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研究の背景と目的

グラフェンの光電子物性

グラフェンのテラヘルツ(THz)レーザー応用

グラフェンプラズモンとその巨大THz利得増強作用

グラフェンTHzレーザートランジスタの新しい展開

まとめ
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(IEEE Spectrum May 2018.)

https://medium.com/@augusto.tomas/its-5g-it-s-6g-it-s-qg-the-quantum-generation-c65771042b08 Finland’s 6G visions for 2030.

https://medium.com/@augusto.tomas/its-5g-it-s-6g-it-s-qg-the-quantum-generation-c65771042b08
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T. Nagatsuma et al., Opt. Express 21, 23736 (2013).

8K Ultra-HDTV
■ Available in 2020

■ Scanning lines >4000

■ Uncompressed at 72Gbps

■ Carrier freq. ~1000GHz

しかし, 伝送距離はたったの 1 m !

実用的な超高速THz無線の実現には
光源の高出力・高周波化と検出器の高感度化が不可欠！

300 GHz帯で48 Gbit/s 無線伝送に成功

JST-ANR SICORP (2010~2013) の成果 7



M. Tonouchi, Nature Photon. 1, 97-105 (2007).
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Mono-layer of sp2 bonded carbon       
atoms in a honeycomb lattice.
Massless Dirac Fermions obey linear 
dispersion relation at K & K’ points.
High carrier mobility  μ >200,000 cm2/Vs
at RT.    (cf.  InGaAs: μ ~ 12,000 cm2/Vs) 

P. R. Wallace, PR 71, 622 (1947).
K.S. Novoselov et al., Science 306, 666 (2004).

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

M.I. Katsnelson, Mat.Today 10, 29 (2007).
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THz
Gap



 Peeling from HOPG (highly oriented pyrolytic graphite) 
– Highest mobility obtained
– Reproducibility is challenging

 Epitaxial graphene: thermal decomposition of hexagonal SiC 
– Process temperature rather high ~1000
– Better mobility than CVD growth

 CVD growth on metallic catalyst and transferring substrate
– Cu, Ni, Fe, Co etc..  at low temperature 650 – 1000 ℃
– Large area, quality being improved
– Epitaxial CVD graphene now available
– Transfer process mandatory

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

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

J. Bae et al, Nature Nanotech. 5, 574 (2010).
H. Ago et al., ACS Nano 4, 7404 (2010).
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By annealing a hexagonal 6H-SiC substrate at a high temperature in 
vacuum, the surface changes to graphene.

SiC(6√3×6√3)

SiC(1×1) SiC(√3×√3)

Graphene

Graphene(13×13)

SiC (0001) surface

SiC substrate

: Si atom
: C atom

van Bommel et al. Surf. Sci. 48, 463 (1975).
C. Berger et al, Science 312, 1191 (2006).
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M.I. Katsnelson, 
Material Today 10, 20(2007).

T. Ando , JPSJ 74, 777 (2005).
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バンドギャップが存在しない
バンドが線形分散 ⇒ 有効質量 m*= 0
電子とホールの輸送特性が完全に対象

k k
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通常の半導体中の電子の運動
有効質量のある電子

(τ: lifetime)
定常状態:

移動度
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グラフェン内の電子の運動

𝜀𝜀 = 𝑝𝑝2

2𝒎𝒎
⇔ 𝜀𝜀 = 𝒗𝒗𝑭𝑭𝑝𝑝

𝜕𝜕𝜕𝜕
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⇒ 𝜇𝜇 =
𝑒𝑒𝒗𝒗𝑭𝑭𝟐𝟐𝜏𝜏
𝜺𝜺𝑭𝑭

グラフェンでは有効質量 m* がゼロ、さらに
散乱が弱いので、平均寿命 τ が大きい。

移動度μは非常に大きな値となる

μ の比較（cm2/(Vs)）
Si:          300 

GaAs:   6,700 
Graphene: >200,000
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S D
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グラフェン
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Vgs
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バンドギャップがないため、
しきい値以上のVgsでは電子が
しきい値以下のVgsでは正孔が
誘起され、オフできない！

0
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Buffer layer

Mono-layer

Multi-layer

H. Choi et al., APL 94, 172102 (2009). R.R. Nair et al., Science 320, 1308 (2008).

2.3%

17

Ω

Photon absorption in Graphene
via interband transition is

- flat over the linear dispersive energy range
- limited to ~2.3%/layer by πe2/c !



- Optical Phonons at Γ (Γ-LO&TO)
- Intravalley &  Intraband/Interband

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

K’K

Carriers interact with:
Conduction band

Valence band

Phonon dispersion

Γ K M

e-dispersion

intrabandinterband

Scattering rates

 Time scale of OP emission: 300 fs ~ 3 ps

H. Suzuura and T. Ando, JPSJ 77, 044703 (2008).

J. Maultzsch, PRB 70, 155403 (2004).

18

Transition probability density
from state k to k’
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L.A. Falkovsky & S.S. Pershoguba PRB 76, 153410 (2007).
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V.Ryzhii, M.Ryzhii, T.Otsuji, JAP 101, 083114 (2007).
A. Satou, F.T. Vasko, V. Ryzhii, PRB 78, 115431 (2008).

