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In this research, we aim to realize an unexplored frequency quantum-cascade
lasers (QCLs) with frequency of 5 to 12 terahertz (THz) and with wavelength shorter than 3 p m by
fabricating a QCL using a nitride semiconductor. We observed stimulated emission from GaN-based
THz-QCL and confirmed the improvement of its operating temperature. The optical gain of GaN-based
THz-QCL was analyzed based on the first-principles calculation. It was clarified that the optical
gain sufficient for lasing is obtained at room temperature. We fabricated a GaN/AlGaN QCL on a Si
substrate and lifted off the Si substrate to fabricate a double metal waveguide (DMW) type QCL.
Current injection was performed and we observed the current-voltage characteristics that was
analytically predicted.



B X C—19, F—19—1, Z2—19 (Jtm

1. WFZERRAA S A DY 5

B OFBIENE & DN IREE 2 R 2 FFoT 7~ VY IE, BB - FEREREH O SEIR
CLTHEHEINTWS, Z0SHEEIZ. X2 U7 R, KMEZW-OR AR 72 & oE
W, OBEPEE., BE, RMRAES S SRR, £ RS- TARASE, SEEESCRE A &
IS S AV, ' A7 — R L—3 (QCL) X, RN ST T~V BT L —3
IRV ARETH D . B/ mRhE - m ), HetiE, BFEa., EeRIR, 2N, &AL
EOMEZRSENIZ R THY . HEH=— XTI REL ZNE ORI ITRF2BLE b E
BMER @, TERD Gads 57 LN InP R85 AR A V72 QCL TiX, 1. 2~5 THz #rds LT 3~20
umBEOHRBRATEHNENTRETH D, —F., Gahs BD L0 7 + / U EEL= R L F—IZ3LV 5~12
THz O L—PRAEIFHE L <, FREERNY RREGORAD 3um X0 EFEO QCL dEHR L
Lo T, AR 2 A UR RIESE 52 BT 3~20 THz DT 7~/ #5772 5 ONT
HIRAND 1~8 um 5 D QCL D FEBIRHAFF S D, REEE SO QCL NEBLF X, LRI
T B D TREBACIER T2 Z E R &, B EORBFREBA~DEG DRI,

2. Mo HB

Pl ER A W& A — R L—H(QCL) 1%, 5~12THz & 3um LL RO EOEE
IIARARETH 0 . EVERPE & RIBICHIR STV D, KIEED 5~12THz, 1~3um @ QCL % LB
THIDIT, AR TIE, B PEROFHZIRET 5, MEE Gads (Ee-L0=36meV) 7>
GaN (Ee-L0=90meV) (ZZEH 25 Z L&V, JERIEFEENE 8THz 7> 5 22THz 27 kL,
ZHETRARETH o 7= 5~12THz ODEBNFRE L 72 B, AIN/GaN ~7 oD /N R
R T 1.86eV & REW D R PERTIIARARETH 72 1~3um D QCL ZF&iHT 52 &
MWTXD, Wi s oL, 1~8um B KON, 3~20THz # QCL 28A[HEL 720 . QCL @
EERIHZZ LIERTHZENAHRETH D, A TIE, TN E T > TE PO E M
HRRERINZ 8L S, B GaN/AlGaN R T LR o\ A — G ZER L, &
ST, B FREE A M B ISR D 2 LIk 0. REFRIE A& T elE S\ O PH o QCL EhifE
FERTLHZELAZAEETS (K1), BARMICIE, RO 5~12 THz # % & 3~20 THz FEl
@ THz-QCL & ZDEEHIROFEEL, 72 b NS, REED 1~3 um # &2 F e 1~8THz H RS QCL D
EKBLNEETH D,

FSIR) th 45+ (MIR) F5~JLY (THz)
AR (TH2)
1000F _ 10— —7 T ——r—— o T T30
s & sof Pl T Vi ‘Q\/ksﬁwf’/
Fw [ / N I GaNFQELED X
. = GaNZ&QCL® Y} HA s eats; oA 3.8THz,150K ~
= HAfFeAEE I R . N EEC01D1 oTg 160K x
E 100 B 10} (EnfERRE - l) \ Hi(2013) {200
a R F (h=RiZE i) 1 (3~20THzA'EIE) g
R T g st Y% (1%%1)1m# GaAsM% I GaNQCL ¢
E [ ¥ lngassom MIR-QCL I L 3oty g
S [ ® LD (s %) 1 i S
3 10 g l:_(ﬂ'}i]&!ﬂ) (3~20um) —1008
sE Sosk (~2.4um) 1 f N
E SOo5E (EMERE:BED W ]
| [ InP GaAs (1.2~5THz) ]
LO7 A/ BEL IRV F—DfIE
1L 0.1 11 1 1 1 1 1 111 1 1 1 1 | I N | 1

Il
0.80.91 2 3 4 5 6 7 8910 20 30 40 50 60 70809000 200 300 408

BE (um)
1L A~ THz R L — OREE IR ESEbL. K U84 GaN 5 QCL < BIFE A IIRE S 4L % gt

3. WrIED 5k

AWFFETIE, LT O TREZEA L CTH B R GaN/Al1GaN % QCL OFHFE %17 5 Gl CTh 5,
(1) FBIRICHLE R NFNGZ2RAE S DL EHOE T A — PO —FEHRIC L 5%
(2) MBE . MOCVD ¥£% FiV 7= GaN/AlGaN £5)& QCL #E3& o ks s B 5 i o BAth

