BOR-| £ GOR
U”PMC szzesee? GRAPHENE sssssaef GRAPHENE

WAV,
@Al PARIS sesessss 5 L0 sssssase

Electronic transport in graphene (today)

C o - - -
'S “g An introduction with focus on
o ~
19 2
g
S
D5
@1 |
= by
Ol .,
-5 Yo hot electrons ballistic’s
)]
T o (electron-phonon) (Dirac Fermion Optics)
o O
@
T 3

Bernard Placais
placais@Ipa.ens.fr

a GRAPHENE FLAGSHIP
e

bn 2D materials, April 2018, electronic transport in graphene, B. Plagais



electronic transport B e I

ecssace” GRAPHENE sessses” GRAPHENE

ssssssse 5C0 sesssass

linear (quantum) transport
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« electronic transport trilogy »

linear (quantum) transport
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0 u t I i ne tests SRAPHENE exsstes SRAPHENE
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|. Low-field : from DC to high frequency
» Field-effect, density of states, conductivity, g
« Scattering, mean free-path and mobility )
* Quantum capacitance and Kinetic inductance ...

Il. High-Field :
« Current saturation by optical phonon scattering
» Hot electrons effects and phonon relaxation : =

[ll. Ballistic’'s %
« Landauer conductance and shot noise
 Klein tunneling across p-n junctions
» Dirac Fermion optics devices

1200

q2)

R—R(Vg1 =V,
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|. Low-field : from DC to high frequency
« Field-effect, density of states, conductivity, g
« Scattering, mean free-path and mobility )
* Quantum capacitance and Kinetic inductance ...

Frontier research on 2D materials, April 2018, electronic transport in graphene, B. Plagais



A sample with drain, source and gate

25000

GDR-I GDR
----- GRAPHENE eeseses®* GRAPHENE
vi SCU VAVAVAVAY)

JAVAVAVAVAY AV
asscsssse 0008008

23000

21000

19000

15000

13000

7000

Dirac Point — r_.:"
=

G
\—/
=
S 17000
~J
I
o
Il
<

000

Gate capacitance:

€o€gate

ne==_C % 4 : C =
gate( gate DP) gate dgate

Doping range :

1000 = n,
8000 f Al
25 -ZID 15 -‘IIEI "5 0 fI) 1.|} 1f5 2:0 25
Vgate (V

0.03 - 3 mF/m?

Nmax = eoegate X ZZ‘;’; ~1013¢m=2 ny, = 102cm=2

Nnin = Max{10™* N4y, 6npuddles}~101°cm‘2

Electronic energy/momentum scales : vp = 10%m/s

krp =+mn colors of Dirac Fermion light Ap = 10,30,100 nm

ep = Yhvpky = Fhve/rn cr(nyy) = 115 meV [—350, 350]

Doping resolution 6ez = 0.35 meV
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Glossary of scattering parameters = ... o=* GRAPHENE sosense

Field effect mobility (Vyife = HE)
] = neVdrift = neukys = .UCgateEds
o = neu

Einstein relation, compressibility
o =e?0n/der X D(&g)
o = Co(ep) X D(ep)

Quantum capacitance (spectroscopy)

Co(er) = e* 2ep/mh*vi
Diffusion constant (spectroscopy)
D(ep) = U/CQ

Mean-free-path
S

lngp = VETmsp eVr

GDR-I &% GDR
GRAPHENE
;‘.';'.‘.‘m 8[:[] .‘.'...I; SCO

u(104) = 0.1 - 100 m?/Vs

Cyate = 0.03 = 3 mF /m?

o(1012) = 0.16 - 160 mS

Co(10'1) = 2.75 mF /m?

D(10'?) = 0.5 - 5 m?/s

Lmfp(1012) = 0.01 > 10 um
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Temperature dependence of mobility sssssed GRAPHENE sassesst GRAPHENE
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n~1011 em=2
GE AS N L e R R R T T TTTIT

Acoustic phonons
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Impurity plateau <= ———— Optical phonons
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Progress in mobility have been slow !

L. Pjeiffer et al. PRL2003
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Intrinsic graphene mobility sssssed GRAPHENE sassesst GRAPHENE
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= 1999 GaAlAs [T
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c-%mﬁ;‘ 1982 - .
s — Acoustic phonons
= B T . . .
£ r L I limit in graphene
CanhE = —
=10°E 1980 : (n~101% cm™2)
- 1979 :
_ 1078 y : :
10%E Uk GaAe optical phonons elusive
B u =] |
BT LoL i e s esnl i belOW 2000K
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Graphene mobility outperforms GaAs 2DEGs ar 300K !!!
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Graphene mobility pride
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Graphene mobility does outperforms GaAs 2DEGs !

“Who wants to win MILLIONS ?”
(The true reason why we express mobility in cm?/Vs)

Temperature (K) (201 2) ............ (201 8)
100 1000 10 000 100 000 1 000 000
bad fair good very good excellent
G/SiO2 G/AI203 BN/G/BN BN/G/BN
G/BN 300K 3K
Optics Sensors High-field High Ballistics
(joke !) & Opto frequency




e &CO 2 TMD mobility not as large
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Z. Wu, .... N. Wang, Nat Comm (2016) : Even—odd layer-dependent magnetotransport of high-mobility Q-valley

electrons in transition metal disulfides ;
Morva et al., PRL 2017 : WSe2, SLG/BLG, .../...

