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#4% | Professor

K& Bit #R—
Name Taiichi Otsuji (April 2005—Present)
NEHA BIO— RNV RTNAR - VRTLHESE

Research Field | Ultra-Broadband Devices and Systems

IR | Associate Professor

Rt HEth / Tetsuya Suemitsu (October 2006 —August 2017)

5aﬁ1e Stephane Boubanga-Tombet (April 2014 —September 2016)
{k#% HR / Akira Satou (November 2017 —Present)
WBRSRETF T /N1 AARSEF

SNEL Ultrafast Electron Devices (April 2013 —August 2017)

BIJA—R/N\Y RT/( RYBHE S
Ultra-Broadband Device Physics (April 2014 — September 2016,
November 2017 —Present)

Research Field

Bh# / Assistant Professor

e 73 N " —
E%  Name | E# M /Akira Satou (April 2013—October 2017)

JEi &2z | Takayuki Watanabe (November 2017 —Present)
ft / Others

FEHIZ:1 4 / Visiting Professors: 1 (April 2013—Present)
Bi#% (7o xH MEE) 14 (April 2013—March 2015)
MEXIEE: 24 (April 2013—March 2015, April 2014 —March 2016)
HERARZIESE : 248 (April 2015—March 2016, April 2016 — October 2017)

C. 12 B # / Research Purpose

ABMEETE, WELERBEOBHEEETHLSI UK TINLYEKR (HTIVR) HD
Rifizhith, ERIET 501, KEHTHETDIHLOWEFTNAABIVEBURT
LD E, ENODEREE - A AT LANDGHICET 2HRERAFEZEToTL S,

Terahertz (sub-millimeter) coherent electromagnetic waves are expected to explore the
potential application fields of future information and communications technologies. We are
developing novel, ultra-broadband integrated signal-processing devices/systems operating
in the millimeter and terahertz frequency regime.

D. ¥ WHET—< / Research Topics

LEFMH U570 Z2RAVEHRETIAILYTNARDRIHEZD LR T LG
2.FSAEVHRBRT SANYFERR - BRE - BRT A ZAOHRREMILE SR T LI
3.InGaAs RBRFRERAMNR b5V ORI E LU GaN REME - BRAK S VO R
VEh o DEEE LA

ARBHEEY ) TRBEETAERTNA ZADHREZOABERRMERY FT—I~DIEA

1. Graphene-based terahertz lasers and ultrafast transistors, and their system applications

2. Plasmon-resonant terahertz emitters/detectors/modulators and their system applications

3. InGaAs-based field effect transistors (FETs) for ultimately high frequency, GaN-based
FETs for high power and high frequency, and their application to integrated circuits

4. Optical-to-wireless carrier frequency down-converters and their applications to optical-
wireless convergence networks




E. 2R XZEDHHE / The Number of Research Papers

2013 | 2014 | 2015 | 2016 | 2017 | 2018 | Total

(1) EFfFiram s 20 16 10 16 10 8 80
Refereed journal papers (3) (1) (4)

(2) REFm L L RIS
HHTER S E R LT 7 3 4 4 6 5 29
Full papers in refereed conference 1 1) (2) ()
proceedings equivalent to journal papers

(3) AwilTEFRSH 52 37 34 42 34 39 238
Papers in refereed conference proceedings (14) | (20) | (16) | (18) | (16) | (25) | (109)

e ESAZE © S s

(4) En)ufoﬁ.bﬁfﬁ:su& YR UL 0 0 0 0 0 0 0
Papers in conference proceedings

(5) et - iRk 3 4 0 2 0 0 9
Review articles

S g L g A 2

(6) Emh’ﬁ‘mxnﬁ_ ) ) 0 0 0 0 0 0 0
Refereed proceedings in domestic conferences

(7) EFiZe LEWIES - B 23 23 16 14 10 10 96
Proceedings in domestic conferences (10) | (5) (3) (1) (4) (3) | (26)

(8) #k 2 | 22|10 |o| 7
Books

(9) Feat ol o|lolo|o] o] o
Patents

(10) A freTE 28 | 25 | 19 | 21 | 21 | 28 | 142
Invited Talks




F 535 EITREHMEME / Significant Research Achievements (FY.2013-2018)

See Ref. 1. “#” mark indicates research carried out at a former organization.
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132 SHRWEAILE, FOEFLEZICE D DY A - REZ2 7332 L.

[2013-2015]
1. Y. Kurita, G. Ducournau, D. Coquillat, A. Satou, K. Kobayashi, S. A. Boubanga Tombet, Y. M. Meziani, V. V.
Popov, W. Knap, T. Suemitsu, and T. Otsuji, “Ultrahigh sensitive sub-terahertz detection by InP-Based

asymmetric dual-grating-gate HEMTs and their broadband characteristics,” Appl. Phys. Lett., Vol. 104, No. 25,
pp. 251114 1-4, 2014. [IF: 3.521 / 3.352 (five-year) by WOS (2018)] [Times Cited: 52]

[Related paper(s) published in 2013-2015]

T. Otsuji and M.S. Shur, "Terahertz plasmonics: good results and great expectations,” IEEE Microwave
Magazine, Vol. 15, Iss. 7, pp. 43-50, Nov-Dec. 2014. [IF: 2.949 / 3.471 (five-year) by WOS (2018)] [Times
Cited: 39]

S.A. Boubanga Tombet, Y. Tanimoto, A. Satou, T. Suemitsu, Y. Wang, H. Minamide, H. Ito, D. V. Fateev, V.V.
Popov, and T. Otsuji, "Current-driven detection of terahertz radiation in dual-grating-gate plasmonic detector,"
Appl. Phys. Lett., Vol. 104, Iss. 26, pp. 262104-1-4, July 2014. [IF: 3.521 / 3.352 (five-year) by WOS (2018)]
[Times Cited: 25]