(3) imH L <IT A s 2 H WO 7o ARHR 28 i A & O /ERLUC X 5 GaN 5% QCL O FEEBL

(4) 1~8 pum HrIRF% GaN & QCL DHEZE & FFE AR UiA OE R K 2 v 72 QCL £

(1) BIRICHLERNFIGE A ST D EHE T I A — RGO FH—FEH R X DG
TR 70 B - YENT 2 BERR L7c DiiFE 3 YA & TRBEE ) B2 8 A L7- GaN/AlGaN % QCL
DG E . M7 ) — U BEE WS - REHEE HWTT o, BIE, RERE{LSH
TWRWEREZ RWE L, b= RIBICKLER 0B W NAENG O D& 2R T 5,
(2) MBE {#. MOCVD ¥£% F\V 7= GaN/AlGaN £ J& QCL 1% o ik B pk B i 0 BH R

QC #EETIX, BTN L B RO E RGN ER SN D 72012, BT 1 BREOZAR
FLRRED 0 B 2 & HME, 1% ORRIERS N E R S D, MBE AL, Suk7e kYl » B 2 128
NTWDED, FEdm KN ZNERMBETH D, —J7, MOCVD {5 TIIfh b KR o B IXIEH IR
B, AT aSRETORTERES ENRREI VW, AR TIEHFOT 7 a—F 2 Mmitd 5,

(3) iim b L < IXh ma)E 2 U 7oA 0S8 A S O /ERLUZ K 5 GaN 5% QCL D EHL

GaN & QCL TIZH 77 A THKDOY 7 " A 70 LW -, FiESBERKRE AT,
AIFZETIL, GaN/AlGaN JEMEE 2 Bt U 7 M4 733 ut 2 2B L. Wik4 R E K
VR 5, WEASREREOFEHICID . KRE72EH CiADFRE &R o 2 OKE R



FEBL L | THz—QCL OFRIRENEAZ 155, F 7o BB 2 28 2 F i @ 8 1 QCL OfFR G A 5,
(4) 1~8 um #5AR4: GaN & QCL DFEZEE & FHEME UiA ORI 2 FV 7= QCL KB
GaN/AIN DR EVMBEH N RARERE 2 UV, 1~2um 50 QCL 2k EHd 5, MRk 7
7w REEZHT S 6aN SRR QCL 42 L, 1~8um D QCL DEIHZFHKA1 D,

4. WFIERER
(1) GaN & THz—-QCL 2> 6 OFEHHZ S OBERE O -

AWFFETIL, GaN % QCL 726 D 5~T7 THz §HE A MR L 2 78 Lot BEO RO %
DT FEEIX Y7 7 A 7 /AN M IS ER U 72 GaN/A1GaN-QCL i 2 vy, 2 &7 F 77 (QW)
3 WML, o v 7L A ZOVE R R A 2, MOCVD 1R L 2 @il AIN/ALGaN /X 7
7 —JEDIAK, &Y, MBE i£Z M\ 72 150 JEH D QCL g ORIz L o TV A ER LT, 1
KE T, FBEKHFEIIL, 5K OKIETUNBRITE edo 7oy, BRI 2 s I llE Lz
AEHL. 5.8 THz @ QCL ThemBMERE 40K £ COFHEME A2 FH Lz, £72. FHEHEOR
W ERAEIEZ 02 U725 T B — REAEM S, b— BSOS OB EME RN TH D =
EEH LM o7z, AT FIOVBHERIL, WTh oA TYH, FTIR ORERALLT Ok
BIENBH SN CTRBY, BERERATHD Z LR L, —J7, B30T, BEmE
23 10uW FREEC, GaAs 5% QCL @ 1/100 FRIEEDFRECTH H 720, L —VFRIEZMIET DIIZE -
TRV, Z 2T, ARBFFETIEL, GaN 5% QCL DY & ARHE IS8 B B4 2 BRERORR 217

PG & EBR O D QCL FBIRENWEZ R 35 ik a7,

GaNlAIo zGaoaN THz- QCL with 2QW Str.

Single Metal Waveguide B 60 05
— 6 5K
Metal pl:
Wiaveguice [ 100kV/cm GaN/AIGaN | sol — 24K
VAT — 30K
oo e 15/40/15/60 A | s _
e 40 stimulated Emission: 5.8 THz
L. Pulsed 10
30 |-LKHz, 200nsec
— 0.
AIN/AIGaN buffer layer 20
‘Sapphire Substrate 00
Ridge Structure: 01k 21.7meV =5.37 eV 10 /‘ 0.
Cavity Length: 1~2 mm 02 L ‘

Ridge Width: 120 pm
Fabricating by ICP dry etching)

10 20
Thickness (nm) Q . + + L VN L 0.0
00 05 10 15 20 25 30 35 40

Current (A)

Z | [Fr=120h2 ST | o
- ignal in ensl V vs DO arlzer Euree
5 Wp = 200 ns Cryo- System 2or 1
g 45K stat
= Tsurupica Bolometer 15k
S lenz
é polarlzer
=
x
=
[