Frontier research on 2D materials, April 2018, electronic transport in graphene, B. Plagais

11/80
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impurity scattering is fascinating ......... s GRAPHENE senssf GRAPHENE

Resistance is backscattering  {kp,a} - {—kp, —a}

Pseudospin momentum locking suppresses backscattering :

Ti = j(l — cos 8)(1 + cos 0)V,(6)dO < V,(r/2) O
tr.

Scattering pocket shrinks and Dirac Fermion have to take the U-turn!

i - . mechanisms scattering time | conductivit:
Spinor scattering have more (tunable) chanels : : : 4 *
local impurity T~ 1/kp o ~ Const
scalar gauge-field Dirac-mass local impurity T~ Inkp/kp |o~Inn,
Hy = hvpo - g + Vig)I + ac-U + dm*a, random Dirac-mass |7 ~ Const o~ /M
I = 10 0. = ( 10 charged impurity T ~kp O ~ TN
01 % M=
resonnant scattering|T ~ kg In®(kg) |o ~ n.In®n.
ripples T ~ IJE,EH_” o ~nH

Graphene : E. Pallecchi et al., Phys. Rev. B (2011), H. Graef et al., in preparation
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-=ueeee DUL tOday less and less relevant soscest GRAPHENE sossene? CRAPHENE

Resistance is backscattering  {kp,a} - {—kp, —a}

Pseudospin momentum locking suppresses backscattering :

Ti = j(l — cos 8)(1 + cos 0)V,(6)dO < V,(r/2) O
tr.

Scattering pocket shrinks and Dirac Fermion have to take the U-turn!

Spinor scattering have more (tunable) chanels : "'@*\”‘@W R e e

local ilﬂplhb& T~ 1/kp o ~ Const

scalar mauge-field Dirac-mass local impurity T ~Inkp/kr |o~Inn,
Hy = hvpo - g - Vig! — ac-U  + dm*o, random Dirac-mass T-\»QJH st o~ /Me
I = 10 0. = 10 charged impurity T ~kp O ~ TN
01 G M=
5 ‘ 2
resonnant scattering |t ~ kg In®(kg) N neIn® n,

ripples T ~ Icf,f'q_“ o w}f\

Graphene : E. Pallecchi et al., Phys. Rev. B (2011), H. Graef et al., in preparation
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Cannot avoid phonons szssssd? ORAPHENE ssssans” GRAPHENE

OP-energy band
hQOP ~ 170 — 200 meV

large AC-phonons
velocity
s~210*m/s

(h.Q.GaAs"’BO meV)

energy (meV

activated OP scattering

magic sp2 bonding !
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Phonon I'eSiS'tiVity saseane ORAPHENE somesas? GRAPHENE
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OP-energy band
hQOP ~ 170 — 200 meV

large AC-phonons
velocity
s~210*m/s

(h‘Q'GaASNBO meV)

energy (meV

activated OP scattering

P = Pimp T Ppn(T) Ap(T) = ppn(T)

Doping dependent i 2D Bloch-Gruneisen

residual resistivity & o} ¢ ) a7 T4 regime
C <] 13 -2
1k y n(10 cm™) +
75 / - / — 13 ]
Doping independent / L T A o T-linear at
phonon resistivity T i {/ / —w 1 high temperature
B0 00 200 o e 'uim

T(K) T(K)

Efetov-Kim, PRL2010
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Phonon resistivity theory sssssns? GRAPHENE sassssst GRAPHENE
8 0

large AC-phonons
velocity
s~210*m/s

;‘.':;.m [: U 0008008

OP-energy band
hQOP ~ 170 — 200 meV

(hQGaAS~30 meV)

energy (meV

activated OP scattering

0L * e J°

| | | T '
r 2 4 6 2 10
|

@ n(10"em™) ,
a P o
< n(10"%em?) -
: —136 ]
— 286
— 465
— 685
— 108
0.1 —
100

T(K)

Efetov-Kim, PRL2010

Deformation potential coupling D~15eV

Very small phonon resitivity
(n, T) DT 0.1xT Q
n, = = U.
Pph 4he?V,? ppys?

Room temperature :

opn(n) = Cte ; pp(m) x1/n ;5 L) < 1/yn

Hwang et al., PRB 2008
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Today : hBN encapsulated graphene
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Exfoliated : L. Wang et al., Science 342, 614 (2013) ;
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device size (um)

140,000 : T =300 K
L
120,000 _ E\ Tlel,l — 2 mS
m \
100,000 N our device
ILIIIIIIIII-IIIf\IIIIIIII_Il- phonon Iimited
80,000 - : N
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CVD+pick-up: L. Banszerus et al., Science Adv. 2015
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High mobility needed for high frequency

Diffusion constant u(10'%?) = 0.1 - 10 m?/Vs
D(ep) = Vi’tmsp/2 D(10'?) = 0.5 » 5 m?/s

2

T=_~ps with L = 1um

High mobility needed for high bias (see Lecture-II)

High mobility needed for ballistic’s (see Lecture-III)

Mean-free-path Umfp(1012) =1 - 10 um

High mobility for quantum Hall effect (Lecture IV)
High mobility for electron quantum optics (Lecture V) ......
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HF : capacitance and inductance

