electrical excitation

/
acoustic f— slectric field
e Fhatons E';au;ﬁ"g
supsrcollision
C
C
Pump-probe, black body, MNoise thermometry,
Raman, photocurrent tunnel specltroscopy
RF Thermal noise Black-body (tail)

Spectral power density @ 2000 K

Spectral power density (eV
S 3

1D
— 3D; 10 pm?

1075 10 1o-* 1-|:I'2 107! 10°
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Collaboration with Ch. Voisin’s Optics group at LPA
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Phonon cooling optoelectronics

« Janus » setup

(a) Optical excitation
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Comparing RF and Optical C-power @ srsseneruassire

Black-body spectrum (tail) RF Thermal noise
J. Phys.: Condens. Matter 27 (2015) 000000 D Brunel ef al
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Optical phonon cooling (bilayer) @ crarueneracsure

' ,
_ wg T e
Suspended bi-layer graphene : TWE o
Low carrier density E g0t | opezE)
-E llf mm= ]
i,

Suppressing AC-phonon cooling
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A. Laitinen et al. / Phys. Rev. B, Rapid Comm. (2015) in press
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L2 : Ballistic graphene devices ) craprene FLacsHIP

Applications of hot electron effect ?
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appl ications g GRAPHENE FLAGSHIP

Applications of the hot electron effects ?
® THz-UV bolometers

®* Noise standard (for scientists only ?)
® LNA’s
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T2 - hot-electrons as a noise standard @) crarHEne FLAGSHIP

Short diffusive graphene
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T4 - Bloch-Gruneisen for THz detectors @) crapuene racsnie

THz photo-detectors at Yale, etc...
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C B McK:itterick et al. / special issue “hot carriers in graphene”, J. Phys.: Condens. Matter 27 (2015)
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T4 — supercollisions for LNA's, Optics ... ) crarrene rLacshie
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Conclusions on noise (L1) ) crarvene raaship

O Electron-phonon in graphene is weak for ACs and strong for OPs
O Hot electron effects are prominent
O Next : investigate OP-cooling, SPP-cooling etc....
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L2 : Ballistic graphene devices ) crarvene ruaashie

Ballistic electronics is possible thanks to weak e-ph
scattering (l,,~2 um at T,~1000K)

Question : How can we exploit it ?
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L2 : Ballistic graphene devices ) craprene FLacsHIP

O Motivation : Dirac Fermion Optics
O Ballistic graphene and junctions
O Ballistic graphene FETs

O Conclusions

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais 49/80 @ WP4 - HF Electronics



Vasalego lens and splitters (proposal) @ crarrene racshie
Relies negative refraction index (and a point source) : sing = —(kn /kp) sin 6

Fig. 4. (A) Electron B )
Veselago lens and (B A = ) D3 DE D]

and C) prism-shaped
focusing beam splitter in
the ballistic n-p-n junc-
tion in graphene-based
transistor.

fop gate

botftom gate

V.V. Cheianov, V. Falko, B.L. Altshuler / Science 315 (2007) 1252
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Refraction at p-n junctions O crarrene FLaGsHIP

Single-layer Bi-layer

M.l. Katsnelson, K. Novoselov, A. Geim / Nat. Phys. 2 (2006) 620

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais 51/80 @ WP4 - HF Electronics



Klein tunneling reflector (easier) O crapHene FLAGsHIP

Relies on large refraction index contrast sing = —(ky/k,)sin6

Transmission T

I
1-T
® T(g2) <€ N\ >

incident
electron @ @

._.,..__\._.I-.l T(el]

internal
?T reflection incident
N electron
Here : total

internal reflection

Q. Wilmar et al. / 2D Materials 1 (2014) 011006
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Klein tunneling reflector (easier)

Relies on large and tunable refraction index contrast

a) b)

® Te) ©®

incident
electron

incident
electron

LT

’ internal
Vt reflection E
> :
c)
incident o
electron . i T(92)

S Te)

Rectangular
device

a GRAPHENE FLAGSHIP
e

sing = —(kn/kp) sin 6

transmitted
electron

Q. Wilmart et al. / 2D Materials 1 (2014) 011006
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Klein tunneling transistor (modelling) @) craprene FLAGSHIP