”\/UK/

i m L e - -]
44 46 48 50 52 54 5 6 58 6.0 i
1kHz, 200ns pulsed Lock-in Amp 60
Frequency (THz) 5K, 39.0V 4.0A Potrizer doros Gesper)

<2, 1E8 L 7= GaN/A1GaN-THz-QCL D& & BIfEDIREMRAFIE (40K BEZ FEEL) . K ONEE K
HYED T £ — R3S #ELE

(2) VA7V — o BAE A T2 BB FRATIAZ K D GaN 5% QCL O YeRIFS 0 5 HY
GaN & QCL T, B FHELEFED Gads MER L W b K& <, RgEMFRIIZIE S vy
0— K= I XA HFGEORONEE THDH, (> T, BIHEEORFITRWVWTZOEE
B IZHUD AN D MERDH D, AR TIE, BExHELERLLTa— R=v JIClT 58148
P _THD AN, BHEMEOEWEEATIC XV GaN & QCL OXFIEFHR 21T > 7=,

200

Lock-in amplifier intensity (mV)

°
8

(M) Jamod Mead

i

a2l ~1Bnm 2~ 120+All scattering { j j
R ; . fl calciation| = 8 THz
ol A i\ ] > S 150f
3 i i e T g t 19mey |'g 100
g 29 \VELYAW A —[ "“ AL gl 3 ) =
Yoos ! 7a | AT c <3 4 ) 1B o -
% J\ Al w > Hme S sof / 300K
b= A
27 A \ N1 8 | & MMvaveguide K S e
% . \\ [ Q . _ o loss Py LN -\
26+ \l " 0 == ol o4 ul' teew ]
10 0 10 20 405 0 5 10 15 20 25 28 29 30 60 80 100 120 140 160
Growth axis [om)] Position (nm) Energy (V) Bias (mV/period)

[X] 3, NEGF %% FH\ 7= GaN/AlGaN & QCL ORISR H (8 THz TR 50em™ O YFE)

AMFFETIX, GaN & QCL OIEFAf 7Y — /%ﬁ&(mw&a%ﬁ%ﬁt_iﬁkﬁ\zﬁwﬁ

m%ﬁLTmWhﬁﬁ@%Hétﬂ SOMMTFREREZS-, L7 e— =71 L T,

F - L0 74 HEGEL. BFHELOEANT T TR+ THY ., BF - Tﬁ%ﬁﬁ@%%

#k%w s SSWIRY Ltoit RIEDOBED L~ T a— K= 7B 5B R A2 B
AP FHEL ﬁ@ﬂhtﬁﬁﬁwﬂ%mmﬁmmmmmimlzkwfﬁwfdmmﬂ

émf&mn®tﬂ SMMFRH S, GaN R QCL O=RIERIBNFARETH D Z L AVRSI T,



(3) WiHARE. Hif4E. GaN & QCL {8 48k i o it

GaN % QCL ORI ISGET I A M8IA < Mt L7z, ek, e L THW WY 7 7 4 Tk
JEHTHR ﬁﬁﬁ#%w\%&%’$fﬁﬁ@?ﬁ#iGﬂi@%m“t@\ﬁ%LQ@%L
SIDOLL BN ENgho T, HifiaEER KO TR & L CTiX,6aN X 0 JREHTHEIME AIN,
SICAEMLTWAZ ENRSMol=, Ll AN 2L 7 ERIZARMIRE A X 2 9ERINAH Y |
F72, SiC AR LD AIN R I IRAOBRN G 7 7 v 7 BADRT W ERIENR S 5,
F ZCARIZETIE, Si EEH IT QCL A ERL L Si HAR Y 7 b A 7T X A i 4 B B oD /R
DR 2 dE O T2, GaN A1 4 8 B I Tk, %%ﬁi@%%Eﬁb%&kB%muT@g&
BEEIEPEOND Z EREI RIS, BERe XA EZTIF572012E, a7 MNaoE
SER—EVT LRV ERETIVERD D Z LR Dotz

Au n*GaN
S5 p——— 71— n+  0~50nm  1x10%/cm3
100 —
Au 1pm 7
HI74F7 n=34 QCL AN - contact n+ layer

c n+GaN 1x10'®  20nm
x GaN n=3.2 8o ——0mm
) ~ 10 GaN/AlGaN — 10 nm
= 3 7 THz act s5x10°  10pm | o gl o 2m
= 4} - —os8 5] ——50nm
[} i > -
A Ezpph”e G osl|GaN/ n+tGaN 3x10° 0271um | @ 40l
8 I j/ g . g'gf"N Buffer GaN uid __ 2pm | 3
EJ B '5 20+

3 /A|N g 0.2 AIN AlN sI 300 um QCL 10 llm 5><1015/cm3

Co v v v 1wy g = 0
0 5 10 005 n - = - o 2 4 6 8 10 12 14 16

Frequency f (THz) Distance (um) Frequency (THz)
BJ 4, AEeE. mimeE, GaN & QCL B DI UiAw) & Bz K v X O fitr 4