T. Otsuji, "Trends in the Research of Modern Terahertz Detectors: Plasmon Detectors," IEEE Trans. Thrz. Sci.
Technol., Vol. 5, No. 6, pp. 1110-1120, Nov. 2015. DOI: 10.1109/TTHZ.2015.2487222 [IF: 3.107 / 3.030 (five-
year) by WOS (2018)] [Times Cited: 22]

B W77 X2 OIEBBERER 2B L U, A O ERIE S — MEE AR T
% INP-HEMT X"—2 D77 XE=v 7 THz RIHFHFE 123 - 70 L, EkPERE A 1 AMTLA B BRI 2
JE - ARMET PERE A 2R LT, 7o, [FSE T2 1T 2 MR o J8 B BURE 2 R TRID TR S T LT,
FWETOERIA /) FEXUHEHTE: AUZEICEEL, IEEE LY Fellow #rih (Bit
Z&—, 2013.1.1). 77 & ONZ Electron Device Society Distinguished Lecturer (23 (Bt —. 2012.1.1) &
M7z, H22~25 £EJ JST-ANR H LIS HORH AR i [E R IL RMFFEHEE 26 & U CHERE L, AT
SFHEZEGIZ, 77 XAEe=v 7 THz BHFFOEMFIREMEZ FZEET 2 D Th v | THz HEH#(E < THz
HAZIREFEROL » LA 28 FF ARERBEERITOMRN D REIRPERENA N7 ML
TW5,
Abstract: In this paper, we fabricated and evaluated the performance of an InP-HEMT-based plasmonic THz
detector with our original asymmetric dual-grating-gate structure, which utilizes the nonlinear rectification effect of
two-dimensional plasmons, and demonstrated its ultrahigh responsivity and low noise performance over one-order-
of-magnitude higher than conventional plasmonic THz detectors. Also, we demonstrated the broadband
characteristics of the detector responsivity for the first time in the world.

International impact on both academic and social aspects: Related to this work, Taiichi Otsuji was given IEEE
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Fellow on Jan. 1, 2013, and elected for Electron Device Society Distinguished Lecturer on Jan. 1, 2012. Also, this
work had been promoted within the framework of FY2010-2013 JST-ANR Japan-France Project of Strategic
International Collaborative Research Program and was received S rating on the ex-post evaluation. This
achievement verified the feasibility of the plasmonic THz detectors and possesses a big industrial impact that leads
to the implementation of THz wireless communications and THz cameras for the future safe, secure, ubiquitous
information and communication society.

2. T.Watanabe, T. Fukushima, Y. Yabe, S.A. Boubanga Tombet, A. Satou, A.A. Dubinov, V. Ya Aleshkin, V. Mitin,
V. Ryzhii, and T. Otsuji, "The gain enhancement effect of surface plasmon polaritons on terahertz stimulated
emission in optically pumped monolayer graphene," New Journal of Physics, Vol. 15, Iss. 7, pp. 075003-1-11,
July 2013. DOI: 10.1088/1367-2630/15/7/075003 [IF: 3.773 / 3.626 (5 year) by WOS (2018)] [Times Cited:
52]

[Related paper(s) published in 2013-2015]

T. Otsuji, V. Popov, and V. Ryzhii, “Active graphene plasmonics for terahertz device applications,” J. Phys. D.,
\ol. 47, Iss. 09, pp. 094006-1-10, 2014. DOI: 10.1088/0022-3727/47/9/094006 [IF: 2.829 / 2.868 (five-year)
by WOS (2018)] [Times Cited: 47]

T. Otsuji, S. Boubanga Tombet, A. Satou, M. Ryzhii, and V. Ryzhii, " Terahertz-wave generation using
graphene: toward new types of terahertz lasers," IEEE J. Selected Topics in Quantum Electron., Vol. 19, Iss. 1,
pp. 8400209-1-9, 2013. (invited) doi: 10.1109/JSTQE.2012.2208734 [IF: 4.681 / 4.122 (five-year) by WOS
(2018)] [Times Cited: 39]

A. Satou, V. Ryzhii, Y. Kurita, and T. Otsuji, "Threshold of terahertz population inversion and negative dynamic
conductivity in graphene under pulse photoexcitation," J. Appl. Phys., Vol. 113, Iss. 14, pp. 143108-1-7, 2013.
DOI: 10.1063/1.4801916 [IF: 2.328 / 2.224 (five-year) by WOS (2018)] [Times Cited: 32]

D. Svintsov, V. Wurkov, V. Ryzhii, and T. Otsuji, "Hydrodynamic electron transport and nonlinear waves in
graphene," Phys. Rev. B, Vol. 88, Iss. 24, pp. 245444-1-8, 2013.DOI: 10.1103/PhysRevB.88.245444 [IF:
3.736 / 3.739 (five-year) by WOS (2018)] [Times Cited: 18]