20808
VAVAVAVAVAY v
asscsssse 0008008

Wavelength on the order of sample length

described as a propagation line with a lumped element description

Quantum capacitance Kinetic inductance
Rdx Ldx
ﬁ |
ey g —— g ]
1 ¢ 1 1
T Cyeodx L T
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High-frequency : graphene (new) wave

Finite compressibility renormalizes the gate capacitance
Rdx Ldx

— Il L |
. ICde ”% 9__LI

T Cgeodx -
Quantum capacitance : c%‘
2e’ep =
C, =e2dn/der » e?N(ep) = ————
Q F ( F) T hZVFz é
b@
2e%knT

B
Co(T) =——=XlIn
Q( ) Tl:hZVFZ

2 + 2 cosh [ -
COoS kBT
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Q-capacitance or electronic compressibility szsssse GRAPHENE susssse? GRAPHENE
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Q-capacitance or electronic compressibility RPN o
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AV = _Aﬂp/e

E

+

E. +eAV

géo

- eAV
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Q-capacitance or electronic compressibility RPN o
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AV = _A‘Llp/e

1 Ep+ Ao Lod — Aq

géo

- eAV
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Quantum capacitance e GRAPHENE sessef GRAPHENE
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Ag 1 1 1
Aur = eAV + eN(E)=eAq( +C—Q> —II—“—

Cgeo
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High-frequency : graphene (new) wave

20808
VAVAVAVAVAY
asscsssse

Graphene as a propagation line, a lumped element description with :
Rdx Ldx

— Il L |
. ICde ”% 9__LI

Kinetic inductance : ;
. ’f 0.25¢
(©) 1+ iwTscqrr. 1 +iwl £
w) = = LW P
PDrude neu nen K «
1 <
U =3 nmvg = E)IK]Z
T h? _ m _ - “ “
AK(SF) ~ Epe? {: E}
Lgeo~noW~1pH

H. Yoon et al., Nature Nanotech 2014 : Measurement of collective dynamical mass of Dirac fermions in graphene
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Kinetic inductance, a collective mass effect s GRAPHENE senssf GRAPHENE
'Ll 1 Vchannel — Vs / 2
Ty I 7
L %(L Aq ~ () << %
1*{'- i
L ~
—|_ Cg€0 ~
Ag =0
) | + Va’s
eV eV_1
AU = (N+(8F) x —) x V=L 12
2 2 2
Th?
V=1/Grandauer = Ax = >
e“ER
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High frequency techniques ... = GRAPHENE snsesse? GRAPHENE
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Whenever wave length is smaller than setup size

Scattering of y-waves extract RF admittance Y

(1-S11)(1+S22)+S12521

—2S
Yiz =T —

Y., =Y,
11 0 (1+S11)(1+522)—S12521

0 (1+S511)(1+522)—S512521

_ (14S511)(1=S22)+512521
1 =Y
(1+S11)(1+522)—S12521

(1+S511)(1+4522)—S12S521

Y, Yo, =Y,

D.M. Pozar, Microwave engineering, Wiley, 3 edition (2005)

Please dont repeat that it is easy, otherwise everyone will do it ..........
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Bias Tee Il

Cryogenic RF probe station:

T=10-400 K
f=DC -40 GHz
In-situ calibration
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Diffusive evanescent wave R » Lw s GRAPHENE senssf GRAPHENE
Rdx Ldx

T e T T

Cheodx T T

— — — — 0

Gate

R

access

tanh (L jCa)/a)

Y = joCLW X

LiCalo

Topological Insulators : A. Inhoher et al., Phys. Rev. B (2017), Phys. Rev. Applied (2018)
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Evanescent wave spectrum ... cunee st cuienene
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Source
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HgTe : A. Inhoher et al., Phys. Rev. B (2017), Phys. Rev. Applied (2018)
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Ex.: mass disorder in graphene st CRAPHENE st RAPHENE
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Einstein : o(er) = Cr(er)D (er) Diffusion constant is energy indep.
0 2 . ; . . i i i 80 T T T T
(@ n,= I @ / e Sample C7-F
Eca ) “”\ m  Sample ES-Zc
3 L[ &
é i —
b ——exp. - Re (Y) & 2 n
—cxp.- Im(Y) > ¢
————— model Re (Y) ('l) \‘2 IS
- - --model _Im (Y) v . cn
0.3 —— e
(b)
e, R, (kOhms)
E| e
> | — T mechanisms scattering time|conductivity
exp.- Im(Y)
L ;‘:m local impurity T ~1/kp o ~ Const
0'00 ‘ ' l , 5 ' f(GI-liz) l l 10 local impurity T ~Inkp/kp |o~Inn,
0.5 . : . . . . . . '
(c) n =1.7x10"2 em? random Dirac-mass |17 ~ Const g~ /M
> /ﬁ»—*‘” o - charged impurity |7 ~ kp O ~ Ng
£ resonnant scattering |t ~ kg ln®(kg) |o ~ n.In®n.
S | exp.- Re(Y)| ]
_____ e ripples T ~ k}zﬂ_” o ~nH
----model Im (Y) 3/2
0.0 L= : : : I : . : : L acoustic phonons T ~ k% o ~ nc’(
0 5 f (GHz) 10
Exp.: E. Pallecchi et al., PRB 2011; Theory : K. Ziegler et al., PRL 2006
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Kinetic inductance EEEE»LENE....:': EﬁﬁpHENE
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e _ Th? _ m
Kinetic inductance: Ay = LyW = — = —;
Epe ne
L L
T 1T __ 1T .
a 300 | I e 300
\
250 "[ 1 250
T
200 1 [ 200
g g
S 150 - IT II S 150
= 100 I'_‘ IIII = 100
=1 28
50 E" Tzt ey -
0 == T 0 ) T T T
-20 -10 0 10 20 -20 -10 0 10 20
Vi=Vpo (V) V=V (V)