(4) FRY — 27 EBIHIEIC X D KiE 7 QCL APtk DR EE & GaAs 5% QCL (T L 5 i

THz=QCL 1238\ T, FIE LAEM HIE O @k & B ~EIR Y — 7 LT, HFE mﬁ
T LT 5508 NEGE AT 2> BB & 27 o 72, ARBFZETIE, B Y — 27 Bk 2 L3 552
SeFIfEAKEgEIzE E L, BifEO&IBAL E @ JHMERATRETH D Z L ZBH LM Lto%m—é
THz-QCL Tl A5V — 7 EIROAIEIC X 0 | mIREIEIC 75tﬂ%ﬂ%b<ﬁtbzﬂ*%m
TENVMENARETH HHEIVREI NI, B — 7 BIRMHIEIZ L D GaN 5% QCL O YA & Kz
TEHZ LIS 5T, ABFFETIL, GaAs % QCL IZHE Y — 7 Bk M- fE s 2w L. k%
eEH b A ER L=, 4 THz #50 GaAs/AlGaAs & QCL THERDH S Gt mW) 25 KR )
U 750mW (FERR S v 7= fie i tH 70 1% 900mW) o @&t D ENE 2 1572, E 72 @B EIREEIZ OV T |
T N—7 N mna#ﬁ%nto

Upper Leakage Leakage Level
Injection | 4ing Current in the separate well

—_—® e,  TE 0.3

*U—HLANOIR
NE—ELIREET
LLoweIr Lasing MEJ—HZEMRTD.
evel

o
)

Energy [eV]

=)

Upper Lasing
Injection Level  Level

5 10 15 20 25 30
Photon energy [meV]

1000

T T T
—e— 1kHz-3us

| GaAs/AlGaAs THz-QCL ’ [ov tkHe-Tous

900
800 - —<— 1kHz-20us
L (4.15 THZ) 4 o o[ % TkHzS0us
=
E ol o
t Mesa size:200pum 1 8ol v
L=2mm L Peak: 750 mW
 Measured at 10K 1 3wl Average: 37.5 mW
200
100 |-
o
30 32 34 36 38 40 42 44 46 0 200 400 600 800 1000 1200 1400 1600 1800
Frequency [THz] Curren it desity [A/cm?]

X 5. 45U — 7 BRI E A2 V= THz-QCL O YeF A m o E], 72 & TNZ, GaAs % 4THz
BQCLICBIT A EDEIE (FZEDE AT 4. 15 THZ ITRAWT 0. 7T5W o E i &2 EH LT-,)

(6) Si HA | GaN % QCL O dh/E G bR R, 1 2 i S B8 D /FE I & B iE A D FE8

T 7] 4 B B B 0 A IX. JERA UIADRER D) | & EE R o 2 DR OB A, GaN &
THz-QCL O L —YRIEOITIETH 5 LB 2 HILD, AWFFETIE, Si FER E~DEME GaN/AlGaN
EHEORMEEL, Veay I Ny F UL D S ERY 7 AT OTREREEZHWT,
i [F 4 JB SELR % GaN % QCL Z/ERL L 7=, @dhE Si/AIN 7> 7 b— h b, mildhz2 vz,
Si/AIN/AlGaN 7 v L — k EIT @MM%NMl%L%WEmeE L ERLL . B/ R
3Tz, S1 DY 7 b A7 TRIZBW TERNIEF IZENST WD, Y7 R U v 7 2% H
mtzEﬁﬁfmtx%%mfﬁﬁ&@%&%%ﬁ%btmﬁﬁ TR0 RS X T —E TR,



KB TRV AEBIRIEANEIT -T2, T ORER, AT 5 TR SN 2 ER-BIEFED G D F A K
oo LU, L—¥RIRITIIELRD 5T, RRITSDOL ZARATH LN, 7 rt AR
7D, PRILZARWER Y — 7 S ANFEE L TS e 5 5, BAE GaAs 541 [E 4 Bl
B QCL CHWTWA D LFRIEED 1 BOEE Tt 2%, (ERUCKRIHILE-EZAThHD, F
7o, SiC FEM E OSBRI FE AlGaN /Ny 7 7 —OERIL AT L CHED TR Y . FinemE
& QCL DB TE D05 5, 2D DIRFHI- DWW TIE 2019 FFEEE TITRHERZHICE DR
ST, BREACEL D V—RIEZSIEMEIMFTT L TFETH D,

(1) Metal mask-1 i Waxprotection  (3) Si sub. removal (4) metal mask-2 (5) Dryetching (6) Bottom contact ~ {7) Bonding to GaAs wafer (8) Dry etching to form the mesa
YN B0 AU/CU  Wetetching:bottomsurface  tenotten remove buffer/u-AlGaN AN A & Holder Lift-off

‘expasure 02000y 300m/E00nm

[HNA] HEANO,CHLOOH =552

T T T = | | 3
= B M

NEGF
measurment ' calculation
N
Operation | 1
biasarea L
100000
10000, -“
i= et
Em ':'
' Front metal TIAI/Ni/Au 204
Lyt rommets s GaN/Al G, N
GaGaNSLonsi [ i Bl ST Xs???fe:&dfnz
;’:7!‘::“5A(mm g : ;71«5*&1,(;3’:,” rear metal TH/AINi/Au rear metal 0 [5i:1.7e10c
Cowamsns IR 1% Conducive paste: 0 1000 2000 3000 4000 5000
Xom b : g e | Current density [Alcm*2])

20 (degree)