D. Svintsov, V. Ryzhii, A. Satou, T. Otsuji, and V. VWurkov, "Carrier-carrier-scattering and negative dynamic
conductivity in pumped graphene,” Opt. Express, Vol. 22, No. 17, pp. 19873-19886, Aug. 2014. DOI:
10.1364/0E.22.019873 [IF: 3.561 / 3.531 (five-year) by WOS (2018)] [Times Cited: 14]
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FIRLIEHHDOa e — L BT T~ )V BRI O 2 EH T 5 FEEZFERIICHL NI L H DT
HY ., FFEOPHD CHEGREA LY AL[A. A, Dubinov et al., J. Phys. : Condens. Matter, Vol.
23, pp. 145302-1-8, 2011. Times Cited: 119 by WOS (2018)]1% H bH D FCTEBREFFICHKI L= H D
Thd, ZIETIZ 50 A2 AW AEEHETND, 7T~ EERE T TF O NCER - @
& L O RICHE LB 2 R Ule, BB B B [ H - 0z, 2015 4F 1 10z
D% N

Abstract: Nonlinear carrier relaxation/recombination dynamics and the resultant stimulated terahertz (THz) photon
emission with excitation of surface plasmon polaritons (SPPs) in photoexcited monolayer graphene has been
experimentally studied using an optical pump/THz probe and an optical probe measurement. We observed the spatial
distribution of the THz probe pulse intensities under linear polarization of optical pump and THz probe pulses. It
was clearly observed that an intense THz probe pulse was detected only at the area where the incoming THz probe
pulse takes a transverse magnetic (TM) mode capable of exciting the SPPs. The observed gain factor is in fair
agreement with the theoretical calculations. Experimental results support the occurrence of the gain enhancement
by the excitation of SPPs on THz stimulated emission in optically pumped monolayer graphene.

International impact on both academic and social aspects: This paper experimentally reveals the method to
realize giant amplification of coherent THz electromagnetic waves using plasmons in 2D electron systems in
graphene that the authors first discovered theoretically [A. A. Dubinov et al. J. Phys.: Condens. Matter, \ol. 23, pp.
145302-1-8, 2011. Times Cited: 119 by WOS (2018)]. We have obtained more than 50 citations so far. It made a
significant contribution to the development of THz semiconductor electronics and electrical and communication
engineering. Core achievement of Inoue Foundation Research Encouragement Award [the 1st author: Dr. Takayuki
Watanabe, January 2015].

3. V. Ryzhii, A. Satou, T. Otsuji, M. Ryzhii, V. Mitin and M.S. Shur, "Dynamic effects in double graphene-layer
structures with inter-layer resonant-tunneling negative conductivity," J. Phys. D: Appl. Phys., Vol. 46, Iss. 31,
pp. 315107-1-6, 2013. DOI: 10.1088/0022-3727/46/31/315107 [IF: 2.829 / 2.868 (five-year) by WOS
(2018)] [Times Cited: 38]

[Related paper(s) published in 2013-2015]

D. Svintsov, V. Wurkov, V. Ryzhii, and T. Otsuji, "Voltage-controlled surface plasmon-polaritons in double
graphene layer structures,” J. Appl. Phys., Vol. 113, pp. 053701-1-5, 2013. DOI: 10.1063/1.4789818 [IF:
2.328 1 2.224 (five-year) by WOS (2018)] [Times Cited: 43]

V. Ryzhii, A. A. Dubinov, V. Ya. Aleshkin, M. Ryzhii, and T. Otsuji, "Injection terahertz laser using the resonant
inter-layer radiative transitions in double-graphene-layer structure,” Appl. Phys. Lett., Vol. 103, pp. 163507-1-
4,2013. DOI: 10.1063/1.4826113 [IF: 3.521 / 3.352 (five-year) by WOS (2018)] [Times Cited: 30]

B EXERIT 4 T v 7 T 2 VI AL LTORRER G BIE ML A3 2 —xt O BLE 1K
77 xR TEE OMefEME Rt T TR T TR 57 7 7 = “HE T ) Xy XU H EE DX
¥ U7 F=7E&BLOT =V I b L ZFERICHIE T 2587 — RS & 2 B 72 2 HEIRIZ BV T
FEEDNA T AHINZ L > TT F~NY 7 4 b BIOT T XE Ol « WIAT VA M 5817
FH R RNARPFEESH L. ZOBRENT T 7 = VHENLELND T T VY ERISRE L 0T
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TV PEERR R 2 L B 1 ~ 2 b O BN D Z L 2B A LT,
FWECOERENA VNI FEXUHRSWEE: KE7 7 7 = 2Hh &4 2 ZIRou 5~
T afEEME & F ZICRBLT AEA BTN, T TR - T S AOMERE (L— %
IRBHEEE . FEETRE, 7 T~ LY B, B SR T PERE) 28 RICm ETE 5 2 & 20D THL
MZLIZbDTHY , FEROBERT 7~ VY EBRIBE S AT LOKE - ZfF7nr oy FOEB %
ZCD, TIVED ICT FEERHZ RESIHLSF—T 7 /nr—L LT, 77~ HEEKREST
FRONNCER - BE LYORREICHERERA R L,

Abstract: Carrier transport and optoelectronic and plasmonic properties of the graphene double-layer (GDL)
nanocapacitors comprising a pair of monoatomic thin film graphene holding unique semi-metallic electronic
properties as relativistic Dirac fermions separated by an atomic thin insulating film and an external gate that
electrostatically controls the carrier doping and Fermi levels in the GDL were theoretically studied. The authors
revealed that the device structure enables quantum-mechanical tunneling assisted by the emission or absorption of
THz photons and plasmons when the GDL and external gate are pertinently biased. It has been theoretically
discovered that the obtained optical gain and detection responsivity in the THz range can both be improved by one
to two orders of magnitude beyond those obtained from a monolayer graphene-based devices.