H. Yoon et al., Nature Nanotech 2014 : Measurement of collective dynamical mass of Dirac fermions in graphene
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Quater wave plasma resonators

Poster David Mele

LXW = 32 X8um

Plasma waves at GHz frequency

GDR-I
GRAPHENE sesses
SCU VAVAVAVAY,

AY
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GDR
o B RN

tanh (L\/ij(p +ja)/1K))

Y = jwCLW X . ,
L\jCow(p + jwly)
80,
6 0_ Ll - lm fp ~ W Iff \\\‘
401 A\ —IN
| ’,f/ ;} ‘\“ \\\ y ,}'j ’ \\\ \\‘
20 ,,-’ /’ \ I S ,/ \\‘
| // P e \ / ) \
01— \ \
: \ N -
_ 2 0 — R N <
40— | .
0 20 40 60 80
f (GHz)

Plasma waves in doping modulated graphene
600 GHz high resolution RADARSs : detect cables

Fun!
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lI. High-Field transport
* Motivation : Field effect transistors

S
T T

n
T

- Current saturation by optical phonon scattering = =
 Hot electrons effects and phonon relaxation | =
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Mobility bashing crtd Srvene et Sove

linear (quantum) transport
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y non-linear
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A low tech field effect transistors assosasd GRAPHENE sssssadt GRAPHENE
ssesssse 5C0 ssasssse SC0
2.5
: gm A gdS —
2r >
~ 15
€
£
=
05 L /
L /‘
0 T 1 | | | |
0 1 2 3 4 5

Vds (V)

Current saturation is needed for voltage gain (and cut-off frequencies)

Gain = 0V /0Vys = (0145/0Vys)/ (0las/Vas) = Gm/Gas = 10

High bias = Large Joule power = hot electrons

0 // “: lJ g=" "
Ny : Sl
— —

Drain 1o sawree valtage [V]
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- - - = GDR
Saturation depends on polarity (drain gating) essetedd ORAPHENE sssstes GRAPHENE
ssssssse 5 L0 sssssase 5C0
Source Drain
20 nm T Cgeo T Cgeo T Cgeo
Gate
Transconductance
Constant gate voltage
/
Elec(::ical Field (V/pm) ’ 3 7 Elecot;:ical Field (V/ pm) 1
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Saturation depends on polarity st CRAPHENE st RAPHENE

0
YAVAVAVAVAY VAVAVAYAYAY
ssssssse 0008008

Constant carrier density

Bi-Layer-Graphene :
Source LxW=4x3 pm Drain

— oV
5 — v
— 2V

3v
1 4v
— 5V
— 6V

Gate

T T T T T T T T T T
0 0,5 1 0 0,5 1

Tra n s co n d u cta n ce Electrical Field (V/um) Electrical Field (V/ pum)

Constant gate voltage

Ve V)

I
0 0.5

0 0.5 1
Electrical Field (V/pm) 3 8 Electrical Field (V/ pm)
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How good is graphene FET ? assosust GRAPHENE ssassast GRAPHENE
8§CO &§CO0

GoBN Zener-Klein transistor

C GoBN

1.5

J(A/mm)

0,5

Lg=4um

Vs (V)

asscsssse 0008008

Panasonic : X-GaN Power transistor

ot
@

Drain Current [A/mm)
o o
- o

0.2
0.0 .
0 20 40 60 &0 100

Draln to source Voltage (V)

Similar current densities in graphene and GaN

Little thermal degradation of current in graphene

No gap no pinchoff in graphene = Zener tunneling

H. Xu, Huawei Ltd., private communication
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Zener tunneling .....':’ RAPHENE GRAPHENE
VAVAVAVAVAY S CO VAVAVAVAVAY 8[:0

Source

J (A/mm)

O ) S | [ S S [ | I (S (S (S (S [ | S S S

l ZK 0() 0.2 0.4 0.6 0.8 1 2
E (V/pm)
EA
9 ; / \ 4
; > Drain
40/80
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Why current saturates ? st RAPHENE st RAPHENE
Graphene on SiO2 Graphene on BN
| Meric et al., Nat. Nano (2008) W. Yang et al., Nat. Nano (2018)
| 12 2.5
| Esqe = 2V/ pm ‘Egq = 0.09V/um =3 m?/Vs
q /’-"”"H—_ I
038 1
\Q% - p— - i €1.5 ~
Eﬁ 06 - ,(& g ] :25 i _—
: v —— 2| [
0.4 Q"\ 7 - A —
e . - - — 2v
0.2 \V 4 ) ; z%
(LXW=1x2 um) : (LxW=4x3 pm) —&
. . . ' 1 o L L
"0 05 i 15 2 25 3 0 ! 2 3 4 5
Vg (V) Vis (V)
UE.;:~0.2510% m/s UE;:~0.310° m/s

Indication of velocity saturation vy, = uE., < 0.3 10° m/s

Good saturation requires u = 10 000 cm?/Vs
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velocity saturation eeneanst GRAPHENE ssssanel GRAPHENE
ssssesse 5C0 ssasssse SC0
\ §
~ §
& o
Velocity saturation by OP emission :
” =]sat . E Q'OP
U T ne  m kg
L2 0s0do =2 hQop ~ 170 — 200 meV
mY—1/2 s

Velocity saturation by substrate phonon emission (remote)

_ Jsat 2 QSubstrate
Vegr =24 =2 < 0.4vp; N
sat ne T kp F

hQSiOZ ~ 50 meV, hQSiC =~ hQBN ~ 100 meV
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GRAPHENE esssses® GRAPHENE
8CO &Co

field dependent mobility ressass? sesene?