X 6. Si H:AK E GaN/AlGaN /& /5'E QC %La)ﬁaﬁkﬁ 2 MR E 7 1 A Z T W 4 R B
WO T A, KOV ZAERIFEAT L D EBHR-JERME O/ R

(6) 1~3 u #RAk GaN & QCL DA IEHER & RIS DT

GaAs/InP & QCL X 4~11 pm O I T 30%FEE D G FEEN MR S TR Y, iR T 10
T 7 7 AOEMIEENREIL L TV D ARERD /N RARETED InAlGaAs/ InP SRR L
Db 3 FLLERE W GaN/AIN RYERTIL, 1~6um O ER CTEENEMENHfGFTE S, K
BFZ2Ci. NEGF % W7 BB MR IC L V0 GaN R4k QCL DG 2K 8, FIRIC T2 72 R
SREOND T EEWLNC LT, £, EBARERMEE L LT, BEERItmE 2 7 > NE
WCHW B RS 2R R Lo, 5%, RIELEMEEILZ D EB XL TND

5 — 3x10 70
—— Gain [1/cm)
45 » 12540" 60
> 50
ot L E
3 5 840 g
335 > = H
o T O v
§ 3
104 5 20 $
25 @ 10 e
10%
0 Sapphire Sub.
0 T T T T 0 _1 = e — ()
2 0 2 4 6 8 10 12 14 16 1.8 20 22 24 26 0 500 1000 1500

Wavelength [um] Distance (nm)

X7, 5 1.5 um @ GaN B27RZ QCL O &1 HE % & NEGF 15 % H W T2 ERIAEHAT, 72 5 NS,
HEMRLY Y T > NE%E Bz QCL i 0 s



15 15 0 4

Lin Tsung-Tse Wang Li Wang Ke Grange Thomas Hirayama Hideki

11

Optimization of terahertz quantum cascade lasers by suppressing carrier leakage channel via
high-energy state

2018

Applied Physics Express

112702 112702

DOl
10.7567/APEX.11.112702

Wang Ke Grange Thomas Lin Tsung-Tse Wang Li Jehn Zoltan Birner Stefan Yun Joosun 113
Terashima Wataru Hirayama Hideki
Broadening mechanisms and self-consistent gain calculations for GaN quantum cascade laser 2018

structures

Applied Physics Letters

061109 061109

DOl
10.1063/1.5029520

Lin Tsung-Tse Hirayama Hideki

215

Variable Barrier Height AlGaAs/GaAs Quantum Cascade Laser Operating at 3.7 THz

2017

physica status solidi (a)

1700424 1700424

DOl
10.1002/pssa. 201700424

Lin Tsung-Tse 6

Design for Stable Lasing of an Indirect Injection THz Quantum Cascade Laser Operating at Less 2017
Than 2 THz

International Journal of Materials Science and Applications 230 230

DOl

10.11648/j .ijmsa.20170605.11




Hirayama H. Vol. 96
Growth of High-Quality AIN on Sapphire and Development of AlGaN-Based Deep-Ultraviolet Light- 2017
Emitting Diodes
Semiconductors and Semimetals 85 120
DOl
10.1016/bs.semsem.2016.11.002
Tran Binh Tinh Hirayama Hideki Jo Masafumi Maeda Noritoshi Inoue Daishi Kikitsu Tomoka Vol. 468, No. 15
High-quality AIN template grown on a patterned Si(111) substrate 2017
Journal of Crystal Growth 225 229
DOl
10.1016/j - jcrysgro.2016.12.100
Masafumi Jo, Issei Oshima, Takuma Matsumoto, Noritoshi Maeda, Norihiko Kamata and Hideki -
Hirayama
Structural and electrical properties of semipolar (11-22) AlGaN grown on m -plane (1-100) 2017
sapphire substrates
Phys. Status Solidi (c) -
DOl
10.1002/pssc.201600248
B. T. Tran, H. Hirayama, M. Jo, N. Maeda, D. Inoue, T. Kikitsu -
High-Quality AIN Template Grown on a Patterned Si (111) Substrate 2016

Journal of Crystal Growth

DOl
https://doi.org/10.1016/j . jcrysgro.2016.12.100




B. T. Tran, N. Maeda, N. Jo, D. Inoue, T. Kikitsu and H. Hirayama 6
Performance improvement of AIN crystal quanlity grown on patterned Si (111) substrate for deep 2016
UV LED applications
Scientific Report 35681
DOl
10.1038/srep35681
44
2016
520-526
DOl
100
AlGaN LED 2016
115-118
DOl
M. Jo, N. Maeda and H. Hirayama 9
Enhanced light extraction in 260 nm light-emitting diode with a highly transparent p-AlGaN 2016
layer
Applied Physics Express 012102-1-3

DOl

10.7567/APEX.9.012102




84
2015
918-923
DOl
M. Jo and H. Hirayama 55
Growth of non-polar a-plane AIN on r-plane sapphire 2015
Japanese Journal of Applied Physics 05FA02-1-3
DOl
10.7567/J3JAP.55.05FA02
B. T. Tran, H. Hirayama, N. Maeda, M. Jo, S. Toyoda and N. Kamata 5
Direct growth and controlled coalescence of thick AIN template on micro-circle patterned Si 2015
substrate
Scientific Report 14734
DOl
10.1038/srep14734