International impact on both academic and social aspects: The technology discovered in this paper could
enormously improve the performances of the THz band light source and detector devices (lasing threshold
temperature, emission intensity, detection responsivity, and noise temperature) by orders of magnitude beyond
existing monolayer-graphene-based technology. This will greatly open up telecommunication applications in the
ICT industry, including the realization of the transmitter/receiver front-end of future ultra-high-speed THz wireless
communication systems, and will give a significant impact and contribution to the development of engineering and

electrical and communication engineering.

[2016-2018]

1. D.Yadav, G. Tamamushi, T. Watanabe, J. Mitsushio, Y. Tobah, K. Sugawara, A.A. Dubinov, A. Satou, M. Ryzhii,
V. Ryzhii, and T. Otsuji, "Terahertz light-emitting graphene-channel transistor toward single-mode lasing,"
Nanophotonics, vol. 7, iss. 4, pp. 741-752, 2018. DOI: 10.1515/nanoph-2017-0106 [IF: 6.908 / 7.149 (five-
year) by WOS (2018)] [Times Cited: 3]

[Related paper(s) published in 2016-2018]

V. Ryzhii, D.S. Ponomarev, M. Ryzhii, V. Mitin, M.S. Shur, and T. Otsuji, "Negative and positive terahertz and
infrared photoconductivity in uncooled graphene,” Opt. Mat. Exp., vol. 9, no. 2, pp. 585-597, 2019. DOI:
10.1364/0OME.9.000585 [IF: 2.673/2.688 (five-year) by WOS (2018)] [Times Cited: 2]

G. Alymov, V. Wurkov, V. Ryzhii, A. Satou, and D. Svintsov, "Auger recombination in Dirac materials: A tangle
of many-body effects,” Phys. Rev. B, vol. 97, iss. 20, pp. 205411-1-13, May 2018. DOI:
10.1103/PhysRevB.97.205411 [IF: 3.736 / 3.739 (five-year) by WOS (2018)] [Times Cited: 7]

A. Satou, G. Tamamushi, K. Sugawara, J. Mitsushio, V. Ryzhii, and T. Otsuji, "A fitting model for asymmetric

I-V characteristics of graphene FETs for extraction of intrinsic moblities,” IEEE Trans. Electron Dev., Vol. 63,
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Iss. 8, pp. 3300-3306, July 2016. DOI: 10.1109/TED.2016.2578325 [IF: 2.704 / 2.722 (five-year) by WOS
(2018)] [Times Cited: 6]

BT T7 2B F v EL, SRR R IR L COMRES BIRIE AEREL B 45T 27 L7 — Mk
DT P AL — P —F - Z PN aR e i CrllE, FEML 7285 5. 100K OIREERSE F T, 5.2 THz, 0.1 =1
rady D OE—F—RL —P—FR, 725 ONT 1~7.6 THz, 80 ~A(7uUy MDA ae—L o MNask
HEIE B ARSI SE BRI TR LT, 777 = VB RIGIE L35 7 F~ YL —F — D JR B A& 2 2007
IR AL EEHE DA DICL > TEBREIEZEANL IO THD, 2K, 7797 =TT~ vy —H
DH—F—NERBIRIZIANT TOMER T NEFHEEFZB O LB A 157,

FHETOEBRHA NI FELUVHRSHER 74 b= A5 IR T2 5 — R E B 7k 56 SCEE
Nanophotonics (Impact Factor: 6.9 by WOS) (T8l bR 8 1 THll, 7T~V BRE R Cl i Mem - i
KEUED E R IRMMW-THZz2017 1236V T I 555478 Outstanding Student Paper Award A A% H T
ZH, 2017 AR CKEDEHS (0SA) 72— F b NS B R (JSAP) 7 = n—REZ O L)
M,

Abstract: Carrier transport and optoelectronic and plasmonic properties of the graphene double-layer (GDL)
nanocapacitors comprising a pair of monoatomic thin film graphene holding unique semi-metallic electronic
properties as relativistic Dirac fermions separated by an atomic thin insulating film and an external gate that
electrostatically controls the carrier doping and Fermi levels in the GDL were theoretically studied. The authors
revealed that the device structure enables quantum-mechanical tunneling assisted by the emission or absorption of
THz photons and plasmons when the GDL and external gate are pertinently biased. It has been theoretically
discovered that the obtained optical gain and detection responsivity in the THz range can both be improved by one
to two orders of magnitude beyond those obtained from a monolayer graphene-based devices.

International impact on both academic and social aspects: The technology discovered in this paper could
enormously improve the performances of the THz band light source and detector devices (lasing threshold
temperature, emission intensity, detection responsivity, and noise temperature) by orders of magnitude beyond
existing monolayer-graphene-based technology. This will greatly open up telecommunication applications in the
ICT industry, including the realization of the transmitter/receiver front-end of future ultra-high-speed THz wireless
communication systems, and will give a significant impact and contribution to the development of engineering and
electrical and communication engineering. Published in the first-class international scholarly journal Nanophotonics
(Impact Factor: 6.9 by WOS) in the field of photonics with a publication-charge exemption. Leading author at the
top-ranked international conference IRMMW-THz 2017 for terahertz science and technology, an award student
receives an Outstanding Student Paper Award for this achievement. Core achievements of the 2017 US Optical
Society (OSA) Fellow Award and the Applied Physics Society (JSAP) Fellow Award, the corresponding author,
Prof. Taiichi Otsuiji.