Scattering model and NGEF simulations

a) Vds = 10mV
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- 025
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-.-
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O (m———
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Y (107 * nano KT-FETs device

Q. Wilmart et al. / 2D Materials 1 (2014) 011006
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Wave paC ket app roaCh g GRAPHENE FLAGSHIP

(poster Enrique Colomes)
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Requirements for DFO ) orarene FLacsHiP

n-type

O Widely tunable index n=-k, K,
O Incoherent DFO at room temperature
O Ballistic transport L<«<lg, |,
O Geometrical optics L > Af

O Sharp junctions d/Ap<1

O Homogeneous medium OKg<<ke

Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais @ WP4 - HF Electronics



Getting ballistic graphene O crarrene FLaGsHIP

Landauer-Buttiker GBN heterostructure

(a)

_4e?keW 56

= X AN
GL h w 6450 v

O #=n/10!% cm-2

A.S. Mayorov et al. / Nano Lett. 11 (2011) 2396
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Bend resistance criterion (GaAs) @) crarHeNE FLAGSHIP

bend resistance ballistic length
1 h [Diefet+Dri h
Rp = N2 o2 [ el 5 o Ddirect] ; \/—LRB = @_ ex p( \/—L/IB)

500

g

Lest ARp (€2 um)
o
o

10 ) L A . ! . s . A |
1] 100 200

Lerr(um)

FIG. 2. (a) Plots of L .yAR, vs L4 for devices with various L
and r (=L /W) values. The solid line results from the calcula-
tion of Eq. (5) with [,=39 um and n =3.0X10" em™% The
L.gzAR, plots follow the slope shown by the dashed line, which
—Leg/ly) wi m. (b) Similar plots for
different series of devices fabricated frohwa wafer that has
p=7.8X10°cm?*/Vsand n =2.8 10" cm ™2,

S. Tarucha et al. / Phys. Rev. B 45 (1992) 13465
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Bend resistance criterion (Graphene) @) crarHEne FLAGSHIP

(a) 100} |’ v
Rp = lr;r(? (van der Pauw mobility) | < — ) \| i
i 0 — }I/ K -_‘E‘DK
o / -

O Rpsmaller than diffusive limit
O Negative Ry at high doping
O Temperature dependence (phonons)

h n er/e
lmfp:;xux\/; = X

VF

O Lpp=lum @ 1=10° cm?/V/s, n=10%2 cm2
O Ballistics requires high mobility and density! -400

0.0 0.5 1.0
n (10" cm?)
A.S. Mayorov et al. / Nano Lett. 11 (2011) 2396
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“smooth” P-N junCtiOnS @) crAPHENE FLAGSHIP

)

Szifiip.r[x}d_r—jwpyr’lf For a smooth n-p junction shown
in Fig. 1 with F=pkg/d and|kpd>1[this yields (for the

04+

1 [
E ﬂ-) 02 ///_/,,.--"__"u\\\\
H"(H) = e_ﬂ{de}Sin_ H' (2) U'Di T 0‘7 T Ul-t e 0‘6 o o‘s e 1‘}
» . N J
The angular dependence of the transmission probability T~ -

given in Eq. (2) is, in fact, exact for any smooth junction in

—04}

1
(T) =j exp[—mx?(kpd)]dx
0

Junction smooth
1.0 e e

0.8

4e? kpW Ty
6, = - T) o,
transparency is too low for DFO ! : T .,
F

V.V. Cheianov and V.l. Falko / Phys. Rev. B. 74 (2006) 041403 (R)
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“Sharp” P-N junCtiOnS gGRAPHENE FLAGSHIP

Fermi-function-like potential step Anomalous Snell-Descartes refraction

sing = —(kn/kp) sin 6

) incident
o " x (nm) electron

n* doping p doping
Fresnel-like relations
sinh(mwk™ ~) sinh(mwk~ 1)
_ kn_kp T((p)zl_ . + + . - —
kp(x) =k, + 7w sinh(mwk* *) sinh(mwk~ ~)
€ +1 kB =k,(1+acose) + k,(1+ B cosb)