117 41 52

T. T. Lin, K. Wang, L. Wang, and H. Hirayama

Development of high-power THz-QCL by supressing regidual leakage current

19th East Asia Sub-millimeter-wave Receiver Technology Workshop and 5th RIKEN-NICT Joint Workshop on Terahertz Technology

2018




K. Wang, L. Wang, T. T. Lin, and H. Hirayama

Recent progress towards realizing GaN/AlGaN quantum cascade lasers

LQE
2018
GaN QCL Si GaN/AlGaN

6 - -
2018

L. Wang, T. T. Lin, K. Wang, and H. Hirayama

Design of asymmetric two-wells indirect pumping terahertz quantum cascade lasers for high-temperature operation

2018

K. Wang, T. T. Lin, L. Wang, K. Fukuda, and H. Hirayama

Approach toward GaN-based terahertz quantum-cascade laser

2018




K. Wang, N. Meda, and H. Hirayama

Hybrid growth of AlGaN deep ultraviolet ligh emitting diodes by MBE and MOCVD

The International Workshop on Nitride Semiconductors 2018 (IWN 2018)

2018

K. Wang, T. T. Lin, L. Wang, J. Yun, W. Terashima, H. Hirayama, T. Grange, Z. Jehn, and S. Birnner

Broadening mechanisms and self-consistent gain calculations for GaN quantum cascade laser structures

The International Workshop on Nitride Semiconductors 2018 (IWN 2018)

2018

T. T. Lin, K. Wang, L. Wang and H. Hirayama

Optimization of terahertz quantum cascade lasers by suppressing a carrier leakage channel via a high energy state

International Conference on Photonics Research (ICPR 2018)

2018

K. Wang, L. Wang, T. T. Lin and H. Hirayama

Theoretical and experimental approaches for GaN/AlGaN Hz quantum cascade lasers

162 110

2018




T. T. Lin, K. Wang, L. Wang and H. Hirayama

Increased output power of THz-QCLs by reducing leakage current via upper levels

79

2018

H. Hirayama

[Tutrial] Resent progress of THz-QCLs

International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz 2018)

2018

K. Wang, T. Grange, T. T. Lin, L. Wang, S. Birner, J. Yun, W. Terashima and H. Hirayama

Broadening mechanisms and simulation for GaN based THz QCLs by non-equilibrium Green’ s function method

8th International Quantum Cascade Laser School and Workshop (1QCLSW 2018)

2018

L. Wang, T. T. Lin, K. Wang and H. Hirayama

Improving the optical gain at high temperatue in THz-QCLs by using asymmetric two-wells scheme

8th International Quantum Cascade Laser School and Workshop (1QCLSW 2018)

2018




S. Fujikawa, T. Ishiguro, K. Wang, W. Terashima, H. Fujishiro and H. Hirayama

Evaluation of GaN-based THz-QCL structure on Si substrate grown by MOCVD

The 19th International Conference on Metalorganic Vapor Phase Epitaxy (ICMOVPE-XIX)

2018

H. Hirayama, M. Jo, W. Terashima, N. Maeda, T. T. Lin, and K. Wang

Current status and future of IllI-nitride ultraviolet and THz emitters

2017 International Conference on Solid State Devices and Materials (SSDM 2017)

2017

T. T. Lin and H. Hirayama

Design of THz QCLs toward high output power by variable height active structure near liquid nitrogen temperature operation

The 7th Annual World Congress of Nano Science and Technology-2017 (Nano S&T-2017)

2017

N. Kamata, K. Matsuda, T. Fukuda and Z. Honda

Nonradiative recombination centers in UV-LEDs reveled by below-gap excitation light at low current injection

The 11th Int. Symp. on Semiconductor Light Emitting Devices (ISSLED)

2017




K. Wang, T. T. Lin, W. Terashima and H. Hirayama

Waveguide design for GaN/AlGaN terahertz quantum cascade lasers

The 8th Asia-Pacific Workshop on Widegap Semiconductors (APWS2017)

2017

T. T. Lin and H. Hirayama

Design THz quantum cascade lasers toward high output power near liquid nitrogen temperature operation

2017 International Conference on Solid State Devices and Materials (SSDM 2017)

2017

K. Wang, T. T. Lin, W. Terashima and H. Hirayama

Waveguide design for GaN/AlGaN terahertz quantum cascade lasers

14th International Conference on Intersubband Transitions in Quantum Wells (1TQW2017)

2017

T. T. Lin and H. Hirayama

THz quantum cascade lasers toward high output power near liquid nitrogen temperature operation

14th International Conference on Intersubband Transitions in Quantum Wells (1TQW2017)

2017




T. T. Lin and H. Hirayama

THz quantum cascade lasers toward high output power near liquid nitrogen temperature operation

The 24th Congress of the International Commission for Optics (1C0-24)

2017

T. T. Lin and H. Hirayama

Design of indirect injection scheme THz QCLs with high operation temperature

The 44th International Symposium on Compound Semiconductors (1SCS2017)

2017

T. T. Lin and H. Hirayama

Variable height active structure design THz QCLs operating at 3.7 THz with the maximum operation temperature 145 K

The 44th International Symposium on Compound Semiconductors (1SCS2017)

2017

T. T. Lin, W. Terashima and H. Hirayama

THz quantum cascade lasers toward high output power near liquid nitrogen temperature operation with Dewar condenser