2. D.Yadav, S. Boubanga-Tombet, T. Watanabe, S. Arnold, V. Ryzhii, and T. Otsuji, "Terahertz wave generation
and detection in double-graphene layered van der Waals heterostructures,” 2D Mater., vol. 3, pp. 045009-1-8,
Oct. 2016. DOI: 10.1088/2053-1583/3/4/045009 [IF: 7.343 / 8.039 (five-year) by WOS (2018)] [Times Cited:
10]



[Related paper(s) published in 2016-2018]

D. Svintsov, Zh. Devizorova, T. Otsuji, and V. Ryzhii, “Plasmons in tunnel-coupled graphene layers: Backward
waves with quantum cascade gain,” Phys. Rev. B, vol. 94, pp. 115301-1-12, 2016. DOI:
10.1103/PhysRevB.94.115301 [IF: 3.736 / 3.739 (five-year) by WOS (2018)] [Times Cited: 12]

A.A. Dubinov, A. Bylinkin, V. Ya Aleshkin, V. Ryzhii, T. Otsuji, and D. Svintsov, "Ultra-compact injection
terahertz laser using the resonant inter-layer radiative transitions in multi-graphene-layer structure,” Opt. Exp.,
vol. 24, iss. 26, pp. 29603-29612, 2016. DOI:10.1364/0OE.24.029603 [IF: 3.561 / 3.531 (five-year) by WOS
(2018)] [Times Cited: 2]

B MXGNT 47 v 7 72 I A LTCORRRECBIE T E A S D — %k oo B - ik
777 =k FAEIE OGN R FER TR T TR 77 7= “HFT ) Fx N2 EED
v U7 F=7BBIOT =V I VL F BRI 5 /M8 — Mg & D 72 D EE IR 2 xR
ELT, FEOPHEMBRLIET 7Y 74 P BT T XE VOl « MIAT VA M 58T
DIFH) b FNBROFER & M sEF OG22 8@ LT, i Jeliil) TREREEICAML) LT,
FHE CTOEBREHA /) FELUVHENEE V' T77 = BUROMES7: THz Rl LR (1 EH7-0 2.3%)
EMTEIZ W] ESEDHHA 8L - 5 %T%Lk%ﬁﬁ%w%ﬁiﬁ%ééﬁbt%mfﬁw L DA A L 2RI RE
I%FSFH EDALRINFHGED TRE, ZIRTCE DI ELT S A AR 53 BT 3615 2 55— HRE B A am =C
& 2D Materials (Impact Factor: 7.3 by WOS) (Z4g#iEi, Z#uE Tl 10 [Al) Lé?ﬂi%lﬂﬂiﬁ%ﬁ%fb D
Abstract: Graphene double-layer nanocapacitors comprising a pair of monoatomic thin film graphene holding
unique semi-metallic electronic properties as relativistic Dirac fermions separated by an atomic thin insulating 2D
films and an external gate that electrostatically controls the carrier doping and Fermi levels in the GDL were
experimentally studied. The new phenomena of photon- and plasmon-assisted quantum-mechanical tunneling
between the GDL under pertinent bias conditions that were theoretically discovered by the authors were
experimentally proven for the first time.

International impact on both academic and social aspects: The authors developed novel materials and device
structures and discovered physical phenomena that significantly improve the weak THz gain upper limit (2.3% per
layer) of monolayer graphene structure, and its academic impact and impact on engineering applications are
significant. The results were published in 2D Materials (Impact Factor: 7.3 by WOS), the first-class international

journal in the field of material sciences, attracting 10 times citations so far.

3. Y. Koseki, V. Ryzhii, T. Otsuji, V. V. Popov, and A. Satou, "Giant plasmon instability in dual-grating-gate
graphene field-effect transistor,” Phys. Rev. B, vol. 93, no. 24, pp. 245408-1-5, 2016. DOI:
10.1103/PhysRevB.93.245408 [IF: 3.736 / 3.739 (five-year) by WOS (2018)] [Times Cited: 11]

[Related paper(s) published in 2013-2018]

S. Boubanga-Tombet, D. Yadav, W. Knap. V.V. Popov, and T. Otsuji, "Terahertz light amplification by current-
driven plasmon instabilities in graphene,” CLEO: Int. Conf. on Lasers and Electro-Optics Dig., SW4D.4, San
Jose, CA, USA, May 13-18, 2018. DOI: 10.1364/CLEO_S1.2018.SW4D.4 [h5-index: 58 / h5-median: 95 by
Google Scholar (2018)]



0.V. Polischuk, D. V. Fateev, T. Otsuji, and V.V. Popov, "Plasmonic amplification of terahertz radiation in a
periodic graphene structure with the carrier injection,” Appl. Phys. Lett., vol. 111, iss. 8, pp. 081110-1-4, 2017.
DOI: 10.1063/1.4990620 [IF: 3.521 / 3.352 (five-year) by WOS (2018)] [Times Cited: 4]

BY: 77202 F v RVEE L Ll ME OIIFR _EH BT TS — MEEE AT O T VA &
®EE LTF v R/VNF v U Tk & e i) A Ly < sk FRERATER(E L, RLA v 7 X
DZPE D BT v RAVEIIC L > TH T XEUARZEWDBFERE SN, FFEDNA T AFMHETTIE 77
ALY T HBIRB G S BT 5 2 & A BEMTIC L > TH BN LT,

FNEATOERHA VNI bEEUVHEHMEE: 77 7= U 2FIEEE L T 28T 7~ LY L—
P—a MR R L. F10 TRREGEICHRL) L722y, BIERE (BT 100K) & FRIRHD EHAT0.1uW) O
] LV T H o 7o, AWFTEITE OBANRE Z se ik 3 28 72 BB & 2 2 F2e T 5B T 2 Bl
FRACIA B 2N L, MU SEBET CEAECKF L7 b D TH D, hb-Index: 58 X Usd &35 Mi%/n# ¢
BEMERL D 3 DOEBERHTE A 27 245 THIREhu, 2018 FLED AT 18 {112 1 5 [EIBR 3% C AL
B - AR TRET 20 L, Ao TR E i S Tn s,

Abstract: The authors developed a numerical model of the carrier transport based on the semi-classical Boltzmann
equation for graphene-channel transistors with original asymmetric dual-grating-gate diffraction grating structures,
and they revealed that plasmon instabilities can be induced by the current injection with applied drain bias and the
self-excitation in the THz region takes place in certain bias conditions.

