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https://medium.com/@augusto.tomas/its-5g-it-s-6g-it-s-qg-the-quantum-generation-c65771042b08 Finland’s 6G visions for 2030.
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(Courtesy of Terahertz Technology Trend Investigation Committee, MIC, Japan)

120GHz 240GHz 300GHz 400GHz

NTT NTT Koch, GER Mann, UK
l
AN r'd
1000 [~ 20°Cc lato 37THZIFSO Fog(0.1g9/m?3)
H,O : 7.5g/mp | Lucent . . ;
2 . - Visible range:50m
~ /— - S S e e ..
E 100 Ny Downpour
o _\ S~ (150 mm/h)
e N Y [N A ST —— |
~ ”Coz Heavy rain
S 10w~ M VYUY T mm——ee el __ (25 mm/h)
r H, H,0, CO,
c Foggy rai
oggy rain
Q1 (0.25 mm/h)
=R O Y o [ e T 1 | I
< U H,0
0,
0.1 \ /\/ Visible
Sub-MMW IR I———I
|
0.01 ' ' ' ' '
10 GHz 100 GHz 1THz 10 THz 100 THz 1000 THz
30 mm 3mm 0.3mm 30 um 3 um 0.3 um

Frequency / Wavelength — 6



JST-ANR SICORP (2010~2013) 0)532%

T. Nagatsuma et al.,, Opt. Express 21, 23736 (2013).
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M. Tonouchi, Nature Photon. 1, 97-105 (2007).
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(\; —® iﬁ _— —_— L r P. R. Wallace, PR 71, 622 (1947).
o T H Z 'Tj‘ ? jI JTL X % V&5 novoseior et a1, Science 306, 666 (2004).

- ®  K.S. Novoselov et al., Nature 438, 197(2005).
RIEG, Y. Zhang et al., Nature 438, 201(2005).

M.1. Katsnelson, Mat.Today 10, 29 (2007).
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E Mono-layer of sp2 bonded carbon
atoms in a honeycomb lattice.

E Massless Dirac Fermions obey linear
dispersion relation at K & K’ points.

E High carrier mobility 7 >200,000 cm2/Vs
at RT. (c¢f. InGaAs: v/~ 12,000 cm2/Vs)
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B Peeling from HOPG (highly oriented pyrolytic graphite)

— Highest mobility obtained
— Reproducibility is challenging

A. Geim and K. Novoselov, Nat. Mat. 6, 184 (2007).

B Epitaxial graphene: thermal decomposition of hexagonal SiC

— Process temperature rather high ~1000
— Better mobility than CVD growth

W.A. de Heer et al., Solid State Commun. 143, 92 (2007).
M. Suemitsu and H. Fukidome, J. Phys. D 43, 374012 (2010).

B CVD growth on metallic catalyst and transferring substrate

— Cu, Ni, Fe, Co etc.. at low temperature 650 — 1000 °C

... — Large area, quality being improved

— Epitaxial CVD graphene now available h ron
— Transfer process mandatory /
J. Bae et al, Nature Nanotech. 5, 574 (2010). o
H. Ago et al,, ACS Nano 4, 7404 (2010). P Weprdition

pnd patieming

(2) Ciraphene

/

E—

Graphene synihesis by CVD
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van Bommel et al. Surf. Sci. 48, 463 (1975).

By annealing a hexagonal 6H-SiC substrate at a high temperature in
vacuum, the surface changes to graphene.

Graphene
I

SiC substrate

e : Si atom
« : C atom

SiC (0001) surface

C. Berger et al, Science 312, 1191 (2006).
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T. Ando , JPSJ 74, 777 (2005).

Ab*
a=246A b =a(-1/2,V3/2)
K
a=a(1,0)
unit cell: K~
N T =
eiKrl - o, eiKrz =a)_1, eiKr3 -1

1+ o+ a)_lzo
7 band electron:

w(r)=D Wwa(Ra)(r —Ra)+ D wp(Rg)d(r — Rg)

Ra Rg
=Y fak)e Rag(r —Ra)+ Y g (k)e* R g(r — Rg)
Ra Rg

#(r): p, orbital wavefunction around I

Tight-Binding Approx.:
3

ey a(Ra)=-70D we(Ra—171)
=1
3
eyg(Rg)=-70 ) Wa(Rg +7))
-1

Hamiltonian:

( 0 hap (k)
hap (k) * 0

3

hap(k) = —vo Z e

=1

fa(K+K) = f4(K),

V3 0
2 Wolk, +ik,

Eigenvalues:
det(el —H)