100 meV

b p——— i~

......................

50 -

hu\(meV)

0_..;——.-—?"7;%. L |_ A ._- ﬂ"‘ ! ! |
0.0 0.1 0.1 0.1 0.2 © any (06T
E (V/pm)
. 28
o(E) = ne X —
(1+22)
Egat

T
Esat — B hkasat

W.Yang et al. Nat Nano. (2018)
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On listening electron noise ...... e ORAPHENE seesed CRAPHENE

I(1)

/ (G ALY

2.5 /
di U
€1.5 —
= -
<
i 7 — 0V
— 1V
— 2V
3V
05 2
— 5V
- 6V
: A
0 \ ‘ | | R
0 1 5 X : 5

Vs (V)
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e YOU eventually learn something sasesss® GRAPHENE ssenses® GRAPHENE
ssssssse 5 L0 sssssass 5CO
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Electrical noise sasesss’ GRAPHENE sosnsse? GRAPHENE

Noise of an amplifier

Sy 10 |
1
+ Ol |
6 01T A b
R D S E.q '.'.|'|...'| THEREER I
! A g
% o2 0.4 0.6 0.8
f (GHz)

" =S, +R’S,

Statistical distribution

Fluctuations : AI(t)=1(t)-1(t) S
«—> \/E

Noise spectrum : Al*(?) Av

Frontier research on 2D materials, April 2018, electronic transport in graphene, B. Plagais

V=0.8v
V=0.3v
V=01V

(a)



Physical noise

Shot-noise

Current

Electrons attracted
Anpie by positive patential
n anode

Vacuum tube

or

o Elgla
Tunnel junction ]

W. Schottky

S, =2el

Frontier research on 2D materials, April 2018, electronic transport in graphene, B.
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----- GRAPHENE esssses® GRAPHENE
sesssses 5CO sesssses

Thermal noise

J.B. Johnson

S =4k,T,/R

Placgais



- - GOR-I £ GOR
Measurlng noise sasesss’ GRAPHENE sasesas? GRAPHENE

sessssss 5C0 sesvease

typical noise spectra in a 1kOhm resistor High bias
le-12 : —_— -9+06 | wave guide
=/ == 500 S,

le—-14- - | S—— - - 1 9e+05 T
2 \ Rw N _4kB

— T N E— | 9+ 04
le—16 -

1/f noise

1e-22
o\
le-24- 1Sh
=
Low bias [P —~. |2
lockin techniques \\Shot (or Thermal) noise B
10kQ) SI ' | ' |\'/ T ' | ' | . %9e-04
Ty = L [0 let02 1et0d  1es06  1et08  letl0  letl2
B frequence (Hz
q (Hz) I need
cryogenic LNAs !
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The Fano factor of quantum conductors s RAPHENE sosaed GRAPHENE

AY
asscsssse 0008008

Conductance is transmission Noisy scattering
e? ST, (1—Ty)
G = 4—2 T, S, = 2el r B2 = 2el X "Fano"
h £ T,

R. Landauer and M . Biittiker

Fano factor F<1 in mesoland with F = gfor a diffusive metal
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Markus was in Cargese in 2008 esseess GRAPHENE ssssses? GRAPHENE

VAVAVAVAYAY n ~v VAVAVAVAVA! 34

l 1,,-‘”&1—1' Yl ol
” I 3

Az ¢

1)~ Td+)
Couvind pPers [ [_'g"'"{-
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Gilles was there ....... and learned form Markus ... o tid o

iy

sssssss® GRAPHENE sessses® GRAPHENE
mememe o oo R A

1
/
it
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Fano-factor: meso-macro crossover e ORAPHENE et RAPHENE

AY
asscsssse 0008008

Increase the sample Length, Temperature or Bias
1 1

,0,5
S ) _ X )
St,, %, o UeaT)? *(eVas)?
S, o,
I % _
Q N

-~ 2e

F

V3/4 L

1/3 +

i 1 L g
1

—= { } } | : }
100 102 104 106 108
L (nm)

A.H. Steinbach et al., PRL1996 : Observation of Hot-Electron Shot Noise in a Metallic Resistor
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Thermal vs charge transport st CRAPHENE st RAPHENE
Electron density electronic energy
n= fOOON(e)f(e)ds u = fOOON(e)f(s)sde = up + %Zkl%TZN(sF)
Entropy / heat capacity : Co = L,TCy(er) (LO = 7;23"2‘23 = 24,4 nWQK ‘2)
Einstein/Onsager relation : Jo = —KkVT = —=L,T o VT = =L, T(CoD) VT
%0 105‘_ @
Particle diffusion % +DAn#0 12 o] /