J. Cayssol, B. Huard et al. / Phys. Rev. B. 74 (2006) 041403 (R)
Q. Wilmart et al. / 2D Materials 1 (2014) 011006
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Transmission of a “sharp” p-n junction @) crarvene FLacsnie

as function of channel doping as function of junction length (p-n)

1 — - N 1
) PN Z Z

0,8_— ked=1| - B Al

0,6:— Po-P 5

= |

0,4:— g

02f 02k J
SR % T2 4 s 5w

J. Cayssol et al. / Phys. Rev. B. 74 (2006) 041403 (R)
Q. Wilmart et al. / 2D Materials 1 (2014) 011006
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Experiments with top + bottom gates @ craenene racsnie

Ang, (10"%cm™) Ang (10"%cm™) 2
-4 0 4 8 -4 0 4 8

R (k)

n, (107 em)

—-10 =5 0 5 10

-10 =5 0 5 10
Vig (V) Vig (V)

n, (102 em=2)

Huard-Stander et al. / Phys. Rev. Lett. 98 (2007) 236803; Phys. Rev. Lett. 102 (2009) 026807;
A. Young and P. Kim al. / Nat. Phys. XX (2009) YYYYYYY
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Suspended graphene with (remote) back gates geRAPHENE FLAGSHIP

Suspended G : Simon Zihimann and Balint Ful6p posters !!

4 2

2 4 -4 <2 2 4

o 0
VLeﬂ (V) VLeﬂ V]

Fabry-Pérot oscillations, Guiding effects, Quantum Hall effect, Snakes states, ...

A.L. Grushina et al. / Appl. Phys. Lett. 102 (2013) 223102; Maurand et al./ Carbon 79 (2014) 486
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a GRAPHENE FLAGSHIP
o

Sharp contact junctions

[
L=500 nm
g _
= L=170 nm
L=50 nm

weak Fabry-Pérot oscillations

Y. Wu et al./ Nano Letters 12(2012) 1417
65/80 WP4 - HF Electronics
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a GRAPHENE FLAGSHIP
o

Can we use contact junctions for
Dirac Fermion optics ?

Yes, provided that one can tune contact doping
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Field-effect control of metallic doping @ craruene Fuacsnie

contact : ugc—eVg=u,, —€evV,, = uc is gate-tunable (2DM only )

I&V T '|;'.'| '_'_|_;_' ;
i 1 ' " - 1:—1:
WG W = I.’:_ .- XI -_
Z, | —_ )’.’ I
“_d""i: : ‘&EF -f v E % ./ EF P
- = © é \ F = e - —=
- L. - . |
=g D g L“H ]
Metal 5 < e @ 4
=I—14+f © (@)
i ®
14O m |
- +
q q . L L P T T IR T S N TR SR T M
Ca G4 . 3.5 4.0 4.5 5.0

_ Swéc
Ho = et X (1+VT+4lg,l/z)
with
“g eV, ; & =mh?vp?(Cy+ Cy)/e?

CgtCai

w = AW —

G. Giovanetti et al. / Phys. Rev. Lett. 1001 (2008) 026803
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contact junctions with gated contacts @ craruee rLacshie

Artist view Sample : local back gates with 30 nm gaps

contact gate

~ <—— channel gate

Wi

Numerical simulation of 2D potential Calculated potential step at the contact
Surface: Electric potential (V) Line Graph: Electric potential (V)
Arrow Line: Electric field L) s
o A2 18
50 1.6
45 oV 2 14
30 % 1
25 3 0.8
” g o 30 nm
-1V s 04
0.2
0
5 0

-40 -20 40 60

0. 20
x-coordinate (nm)

Q. Wilmart thesis
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In graphene, contact is also tunable @) crarHeNE FLAGSHIP

p-contacts neutral n-contacts
Ballistic limit Vg, (V) Van (V) Van (V)
. 0 2 4 -4 = 0 2

gt 20 2 4= -2 0 2 2 0 2
200} 1l
1000
800
6001
400}

2001

R (Q)

200_ 1 I | I 1 1 1 1 I I 1 1 | I 1 I 1 | L L 1 L L L L L I |
-1 0 1 -1 0 1

Vlz:ont (V) Vcont (V)

Q. Wilmart thesis
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Modelling tunable contact junctions ) crarHENE FLAGsHIP