The 44th International Symposium on Compound Semiconductors (1SCS2017)

2017




K. Wang, T. T. Lin, L. Wang, J. Yun and H. Hirayama

Simulation of optical gain for GAN terahertz quantum cascade lasers by using non-equilibrium green®s function method

65

2018

L. Wang, T. T. Lin, K. Wang and H. Hirayama

New design of GaAs based THz-QCL for obtaining high optical gain by indirect-injecting asymmetric-wells superlattice
structure

65

2018

T. T. Lin, K. Wang, L. Wang, K. Fukuda and H. Hirayama

Recent progress of high-power THz-QCLs

2017

L. Wang, T. T. Lin, K. Wang and H. Hirayama

THz-QCL designs for high-temperature operation far acrossing the KT limitation

2017




K. Wang, T. T. Lin, L. Wang, J. Yun, W. Terashima and H. Hirayama

Calculation of optical gain and design of low waveguide loss for GaN terahertz quantum cascade lasers

2017

Si GaN THz-QCL MOCVD

78

2017

K. Wang, T. T. Lin, W. Terashima and H. Hirayama

aveguide design for GaN/AlGaN terahertz quantum cascade lasers

78

2017

T. T. Lin, W. Terashima and H. Hirayama

250 mW output power operation of GaAs-based THz quantum cascade lasers

78

2017




H. Hirayama

Future of Ill-Nitrides-Efficient UVC Emitter and Terahertz QCLs

Phtonics Conferense 2016

2016

W. Terashima, T. T. Lin and Hideki Hirayama

Recent progress of GaN-based terahertz quantum cascade lasers

5th Russia-Japan-USA-Europe Symposium on Fundamental & Applied Problems of Terahertz Devices & Technologies (RJUSE TeraTech-
2016)

2016

H. Hirayama

Current Status and Future of IlI-Nitride Ultraviolet and THz Emittres

International Workshop on Nitiride Semiconductors (IWN 2016)

2016

H. Hirayama, W. Terashima, S. Toyoda and N. Kamata

Progress of THz Quantum Cascade Laser using Nitride Semiconductor

74th Device Research Conference (DRC 2016)

2016




T. T. Lin and H. Hirayama

Modulation active structure design indirect injection sheme THz QCLs

EMN Meeting on Terahertz 2016

2016

2017

13

2016

THz

140

2016




2016

2016

T. Matsumoto, I. Oshima, N. Maeda, M. Jo, N. Kamata and H. Hirayama

Growth of deep-UV (11-22) AlGaN quantum wells on m-plane (1-100) sapphire substrates

International Workshop on Nitride Semiconductors 2016 (1WN2016)

2016

I. Oshima, T. Matsumoto, N. Maeda, M. Jo, N. Kamata and H. Hirayama

Structural and electrical properties of semipolar (11-22) AlGaN grown on m-plane (1-100) sapphire substrates

International Workshop on Nitride Semiconductors 2016 (1WN2016)

2016




B. T. Tran, H. Hirayama, N. Maeda, M. Jo, D. Inoue and T. Kikitsu

Improvement of AIN crystal quality on Si substrate for deep UV-LED Applications

International Workshop on Nitride Semiconductors 2016 (1WN2016)

2016

T. Lin, W. Terashima and H. Hirayama

THz quantum cascade laser toward high output power near liquid nitrogen temperature operation with dewar condenser

The 41th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz2016)

2016

W. Terashima and H. Hirayama

Realization of Unexplored Frequancy Terahertz Quantum Cascade Lasers by using Il11 Nitride Semiconductors

The 25th International Semiconductor Laser Conference (1SLC2016)

2016

B. T. Tran, H. Hirayama, N. Maeda, M. Jo, D, Inoue and T. Kikitsu

Effect of patterned-Si substrate on crystalline quality of AIN template

The 18th International Conference on Crystal Growth and Epitaxy (1CCGE18)

2016




M. Jo and H. Hirayama

Fabrication of a-plane AlGaN quantum wells on r-plane sapphire

Compound Semiconductor Week 2016 (CSW2016)

2016
THz-QCL
3 -NICT / 17
2017

Ke Wang, W. Terashima, T. T. Lin and H. Hirayama

Current status and next challenges for GaN-based QCLs

3 -NICT / 17

2017

m AlGaN/AIN

2016




THz QCL

13
2016
250mW  THz

4 _

2016
AIN LED

4 _

2016

Tsung-Tse Lin, Wataru Terashima and Hideki Hirayama

Progress of high-power (250 mW) quantum cascade lasers

RAPAC2016

2016




THz quantum cascade lasers toward high output power operation

63

2016

310nm LED Ga203 (-201) AlGaN (0001)

63

2016

Tran Tinh

n-AlGaN 2 AlGaN DUV LED

63

2016

m AlGaN/AIN

63

2016




63

2016

LED

LED LD QCL

63

2016

H. Hirayama, M. Jo, N. Maeda and N. Kamata

Recent Progress of AlGaN Deep-UV LEDs

IS-Plasma 2016 / IC-PLANTS2016

2016

AlGaN LED

26

2016




LED

THz-QCL

2016

H. Hirayama and W. Terashima

Progress of GaN/AlGaN THz-quantum cascade lasers

2016 SPIE Photonic West

2016

2015

2015

GaN QcL

2015




The improvement of output power characteristics of THz QCLs in 77 K Dewar condenser