. ¥
(¢ Ag 50 um

N Al 310 ym

K

*
3 *
.
r w " E ¢
: ) Al 53.4 ym 3
60} r NN Al 25.6 um ‘O
02 ‘ I Al 13.4 um | *
10°¢ ,
E Al 5.36 ym +*
*
4 *

. . oT ‘E i e ; -
Heat diffusion —+DAT #0 5 o1 10 g0,
at v 4ol Length (zm) i +?
©' %0 ﬁ."'
o |
%0 vﬂ' == Free electron prediction
10} 'ﬁ’» W i C, using resistivity
. . . w7 i ¢, using e-ph
Heat and charge obey same diffusion equation [ -S> e

Electron temperature (K)

E. Pinsolle B. Reulet, PRL2016: Direct Measurement of the Electron Energy Relaxation Dynamics in Metallic Wires
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Bertrand in Cargése (2008) ek GRAPHEE semoedd GRAPHENE
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Self heating and thermal shot noise s GRAPHENE senssf GRAPHENE
Moderate bias : self-heated electrons are cooled by heat conduction to the leads
Diffusive regime : potential drop is linear (Omhs law) ¢ (x) = % — (2x/L — 1)V,

wy i
Stationnary conditions : T,(x) = ZIf/dLi\/ 1 — 4x2/12
Average temperature Thermal shot noise
ke (T, () = Vs 5 S; = 4Gl (T, ()= 4GeVas 5 = 2elas x5
Hot electron Fano factor : F = \/f

. . 64
Wiedemann Franz cooling power : Py = -~ X k(T — Tpaen”)
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GRAPHENE esssses® GRAPHENE
8 C D VAVAVAVAVAY CO

Conductors : from quantum to macro

sesea
VAVAVAVAVAY v
asscsssse 0008008

... just increase the sample length L
1 1

S, —e X ,
Vs, Oy, % ¢ (kgT)? ’ (eVas)?
2 /) :

100 102 104 106 108
L (nm)

A
\

A.H. Steinbach et al., PRL1996 : Observation of Hot-Electron Shot Noise in a Metallic Resistor
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Phonon cooling eeneanst GRAPHENE ssssanel GRAPHENE
ssssesse 5C0 ssasssse SC0
oL, 0%T,*(x)
. ) L2 4 _ 4
>~z = —OE + Ppp = —0E +2(T.* — Tpn*)
Temperature maximum : T¢ =V, /NLWIR
E
‘.l.l

Low-T phonon Fano factor F «< 1/,/Vs

Analytical solution in A. Betz thesis 2013, appendix D : https://tel.archives-ouvertes.fr/tel-00784346/
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GDR- GDR
GRAPHENE esssses® GRAPHENE
8 C D VAVAVAVAVAY CO

Conductors : from quantum to macro

sesea
VAVAVAVAVAY v
asscsssse 0008008

... just increase the sample length L

o 5 o 1 1
"o, o = = (kgT)? ’ (eVys)?

@,//,) 00,5
i 9/@0 @’@,)O A - ]
2el Xz %, L

Yz,
¢ Lyl

V3/4 L I AR 5

1/3 + o

! N
/ M-..
e
100 102 104 106 108

L (nm)

A.H. Steinbach et al., PRL1996 : Observation of Hot-Electron Shot Noise in a Metallic Resistor
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phonon relaxation in graphene (theory) s GRAPHENE senssf GRAPHENE
Tpe = 25/vp Tr Tpe(n12) = 54 K
a9 Tag > Ton

Fermi surface Available phonon

space

7'y

3
y
¥

AC phonon resistivity (Hwang-DasSarma, PRB 2008)

2

2
Pon(Tpn < Opg) = 12;(5? X kgTpn" Pon(Tpn > Opg) = 4pm§52sz X kpTyn

2 3
pme2 M35 v2kp

AC phonon cooling power (Viljas-Heikkila, PRB 2010)

2 2 4
Pon(Tpn < Opg) = %95'?;—1]% X ki (T,* = Typt) Pon(Tp > 0pg) = F];m%v_g X kg (T, — Typ)

. : . ] 1 9,62.D% e 3 3
Supercollision cooling (Song-Levitov, PRL (2013) . Pse = oL X 4n2,$15;;v;‘; X ki (Te — Tpn )
Wiedemann Franz cooling : Pyr = :—j_ X k3(T,” = Tpaen”)
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phonon COO“ng : experiment :.-':'-‘-':WGRAPHENE:‘-'::‘-‘:;"GRAPHENE
gty 8[:[] 0008080 0
Tph (K)
4 40 47 56 62 67
800 | ! | ! | ! | ! |
Vg = +12 V (CNP) oo 4}
600 | N '10V — 3 B \TBG Vg =+12V(CNP)
20V = o0
~ 32V e 2T T o0 0V
< 00| 53 : K0k =10 V
- _ B5V 3 = " . TBMQOV
2 Te S 4 .
200 | ol = P T iy 32V
‘ Ton WYY 0.5 T2 55V
O ..................... -30 0 30 . I 1 ] 1 ] 1 ] 1 ]
000 005 010 045 020 0 005 010 015 0.20
P (mW [um]”)

Wiedemann Franz cooling (P o T?):

Betz et al., PRL2012, K.C. Fong et al. PRX2012, Crossno et al., Science 2016, efc.....