Electrostatic model of Ballistic junction model
the metallic contact (Cayssol et al, PRB 2009)
(Giovanni et al, PRL 2008) (Wilmart et al., 2DM 2014)

(Xia et al, nature 2011)
1 v | V 1 | ™

P

Contact \ Contact @

Cdl= = Cql

Contact gate V, Channel gate V, Contact gate V,

Q. Wilmart thesis
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Fltted param eters g GRAPHENE FLAGSHIP

Measured Simulated

1300
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oY
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c 0 L
Q m O
o - 4700 orl
> >
2 -2
500
3 3
i
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Vg-contact Vg-contact

Fixed parameters : junction length (30nm) , hBN -thickness (16 nm)

Fitted parameters : p = 6000 cm?/V/s, Pd doping : 50meV, double layer
thickness (2nm), metal-graphene resistance (~100 Ohm.um)

Q. Wilmart thesis
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Gated-contacts can be useful ) orarrene FLasHip

O Use contact junctions for DFO

O Contact gated transistor (below)

O p-n junctions for photo-detection/mixing
O Nano-plasmonics, etc...
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L2 : Ballistic graphene devices ) crarvene ruaashie

Benefits of ballistics in conventionnal FETs ?

® High-mobility G-FETs
® Contact-gated transistor
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High-frequency field effect transistors @) craeuene riacshie

Radars for aircrafts for vehicules THz imaging
- B

Autonomous Driving

(Google's modied Toyota Prius ses 50 armay of S8nsors 1o Navigate puble rads wihout 2 human
driver Othor components, nat shown, include 4 GPS neceiver and an inestial mation sensor

i the o, holp detorming the posdons of distanl objocts.

600 GHz 70GHz 50-500 GHz

(a)
rg ng Iy
é" M‘ J_ il m OD
CgsT gm@ ¥ Mo
S

e.g. >90 GHz
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Glossary of RF transistors ) orarene FLacsHiP

g ng Iy

g—ml::qb 'WOD

=0

ST Transconductance : gm = 0lys/0V,

Differential conductance : g4 = 9l;5/0V,s = 1/7,

\oltage gain : A= gm/Gas = ToGm
Current gain : H=1-1ljw;/w
Transit frequency : fr = gm/2nC,
Power gain : U= (W /w)?

Max oscillation frequency : fax~ VA X fr/2
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Power cutoff frequency ?

A

GRAPHENE FLAGSHIP

) . Im 1
In conventional G-FETS : f,gx = cONst. < fr = o X7
9
a b c
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Y. Wu et al. / Nano Letters 12 (2012) 3062
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power cutoff frequency ?

GRAPHENE FLAGSHIP

A

Problem is the lack of current saturation
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Phonon saturation in high-mobility graphene geRApHENE FLAGSHIP

Solution : graphene on BN (one more time!)
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Figure 1. GFET device structure. (a) Schematic illustration of the
back-gated GFET device. (b) SEM micrograph of a completed structure. 0
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Phonon saturation in ballistic graphene ) crarrene FLAsHIP

Ballistics enhances (differential) resistance !
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The contact gated RF transistor ) crarrene FLAsHIP
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The contact gated RF transistor ) crarHENE FLAGsHIP

@ Voon

= - Ay | =
. .

Drain G1
|

% : Sourcei | 3 %

Differential resistance Pulsed contact gating ~ RF-gain switching

1400

1200

1000

z
800 8 5
2
= > %
= @ 7
P ] =
600 s g
&
= F o
400
200+ .

- Il 1 1 Il L 1 Il Il 1

1 -08 -06 04 -02 0 02 04 05 08 1
> time (s} -8
Vg1 (V) time (ns) x 10

Q. Wilmart thesis
Graphene-Study, Kaprun, March 27th 2015, noise / ballistics in graphene, B. Plagais @ WP4 - HF Electronics



CO n C I u S i O n S g GRAPHENE FLAGSHIP

O Tunable p-n junctions are building blocks for Dirac Fermion Optics
O Dirac Fermion Optics proposal are still challenging but feasible
O Graphene on BN offers new perspectives for HF electronics
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a GRAPHENE FLAGSHIP
2

Thank you for your attention !
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