-0 w

M.1I. Katsnelson,
Mater/a/ Today 10, 20(2007)

(fA (k)>

) (720) == (e

—tkty —iw‘l—ga (k, — iky)
> Yo(Kx y

k=K K/
fe(K+K) = infp(k)

ke — iky) (fA(k)> (fA(k)>

¢ fz(K) fz(K)
£ = E(K)=%vg A|K|
VE = 108cm/s
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Photon absorption in Graphene

via interband transition is

flat over the linear dispersive energy range
- limited to ~2.3%/layer by me?/hc)

. A i
Mono-layer:
M?/dyer
Jraps

Ny -

1K

sic
i gl PRR S A L g gl
100 1000 10000
Wavenumber (cm’)

H. Choi et al.,, APL 94, 172102 (2009).

white hght ideal

Dirac fermions %= Ter
98 _ c
:

N

—H
{g
light transmittance (%)

wavelength A (nm)

R.R. Nair et al., Science 320, 1308 (2008).
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l Carriers interact with:

- Optical Phonons at I' (F'-LO&TO)
- Intravalley & Intraband/Interband

- Optical Phonons at K (K-TO)
- Intervalley & Intraband/Interband

Phonon dispersion | Scattering rates ‘
e-dispersion

i ' 27z- ' 2 '
i) (lk,lk)=7‘<lk | H oy intersira | I -8k =K't/ vp)

Ainter/tra
1 o - .
=~ Transition probability density

5 L—I
- - 12 H. Suzuura and T. Ando, JPSJ 77, 044703 (2008).
§ §3x10
> £ | i |1 i
g ® interband intraband
= 5 2x10°°k 1
= B
= : <
D w0
£ Ay 12
o O 1x10

el

8 M 1 M " 1 L " 1 N " 1 L

0 S 00 100 200 300 400 100 200 300 400
I- K M Carrier energy, meV Carrier energy, meV

B Time scale of OP emission: 300 fs ~ 3 ps

J. Maultzsch, PRB 70, 155403 (2004).
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L.A. Falkovsky & S.S. Pershoguba PRB 76, 153410 (2007).

2 2
e“(In2+¢&. 1 2ksT)  koTr e >0: Loss
Re o, ~ ( e /2T K 2”“2 +—(fo(-ho ! 2)- (10 /2) {1 _a. caIN
rh hl+wr)) 4n -
Z V.Ryzhii, M.Ryzhii, T.Otsuji, JAP 101, 083114 (2007).
TH 7 G ain A. Satou, F.T. Vasko, V. Ryzhii, PRB 78, 115431 (2008).

3 Amplifying & Lasing
T
" | Resonantly Giant 0
Gintra Gain via SPP e —er

2.3% limit!) a2
( ilztﬁz

Re o(w) (e%/4h)

1 Y T =Te
_inte fic (i) —€p
’ o
inter A ; <_£F
Oy Pumped
-1
0.1 100 1000

cy (T H Z) A.A. Dubinov et al,, J. Phys.: Condens. Matter 23 145302 (2011).
S. Boubanga Tombet et al., PRB 85 , 035443 (2012).
T. Watanabe et al., New J. Phys. 15, 075003 (2013).
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V.Ryzhij, M.Ryzhii, T.Otsuji, JAP 101, 083114 (2007).
A. Satou, F.T. Vasko, V. Ryzhij, PRB 78, 115431 (2008).
E. Sano, APEX 4, 085101 (2011).
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0.4
- i
' after 20~200 fs L]
£Energy Popul i
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via optical phonons

,., 0.5 J(&)

Population inversion!
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RIEG

SiC

E Epi-graphene on 4H-SiC
E p~ 100,000 cm?2/Vs

E Time- & Angle-resolved
photoemission microscopy

E Even for rather high pump
energy 1.55eV

E Population inversion is
maintained in ps time
scale !

E Auger scattering
well-suppressed !
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7. Someya, H. Fukidome et al. 1. Matsuda, PRB 95, 165303 (2017).