2015

W. Terashima and H. Hirayama

Precise growth control for AlGaN/GaN Superlattices by MBE and MOCVD for developing GaN-based THz quantum cascade lasers

EMN 3CG

2015

W. Terashima

Development of GaN/AlGaN based terahertz quantum cascade lasers

EMN Hong Kong Meeting

2015

2015




GaN THz-QCL

2015

a AlGaN/AIN

2015

m AlGaN/AIN

2015

LED

2015




T. T. Lin and H. Hirayama

Indirect injection scheme THz QCLs with high operation

temperature

EMN meeting on Vacuum Electronics

2015
THz QCL
3

2015

GaN THz-QCL
3

2015

a AIN LED

3

2015




p AlGaN LED

2015

B. T. Tran, N. Maeda and H. Hirayama

Development of high-quality AIN crystals on patterned Si substrates for deep-UV LEDs

3
2015
m AlGaN/AIN
3
2015
AIN LED
3

2015




H. Hirayama and W. Terashima, S. Toyoda and N. Kamata

Terahertz quantum-cascade laser based on Ill-nitride semiconductors

1SGN-6

2015

W. Terashima and H. Hirayama

Up to 40 K lasing operation of 5.7 THz GaN/AlGaN quantum cascade laser

1SGN-6

2015

M. Jo, N. Maeda and H. Hirayama

Fabrication of a 260-nm light-emitting diode with a transparent p-AlGaN layer

1SGN-6

2015

Y. Kanazawa, H. Hirayama, N. Maeda, M. Jo, N. Kamata, Y. Kashima, E. Matsuura, S. Shimatani, M. Kokubo, T. Tashiro, T.
Ohkawa, R. Kamimura and Y. Osada

High-quality AIN template for deep-UV LEDs grown on facet controlled patterned sapphire substrate (FC-PSS)

1SGN-6

2015




I. Ohshima, M. Jo, N. Maeda, N. Kamata and H. Hirayama

Growth and optical properties of semi-polar AIN/AIGaN layers grown on m-plane sapphire substrates

1SGN-6

2015

M. Jo and H. Hirayama

Growth of non-polar a-plane AIN on r-plane sapphire

1SGN-6

2015

B. T. Tran, H. Hirayama, N. Maeda and M. Jo

Growth of AIN template and AlGaN MQWs on micro-circle patterned Si substrate

1SGN-6

2015

H. Hirayama

Development of unexplored frequency semiconductor light sources; deep-UV LEDs and THz-QCLs

WPT-AIMR

2015




LED THz-QCL

2015

H. Hirayama, W. Terashima, S. Toyoda and N. Kamata

THz quantum cascade lasers using nitride semiconductors

VI Workshop on Physics and Technologies of Semiconductor Lasers

2015

H. Hirayama

Recent progress and future prospects of AlGaN deep-UV LEDs

I1SOM" 15

2015

GaN/AlGaN 5.76THz 40K

76

2015




3.7THz 145K

76

2015

r a AIN

76

2015

LED

AIN

76

2015

m AIN/AIGaN

76

2015




T. Tran

Growth and Optical Properties of AIN/AIGaN Heterostructures on Patterned Si Substrate

76

2015

T. T. Lin and H. Hirayama

Modulation barrier design AlxGal-xAs/GaAs terahertz quantum cascade lasers

1TQW2015

2015

H. Hirayama and W. Terashima

Progress of THz quantum cascade laser using nitride semiconductors

ICNS-11

2015

T. T. Lin and H. Hirayama

AlGaAs/GaAs quantum cascade lasers with modulation Al composition barriers design lasing at 3.7 THz, 145 K

FTT2015

2015




B. T. Tran, H. Hirayama, N. Maeda, M. Jo, and S. Toyoda

Direct growth of thick AIN template on micro-circle patterned-Si substrate

CLEO Pacific Rim 2015

2015

AlGaN LED

2015

27

2015

H. Hirayama and W. Terashima

Recent progress of THz-QCLs using nitride-based semiconductors

SPIE Optics + Photonics 2015

2015




B. T. Tran, H. Hirayama, S. Toyoda and N. Maeda

Direct growth and controlled coalescence of thick AIN template on circle patterned-Si substrate

SPIE Optics + Photonics 2015

2015

LED QcL

38

2015

2015

27 23

2015




H. Hirayama

Recent progress AlGaN deep-UV LEDs by improving light-extraction efficiency

2015 IEEE Photonics Society Summer Topical Meeting Series

2015

34

2015

2015

AlGaN LED

143

2015




H. Hirayama

2017

Elsevier

474 (85-120)

SEMICONDUCTORS AND SEMIMETALS [Il11-Nitride Semiconductor Optoelectronics]

H. Hirayama

2015

Springer Series in Material Science

75-113

I11-Nitride Ultraviolet Emitters -Technology and Applications-

2018-037012 2018
2015-148786 2015
15180589.2 2015
14/823686 2015




http://ww2.riken.jp/lab/THz-device/

http://ww2.riken.jp/lab/optodevice/index.html

(Norihiko Kamata)

(50211173) (12401)

29 12 4
(Wataru Terashima)
(30450406) (82401)