International impact on both academic and social aspects: Although a new type of THz lasers based on
graphene as a gain medium was theoretically discovered and experimentally demonstrated for the first time,
enhancement of the threshold temperature (currently 100K) and emission power (currently 0.1 uW) is a main
problem. This work theoretically revealed a new mechanism to overcome the problem and the device structure for
its implementation, and it was verified for the first time. This work has been highly evaluated world-wide in the
relevant field; accepted to three highest-authority international conferences with high scores (including a conference

with h5-Index of 58) and presented as 18 plenary/invited talks in international conferences in FY2018.



G. BHEIRE;EF / Significant Activities (FY.2013-2018)

See Ref. 2-9.  “#” mark indicates research carried out at a former organization.

WS Z E R D 2 DIFEEZ SR LR 5, 2013-2018 (R D72 EDOIFHI O R LRET XL 02 L, @i (2018-
2015 fEEE) L% (2016-2018 4EFE) 1S CRHLICKRAN 5. XA, & L <IFFISCE P TR,

[2013-2015]
LALBWFEEEA~T o EN R T 7 XA 2 W T TV i - IR T S A ZDOB%E |
Development of Terahertz Sources and Detectors Utilizing Two-Dimensional Plasmons in Compound

Semiconductor Heterostructures

T T~V TERIREMEEE VLB ERER T S 2B LS TEIRT S A0 FEBRZ AR L.
LB ERANT B EEN KT 7T AE U 2IEH LTeT 3 2Dk - AR ORI 3G
fREHESE, RIE, I JOWMERERIAM 217 o 72, M B IZRE LI —HEE 17— MEER 2L D,
AR T S ADEIUTKIT D & & BIC[BEER 1-(1)-25, 1-(1)-26, 1-(1)-43], SLIELT /A 2
LOHfar —L Y N7 T~ U & ERE LT [BEEE 1-(2)-1, 1-(5)-5], M%7 —~ICBE LT,
I[EEE 7 =v— (RBitZ&—. 2014/1/1) . ISHHZ R 7 = v — (BikZ—, 2018/5/10), KEDEFE T =
m— (Bibd—. 2018/10/22) RG-S 417, AWFZEIE. H22~25 4 JIST-ANR HALBRIE R A H Al [
BRA:FIFEHEE S ERRE (Pl B —) & U CHEE : S REE LGz, AWIET —~ICBd# L, 7
T A FRY 2H TR (UST-ANR - HALRIS AR 2B E B AL TR HEE S 2E) . v 7 - m o7
BT 7 I —ar=a 7 EREA TPERT (JSPS-RFBR EFAZIREE) . AXA v - T~
ARY RIEC KR vy =27 1) LOEBLRAFIEEZITRo7,

For implementation of room-temperature operating, compact ultrahigh sensitive detectors and high-power sources
in the terahertz range, we conducted theoretical and experimental studies of terahertz detectors and sources based
on two-dimensional plasmons in compound semiconductor heterostructures. With our original asymmetric dual-
diffraction-grating-gate structures, we succeeded to realize ultrahigh-sensitive detectors [Reference Data 1-(1)-25,
1-(1)-26, 1-(1)-43] as well as to observe a monochromatic, coherent terahertz emission [Reference Data 1-(2)-1, 1-
(5)-5]. In relation to the research theme, IEEE fellow (Taiichi Otsuji, 2014/1/1), JSAP fellow (Taiichi Otsuiji,
2018/5/10), and OSA fellow (Taiichi Otsuji, 2018/10/22) were given. The research theme earned an S rating for ex-
post evaluation of FY2010-2013 JST-ANR Strategic International Collaborative Research Program (PI: Taiichi
Otsuji). This work was done in international collaboration with Université Montpellier I, France (JST-ANR
Strategic International Collaborative Research Program), Kotelnikov Institute of Radio Engineering and Electronics,
Russian Academy of Sciences, Russia (JSPS-RFBR Bilateral Joint Research Project), and Universidad de

Salamanca, Spain (RIEC Cooperative Research Project).

2. 757z T T~ L—H—DHFIH [ Creation of Graphene Terahertz Lasers
757 = ORFRIEE ORI R c XX R v TERIEH LT, 77~ VY T=IR
BETRE - IV E L —F R EB T 5720, Nv REKESTRE LT T~ 3SR 0B
AT« EEBRILEE T2, /T 7 2 BRE T T AXEVRT Y hrOREIZE D, N REEBICES
ST T~ FEE AN LIRS 2 ERFISEH 258 A L [ZZ &R 1-(1)-7, 1-(2)-8] (RIEC Award
(JginMez . 2013/11/21) . F+ LAFZESEE (M2, 2014/1212) %#%E), SHIZ, 7T 7 = _HE
T X N BZIBNT, TIINY T BRI RS W T A N R RV RIZ X
S TRERWT 7Y G KOS E 215 55 2 & 2B R L2 [BE &R 1-(1)-8], AHF
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Jtld, 2007 —2013 4FJi JST-CREST aRi# (PI: JBitZ—) & L CTH&aHMh : A FFE, 2011—2015 42 JSPS
FERHEEEMFZERREE (P Bt e —) & U ClEEHE : ARFEL ST, AT — < ICBE L, 7 AU D -
Za—IA =PI RFENNy 7 7ya—K RIECHK[FEZr =/ b)), v 7 - avTHETHTI—a7
=3 7 HERE T LHRERT (JSPS-RFBR ERAZH S ) . AA - BT~ B K% (RIEC 3L[F 7
nY=7 k) &OEBIEFIEEZITR 5T,