AC phonon cooling (P « T%) P T)

Betz et al., PRL2012, K.C. Fong et al. PRX2012, McKitterick et al., PRB2016

Supercollision cooling (P o T3) :

Betz et al., Nat. Phys. 2013; Graham et al., Nat. Phys. 2013; Laitinen et al., NanoLett. 2014, ........
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Summary of electron cooling pathways st CRAPHENE st RAPHENE
WF Low-T AC Super- OP Hyperbolic QHE
collisions cooling
P « T? x T3 < T*

<108 W/m?* 108 W/m? 3108 W/m?
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Optical phonon cooling (suspended graphene)

(W/m?2)

Pe—ph

GDR-I &% GOR
GRAPHENE sessses®* GRAPHENE
U Vi \VAY SCD

AVAVAVA!
0008008

200000
VAVAVAVAVAY
asscsssse

OP phonon : activated and strong (flat band)

Pugn~110° W/m?

18h2 05’3y,
ror = R

4.,4
TPpmn Vg

X

[ne(Qop) — nop(Qop)]

ML
ac.
superc. (kp£=10)
opt. (ZC)
opt. (ZE)
total

-
.-

- -
-

- -
[ -

-

-
-
.
-

-
- g~
- - 1
-

-

T, (K)

Laitinen et al., PRB-R (2015): Coupling between electrons and optical phonons in suspended bilayer graphene
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Super efficient BN substrate phonon cooling

Courant

W. Yang, Nature Nanotech. 13, 47 (2018)

GDR-

seseses” GRAPHENE eeeses
VAVAVAVAVAY 8CO VAVAVAVAVAY

GDR
GRAPHENE
&Co

v

New and efficient cooling in hBN supported graphene in the current saturation regime

TR I W T T R N T T T

Tension Drain-Source

Surface Phonon polariton (SPPs)

SLG, BLG, TLG
SOUrce | y\\/=4x3

Gate

Température électronique

e e
—-'-._—--"—

Tension Drain-Source

SLG, BLG, TLG

Drain

SOUrce | y\\/=4x3 |

Hyperbolic Phonon polaritons (HPPs)

Drain

Gate

Pypgn~3 10° W/m?

K.J. Tielrooij et al., Nature Nanotech. 13, 41 (2018)
A. Principi et al., Phys. Rev. Lett. 118, 126804 (2017)
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Substrate phonon scattering sssssed GRAPHENE sassesst GRAPHENE
ssssssse 5 L0 8CO0

New and efficient cooling in hBN supported graphene in the current saturation regime

) v H Piw~3 10° W/m?
% i ;:".: ’I ”.' -,
gl 5 ,'"‘f"’
i £ 1) = —
[t ll s =
Tension Drain-Source Tension Drain-Source
Surface Phonon polariton (SPPs) erbolic Phonon polaritons (HPPs)

SLG, BLG, TLG _
SOUrce | y\\/=4x3 Drain

W. Yang, Nature Nanotech. 13, 47 (2018)
K.J. Tielrooij et al., Nature Nanotech. 13, 41 (2018)
A. Principi et al., Phys. Rev. Lett. 118, 126804 (2017)
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Suppression of phonon scattering (QHE) s RAPHENE sosaed GRAPHENE

Discreteness of Landau Levels turns phonon
scattering to resonnant :  qpponon = 2kr

P,,(QHE) > 0and kgT.~eVy5/2

2r Vg =-3V B=0->7T

SI/4GSEt (EV)

Mark Goerbig in Cargése (2008)

W. Yang et al, Drift induced collective breakdown of quantum Hall effect in graphene, in preparation (2018)
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Cooling pathways in graphene sssess? GRAPHENE ssessas” GRAPHENE

ssssssse SCO @eBOEB8E

Make our planet green again

WF Low-T AC Super- OP Hyperbolic QHE
collisions cooling
P « T? o« T3 o« T4 « exp[T/Qop] population forbidden
inversion
<108 wW/m?* 108 W/m? 3108 W/m?* 10° W/m? 310° W/m? 0
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-
O u t I ine Sotestr S nr HENE essetest, SRAPHENE

|. Low-field : from DC to high frequency
» Field-effect, density of states, conductivity,
« Scattering, mean free-path and mobility
* Quantum capacitance and kinetic inductance

Il. High-Field : transport
« Current saturation by optical phonon scattering
* Hot electrons effects and phonon relaxation

[ll. Ballistic’'s
» Landauer conductance and shot noise
« Klein tunneling across p-n junctions
» Dirac Fermion optics devices

1200

1000 A

800 -

R—R(va=Vg)lQ]
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Dirac Fermion waves ssseec? GRAPHENE sanse? CRAPHENE

;‘.':;.m [: U 0008008

Fermi momentum : krp =+mn A =10 — 100 nm
Number of modes: W=M=Az/2 M(nyp)/W =56 ym™1
Conductance is transmission : G = M X R} sndauer = 422 X k’;TW

2-Terminal Landauer contact resistance : R(n,)W =114 Q
Phonon limited ballistic length : 1, < 1,6, (T) = nh%ﬁ‘m Lyn(ngp) = 0.7 X g um
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Playing with Dirac Fermion waves ssseee? GRAPHENE ssased CRAPHENE

Fermi momentum : krp =+mn Ap =10 V— (1V;)O nm
Number of modes: W=M=Az/2 M(nyp)/W =56 ym™1
Conductance is transmission : G = M X R} sndauer = 422 X k‘;’TW