fu-1.0ps f=Ofs f = 100 f5 tw 200 fs t=400fs  t=1.0psS
e s L el I L L B ——r ———r [T———T] T—T—T—T
R { LG 1 Lig) 4 Lid 4 Lied { Lif
£ 1
E s 4 r 4k 4 =t 4 = -
E oo ! . . | |
.._:' ol | ! | 1 1
1.5 ] L | | 1 . e
14 15+ 20 14 1E 18 24 A VE LB 2O 14 0 1B 29 14 18 LEBED 14 15 1B 2D
LR e e N T N e I Wi N P |
3 . | |
ool . ¥ ¥ | ¥ ]
J R R SR |
- ol E-.“-}I'n ‘ _-\._I'._,; I..;- E:.'..‘::_ d :'E'- .J: L i |
Min mz' 5 b il.._-l:i-.l. | |_£ .-I.-':'..l. £ L'.“’.::. -J.‘. A L J:?L T ..|J. 5. ER {I = i ]
14 1B 45 20 i 1R 1E f4d iA 18 20 14 18 18 20 14 15 1R 20
WD reamiae 10N Waso rumbar (15 Wreg raembar (1420 Woras mEETESE 108 Whraa rarmosa 108
E-E i {m70is f = 400 15 t=1,000 fs t = 2,000 13 f = 5,000 s
J.ﬂ I ] L] T = | ¥ L] L] L) L I L] 1 | |
B Emigsion
20 B Absomlion o o o
=
e 0, inkrasand 1.|:|-I""_1I _x3 -L‘ x93 -'H_ x 25 4 x 200
1.55 gV 1 o .. | :_'.' | Hi“‘hh-..:'. e T
.,..'q 1 L] interbend _‘/ s -LIF___ e —rT —_|-‘_—|"':_=: _El.u e
e fil) itrabend S i . e | == =
A0 = .:I o -.';,"'-f . -
20T, =340K Ta =1080K | = T, =120906K | 5 T =B60K = T =EiBK
Tohe aBok T = 1220 K Tt = 1120 K Ton = 860 K T = 480 K
':.ﬂ i § i i i i | i i i i i i i

Scatterdng rate (10" ev' em™ pa’)



A . o
)T S e
s

DE GRUYTER o Nanopholonics 2018; 7(4): 741-752 a
Research article E ﬂ %

Deepika Yadav, Gen Tamamushi, Takayuki Watanabe, Junki Mitsushio, Youssef Tobah, Kenta
Sugawara, Alexander A. Dubinov, Akira Satou, Maxim Ryzhii, Victor Ryzhii and Taiichi Otsuji*

Terahertz light-emitting graphene-channel
transistor toward single- mode lasing
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V. Ryzhii, A. Dubinov, V.Ya. Aleshkin, M. Ryzhii, T. Otsuji, APL 1

Tunable Resonant
THz Photon

Emission

|

|

03, 1 63507 (2013).

~N Photo-Emission-Assisted
Optical . Resonant Tunneling
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D. Yadav et al., 2D Mater. 3, 045009 (2016).
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A.A. Dubinov et al., Opt. Exp. 24, 29603 (2016).
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V. Ryzhii, A. Satou, T. Otsuji, JAP 101, 024509 (2007).

R | E@ E.H. Hwang and S. Das Sarma, PRB 75, 205418 (2007).
A.N. Grigorenko et al., Nature Photon. 6, 749-58 (2012).
D. Svintsov et al.,, JAP 111, 083715 (2012).
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T. Watanabe et al., New J. Phys. 15, 075003 (2013).

Ampli fied S. Boubanga Tombet et al., PRB 85 , 035443 (2012).
THz photon = i

THz photon x ﬂpticalre-mdiaﬁun S Rt 10 a1g w G % g5
radiation 7 £ | — 08t w GB -
i“ E ! — Dl gly = GR E 1.0
TM mode Z 24 i £
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Delay {ps)

Frequency (Hz)

1 150 200 Z54
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R I E@ M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465-2468 (1993).

Source
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Drude loss
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+*9 Ryzhii-Satou-Shur#!

1;‘.:3:. j5 z E }*EEE 6 e 9

RIE@ . Ryzhii, V., Satou, A. & Shur, M.S, IEICE T. E89, 1012 (2006).
Source : Ryzhii, V., Satou, A., Ryzhii, M., Otsuji, T. & Shur, M.S. JPCM 20, 384207 (2008).

Intrinsic gate length: L, (nm)
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N T
= =
2 o 01 ~
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G1 0 7 2
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Plasmon excitation 05 i 15 >
: Fundamental plasmon frequency w;/2x (THz)
Plasmon instability 0.2
"=|~'.'|" 0.1
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5 0.0
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C 2 )
=
003 — I

Transit time through a barrier section r; {ps]
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S. Mikhailov, PRB 58, 1517 (1998).

G.R. Aizin, J. Mikalopa, and M. Shur, PRB 93, 195315 (2016).
D. Svintsov, PRB 97, 121405(R) (2018).

T. Otsuji et al., unpublished.
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