To implement room-temperature operating, compact, high-power terahertz lasers based on unique optoelectronic
properties of graphene, especially zero energy band-gap, we theoretically and experimentally studied the interband
population inversion and stimulated emission of terahertz photons. We discovered a giant enhancement of the
terahertz gain by excitation of surface plasmon-polaritons in graphene, more than 4 orders of magnitudes compared
with the terahertz gain based on the interband transition [Reference Data 1-(1)-7, 1-(2)-8] (RIEC Award (Takayuki
Watanabe, 2013/11/21) and Inoue Award (Takayuki Watanabe, 2014/12/2) were given). Also, we theoretically
discovered that high terahertz gain and rectification detection responsivity by the new phenomena of photon- and
plasmon-absorption-/emission-assisted quantum-mechanical tunneling in graphene double-layer nanocapacitors
[Reference Data 1-(1)-8]. The research theme earned an A rating for ex-post evaluation of FY2007-2013 JST-
CREST and an A rating for progress evaluation of FY2011-2015 JSPS Grant-in-Aid for Specially Promoted
Research. This work was done in international collaboration with State University of New York at Buffalo, USA
(RIEC Cooperative Research Project), Kotelnikov Institute of Radio Engineering and Electronics, Russian Academy
of Sciences, Russia (JSPS-RFBR Bilateral Joint Research Project), and Universidad de Salamanca, Spain (RIEC

Cooperative Research Project).

[2016-2018]

1. 797z« 77~Y L—¥F—0AIH [ Creation of Terahertz Lasers

2013—2015 GFJEIHiEX, /T T2V « T TN L—HFOMR LD, 7T 7 EF vl L,
IAIRIRIRILRER & U COMRE L BIIEAMEREZ AT 57 27 V7 — MEED T P A2 2ilfE - §F
fifi L7255, 100K OIREERBE T T, 52 THz, 0l ~A 27Uy MEAOE —F— RL—¥—FiRE, 25
T 176 THz, 80 vA 7 U v MDA o ab—L o bR BRI JEBR T TR L[5
ZEF1-(1)-72, 1-(2)-15, 1-(2)-16, 1-(2)-18, 1-(2)-19, 1-(2)-20, 1-(2)-24] (IRMMW-THz 2017 Outstanding Student
Paper Award, the Third Place (Deepika Yadav, 2017/8/30) %= E), F7=. FEXIFR ~ERIPTE 17— Mk
ERTLH7 772 F xRN TV RZIZBWTERBRIEAC L DT T~ YT T X8 RN
TEVENFEBLT 5 2 & ZBUEMATIC L > T B MNNCT 2 & & bIZ[ZEEE 1-(1)-50]. [FIFE T O ERHh 2
TN, 7T RF VR EMICRIK T 2 RIRT T~/ R OB LY L7 [BEE R 1-(2)-25, 1-
(2)-28], AWFIET —~<ICB#E L, 7 AV B « =a—I—Z W KF Ny 7 71— (RIEC HF 7 r Y =
7 M) vy T e n YT REET BT X —~ A 7 ukEIEYHNTIERT (JSPS-RFBR [EFIZZ i), n T .
TR UPBIHRE (RIEC kF7mY =2 b)), AXA 2 - ¥ TF< B RS (RIEC HF 70y =
~) & DEBRILRIE 21T o T2,

In continuation of the FY2016-2018 activity, we advanced the study of terahertz graphene lasers. We fabricated and
evaluated graphene-channel transistors with dual gate structures which act as distributed feedback resonators and
with current injection, and we succeeded for the first time to observe 5.2-THz, 0.1-xW monochromatic lasing and
1-7.6-THz, 80-uW incoherent amplified spontaneous emission [Reference Data 1-(1)-72, 1-(2)-15, 1-(2)-16, 1-(2)-
18, 1-(2)-19, 1-(2)-20, 1-(2)-24] (IRMMW-THz 2017 Outstanding Student Paper Award, the Third Place (Deepika
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Yadav, 2017/8/30) was given). Also, we numerically revealed the occurrence of terahertz plasmon instabilities in
graphene-channel transistors with the asymmetric dual-grating-diffraction-grating structures by current injection
[Reference Data 1-(1)-50], and we fabricated the devices and experimentally succeeded to observe the room-
temperature terahertz amplification originating from the plasmon instabilities [Reference Data 1-(2)-25, 1-(2)-28].
This work was done in international collaboration with State University of New York at Buffalo, USA (RIEC
Cooperative Research Project), Institute of Physics for Microstructures, Russian Academy of Sciences, Russia
(JSPS-RFBR Bilateral Joint Research Project), Moscow Institute of Physics and Technology, Russia (RIEC
Cooperative Research Project), and Universidad de Salamanca, Spain (RIEC Cooperative Research Project).