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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E. Sano, APEX 4, 085101 (2011).
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Energy 
relaxation and 
recombination
via optical phonons

Population inversion!

after a few ps

Quasi-
equilibration
via carrier-carrier
scattering

after 20~200 fs

V.Ryzhii, M.Ryzhii, T.Otsuji, JAP 101, 083114 (2007).
A. Satou, F.T. Vasko, V. Ryzhii, PRB 78, 115431 (2008).



23

T. Someya, H. Fukidome et al. I. Matsuda, PRB 95, 165303 (2017).

Epi-graphene on 4H-SiC

μ ~ 100,000 cm2/Vs

Time- & Angle-resolved 
photoemission microscopy

Even for rather high pump 
energy 1.55eV

Population inversion is 
maintained in ps time 
scale !

Auger scattering                
well-suppressed !

t = 1.0 ps

t = 1,000 fs
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Pout ~ 80 μW
Pout ~ 0.1 μW

グラフェンによるテラヘルツレーザー発振に初めて成功！



L. Britnell et al., Nature Comm. 4, 1794 (2013).
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V. Ryzhii, A.A. Dubinov, T. Otsuji et al., Opt. Exp. 21, 31569 (2013).
V. Ryzhii, A. Dubinov, V.Ya. Aleshkin, M. Ryzhii, T. Otsuji, APL 103, 163507 (2013).

Photo-Emission-Assisted
Resonant Tunneling

ω

ω



科研費：基盤研究(S) 二次元原子薄膜ヘテロ接合の創製と
その新原理テラヘルツ光電子デバイス応用 (H28~R02)

D. Yadav et al., 2D Mater. 3, 045009 (2016).
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A.A. Dubinov et al., Opt. Exp. 24, 29603 (2016).

Ez , N = 30 Ez , N = 100

Ey , N = 30 Ey , N = 100

at 5 THz
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Plasmon 
velocity:

V. Ryzhii, A. Satou, T. Otsuji, JAP 101, 024509 (2007).
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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k : Wave number (cm-1)
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L. Ju et al., Nature Nanotech. 6, 630 (2011).

Photon
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T. Watanabe et al., New  J. Phys. 15, 075003 (2013).
S. Boubanga Tombet et al., PRB 85 , 035443 (2012).

Spatial Distributions of the Pulse Intensities



M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465–2468 (1993).
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Ryzhii, V., Satou, A. & Shur, M.S.  IEICE T. E89, 1012 (2006).
Ryzhii, V., Satou, A., Ryzhii, M., Otsuji, T. & Shur, M.S.  JPCM 20, 384207 (2008).
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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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Y. Koseki, V. Ryzhii, T. Otsuji, V.V. Popov, A. Satou, PRB 93, 245408 (2016).
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A-DGG3.1

30,000 < μ < 40,000 cm2/Vs

A-DGG3.2

35

d1
d2

d4

d3

Lg1

Lg2

n
(1

01
2

cm
-2

)

(VBG - VCNP)  (V)

M
ob

ili
ty

, μ
 (

cm
2 /

Vs
)2.5

2.0
1.5
1.0
0.5
0.0

45

40

35

30

x103

0.5    1.0  1.5   2.0      2.5      3.0

3.0    6.0    9.0
(VBG - VCNP)  (V)1/(VBG - VCNP) (V-1)

(VBG - VCNP)  (V)

R 
 (k

Ω
)

-15    -10  -5   0        5       10      15

5
4
3
2
1
0

-1.5  -1.0  -0.5   0.0    0.5     1.0    1.5

A-DGG3.1 A-DGG3.1

S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).



Lock-In Amp.

PCGFET

1.55 μm, 80-fsFWHM 
Fiber Laser
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36

Metal conical
tapered aperture

0 1 2 3 4 5 6
Frequency (THz)

8
6
4
2
0

Am
pl

itu
de

 (
a.

u.
)

Si
gn

al
 (

a.
u.

)

4
2
0

-2
0 2 4 6 8 10

Time (ps)

S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).
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A-DGG3.2
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S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).
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S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).
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S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).



プラズモニックブーム型不安定性
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電子速度変調型不安定性

ドップラーシフト型不安定性
Y. Koseki et al., Phys. Rev. B 93, 245408 (2016).

S. Boubanga-Tombet et al., Phys. Rev. X 10, 031004 (2020).
S. Boubanga-Tombet et al., Frontiers in Phys. in press.

G.R. Aizin, J. Mikalopas, M. Shur, Phys. Rev. B 93, 195315 (2016).
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研究の背景と目的

グラフェンの光電子物性

グラフェンのテラヘルツ(THz)レーザー応用

グラフェンプラズモンとその巨大THz利得増強作用

グラフェンTHzレーザートランジスタの新しい展開

まとめ
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グラフェンプラズモニックTHzレーザートランジスタ
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Conclusions 

THzギャップ克服のために、グラフェンの２次元電子ガスに励起される“プラズモン”を
新たなブレークスルーとして導入した新原理テラヘルツ波増幅素子を提案した。

実験の結果、THzフォトンがグラフェン電子と直接相互作用して得られる量子効率
限界を４倍以上も上回る最大９％の増幅利得を室温下で得ることに成功した。

次世代６G, 7G超高速無線通信実現に光明となる成果であり、室温・高強度・
高速変調グラフェンプラズモニックTHzレーザートランジスタの実現に期待がかかる。
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