2-Terminal Landauer contact resistance : R(n,)W =114 Q
Phonon limited ballistic length : 1, < 1,6, (T) = M%fm Lyn(ngp) = 0.7 X g um
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Klein tunneling in p-n-p transistor theory cssetesd CRAPHENE sssssedf GRAPHENE
BESLHBBHD 8[:[] 0008008 0
SLG/BLG Klein tunneling  anti-Klein tunneling
a,* o,,® n = 3. 1012
" 60 . 60
o 30 o v n =1. 1012
0.2 0.2
0 0 0 0
02 0.2
04 0.4
-30 30
06 0.6
08 - 0.8 -
p = 0.5 1012

Transmission amplitude pattern is ruled by pseudo-spin conservation
Secondary lobes are artefacts of sharp junction limit (not seen in experiment)
Transport averages over incidence angle according to (T'(8) cos 9)

Katsnelson-Novoselov-Geim, Nat. Phys. (2006) Chiral tunneling and the Klein paradox in graphene
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Dirac Fermion optics szssssd? ORAPHENE ssssans” GRAPHENE

sesesae SCO sassssss
n 1.0F

y 08 i\
hBN-encapsulated graphene g 0.6 ;

=~ 04/ |

02 /il
0.0k L
-90-45 0 45 90

transparent ballistic
3-108ms~1 10 ms~1
nlsin91 = nzsinGZ Eplsingl = Epzsingz
n E
6. = arcsin (—2> 6. = arcsin <£>
n Erq
2 2d

& p 2 oin2
_ n,co0s0; — n,cosO; T(0) = e T~k <2 Sin® 6

S

n,cosf; + n,cosoH,

Smooth junction model (kpd = m): Cheianov et al., PRB 74 (2006) 041403(R)
abrupt junction model: J. Cayssol et al., PRB 79 (2009) 075428
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Dirac Fermion refraction at a p-n junction s GRAPHENE senssf GRAPHENE
Magnetic focussing Snell-Descartes Fresnel
E F
PP
s
.:é
g :
= 3 ~
U)». (= \
~ 2
2
° s/ \
0.2+ ,/.,/ e experiment A
o / — simulation (d =70 nm) \\
// — analytical d=0nm) @\
| | 1 O‘O //- | L 1 L | i 1 L 1 "
- 0 2 -40 -30 -20 10 0 10 20
klsin(el) Incident Angle (degrees)

S. Chen et al., Science 353 (2016) Electron optics with p-n junctions in ballistic graphene
G.H. Lee et al., Nat. Phys. (2015) Observation of negative refraction of Dirac fermions in graphene
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Klein tunneling in p-n-p barrier cssssust GRAPHENE ssessest GRAPHENE
ssesssse 5C0 ssasssse SC0

A potential barrier (p-n-p transistor) has a finite resistance (Klein paradox)

Any, (10'2cm™) Anyg (10"%em™)
4 0 4 8 ~& & & &
80 i - : - b)
4}

40 |7
e
F 0

—40f

R,., = 5000

-80 — e B

=10 =5 0 5 10 10 =5 0 5 10

Vlg(v) VI}I(V)

N. Stander, et al., PRL 2009 : Evidence for Klein Tunneling in Graphene p-n Junctions

Is it possible to stop the race of Dirac Fermions ?
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== Y€S, Using a Dirac Fermion reflector .....‘T}S%GPHENE... GRAPHENE

VAVAVAVAVAY VAVAVAVAVAY

Q. Wilmart et al., 2D Materials (2014) Klein tunneling transistor in ballistic graphene..
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0.6

Ti8)

0.4 A

0.2 A

0.0

== Y€S, Using a Dirac Fermion reflector

Transmission probabilities

R n—wp*

—_— p“' —-=n
total
internal
reflection

T
—80

T T T T T T T ‘
-60 —40 -20 0 20 40 60 80
o]

< —
(::)-:- Co=—
n |p* n
=y
— /

Bicycle photon reflector

i

L

| -ul\'ﬂl\

/ .. S
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Q. Wilmart et al., 2D Materials (2014) Klein tunneling transistor in ballistic graphene.
S. Morikawa et al., Semicond. Sci. Technol. (2017) DF reflector by graphene sawtooth-shaped n-p-n junctions.
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The Dirac Fermion reflector: coherent regime
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H. Graef, D. Mele et al., in preparation (2018)
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GDR-I GDR

The Dirac Fermion reflector: geometrical optics .../ suricic s cripieie
DC experiment at 60K Scattering simulation
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Significant reflection effect (resistance plateau) obeying DF optical index dependence

H. Graef, D. Mele et al., in preparation (2018)
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Effect of AC phonon scattering sasesss’ GRAPHENE sosnsse? GRAPHENE
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Dirac Fermion Reflectors work up to 100K !
New physics above 100 K ? Viscous Dirac Liquid ?
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 Graphene as a 2D plateform

» Graphene/BN : the paradim of a Dirac fluid
* Minute coupling to the lattice
« Dirac Fermion gas at low temperature
* Viscous liquid above 100K

 Prominent, and tunable, hot electron effects
» Possibility of radiative relaxation in Zener regime

« Applications: electronic and optoelectronic devices
» Good compliance to exotic electronic orders

« Spin transport
» Superconductivity
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