2. KRG EIEAT a AR S T T LY T8, ADAIH [ Creation of Terahertz Devices Based on
2D-Atomically-Thin-Layered Heterojunctions

7772y "HET ) XX NV IEET AN ARG 21T R, T IV T 4 B RO
T AT T AT VA b b R RO FEH I SR ER T T HBREREIC ) L TZ[BE E R 1-(1)-57,
1-(2)-11,1-(2)-12] (BHEHRBEFET VLY hu=J A VYT ¢k 2T FEE 1T /A AFFEEIE
BESAERELEEE  (Deepika Yadav, 2016/1/21) . RIUSE TeraTech-2016 Best Student Oral-Presentation
Award (Deepika Yadav, 2016/11/4) . 9th HOPE Meeting with Nobel Laureates + Best Presentation Award (Deepika
Yadav, 2017/3/2) % 52H), AWFIEIE, 28~32 (EERMITEAETIE (S) A (P1: BibZ—) & L CHEE
LTWb, AFRET—<ICBEL, 7 AU B« =a—a— 7 M RKFENNy 77 v —% (RIEC H[F 7 r Y
=7 B, By T - u T TRET AT I =~ A 7 aiEEYENIFERT (JSPS-RFBR [EHI AT HEH) .
T EA7 U IRRE (RIECHFETn Y =27 b)) AXA v« H T HRE (RIEC ATy =
7 b)) L OEBERFEZ1T o7,

We fabricated graphene double-layer nanocapacitors and succeeded for the first time to observe the manifestation
of the photon- and plasmon-absorption-/emission-assisted quantum-mechanical tunneling [Reference Data 1-(1)-
57, 1-(2)-11, 1-(2)-12] (Excellent Student Paper-Presentation Award from the Technical Committee on Electron
Devices (Deepika Yadav, 2016/1/21), RIUSE TeraTech-2016 Best Student Oral-Presentation Award (Deepika Yadav,
2016/11/4), 9th HOPE Meeting with Nobel Laureates + Best Presentation Award (Deepika Yadav, 2017/3/2) were
given). This research theme has been promoted by FY2016-2020 JSPS Grant-in-Aid for Scientific Research (S) (PI:
Taiichi Otsuji). This work was done in international collaboration with State University of New York at Buffalo,
USA (RIEC Cooperative Research Project), Institute of Physics for Microstructures, Russian Academy of Sciences,
Russia (JSPS-RFBR Bilateral Joint Research Project), Moscow Institute of Physics and Technology, Russia (RIEC

Cooperative Research Project), and Universidad de Salamanca, Spain (RIEC Cooperative Research Project).

3. (LA BT B fEEN —RIL T T R EHWET TV BT S, ADB%E | Development
of Terahertz Detectors Utilizing Two-Dimensional Plasmons in Compound Semiconductor Heterostructures
2013-2015 EEEICHEE . (LB HERANT o EEN ZIRT T T A W T IR PR E T —
MEE N T VR T TV RBRIHE T OB L ED -, KL RIEITE TS EA LTHHR T
ZfEL. 77 XF O ZRGTIIRHIMEEIZ & o TRELT 2 KR o R E R CRE 28I L3 EE
B 1-(2)-27]. FfRHSE 7O &Rl - mERE (L O FTREMEZ #v 7= (AWAD 2018 Young Researcher Award

(B AHE, 2018/7/4) . B IEHRIBETFRETT A AIEHMER S - T CREREBVE (EAHE.,
2019/1/28) #=%H).,
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In continuation of the FY2013-2015 activity, we advanced the development of the terahertz detectors with the
asymmetric dual-diffraction-grating-gate structures based on two-dimensional plasmons in compound
semiconductor heterostructures. We fabricated a new device with a two-dimensional metallic diffraction grating
structure and observed unique polarization characteristics of the detection responsivity [Reference Data 1-(2)-27],
which opens up possibilities of the efficiency enhancement and functionalization of the plasmonic terahertz
detectors (AWAD 2018 Young Researcher Award (Masaya Suzuki, 2018/7/4) and the Encouragement Prize for Best
Student Paper Presentations at the IEICE Electronic Devices Research Committee Technical Meetings (Masaya
Suzuki, 2019/1/28) were given).

4, NT UV ALREEITHES R v U 7RI T EWT A 2 DOBH% | Development of Optical-
to-Wireless Carrier Frequency Down-Converters Based on Transistor Structures

Beyond 5G LARE DU HEARGE(E Hfiv il & 72 2 i s - MRLEE AL ORI TR E 25, T —4
&5 2R T — 255 ~E A AR 7‘@1&@@ s ERNERF Y U TR T A 2B LT,
7772 FET 25 ONC InP ZR@EEFBEE L7 V2% (HEMT) ZHWCx v U 7 BT 7 A H#H
0)%5%%& TR LT (Y3208 Tl HERL O E B3k ECOC T Top Score % 73 TEAR[SZ B EEF 1-(1)-
48]), I HIZ, INP R HEMT IZH—ETX Y V7T « 74 M A A — FEEZHEALTHRTEZEL,
ﬂ/ﬁé&?ﬁﬁ%l G2 3HTLA LM ESED Z EICHE) LT [ZEEER 1-(2)-29],

As a key component for implementation of convergence of optical networks and wireless networks as next-
generation communication technology infrastructures beyond 5G or after that, we developed low-latency, high-
efficiency carrier frequency down-converting devices that enable direct conversion from optical data signals to
wireless data signals. We succeeded for experimental demonstration of the carrier frequency down-conversion using
graphene-channel FETs and InP-based high-electron-mobility transistors (HEMTS) (accepted for a highest-authority
international conference, ECOC, in the relevant field with top score [Reference Data 1-(1)-48]). Also, we succeeded
in enhancement of the frequency down-conversion gain more than 3 orders of magnitudes by introduction of the
uni-traveling carrier photodiode structure to an InP-based HEMT [Reference Data 1-(2)-29].
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