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Terahertz quantum-cascade lasers (THz-QCLs) are small-size, narrow line-width, cw and high-power
THz laser light sources and are attractive for a lot of applications. We have developed GaN/InAlGaN
THz-QCLs by employing a longitudinal-optical (LO) phonon depopulation scheme, for the purpose of
achieving undeveloped frequencies, i.e., 5-12 THz. We achieved first observation of spontaneous
emission from nitride-based GaN/AlGaN semiconductor superlattices (SLs) intersubband levels by
current injection. We confirmed the origin of the THz spontaneous emission by using polarization
dependence of emission from the QCL structures.

AT R TERA
(AL« 1)
[ERPSES [l 12eE 2 & &t
2009 18, 900, 000 5, 670, 000 24, 570, 000
2010 13, 600, 000 4, 080, 000 17, 680, 000
2011 4EJE 3, 400, 000 1, 020, 000 4, 420, 000
e &f 35, 900, 000 10, 770, 000 46, 670, 000

WFZe4y 8« 1.5

BHIFE D3R « fiE ISR BLY: « ToR5RE « ISR - R T
XF—U—R:TT~NY BT OAr—RL—V, -8R, &7 7 Xt 855K, o
TRTEH X — BT NGBS, BRKRHE, EREA

1. WFFERRAG SO 5 FEREE - ALEWE - WSS 2 R DL A
B &L DT OPEE % el 2 FF o, T 2T T~V 5HA A= 7D
KA DOIE, 7T~V (TH2) I, T4, FF JelRE LTREER Sh, BEwHRA, T



- IBFEYPTRIR A, RIS, JE B
WS R IR T ORI N AR I D
Db D, B, HEERS TN RIS F
HLET I~V HEF DA — RN —W
DRI H, /M @R, s, BFan,
AR T 7~ L —F R L L TREIC
WifrshTnb,

LML, B U A — L —HeREE
BroHF 70 REREEEFHLTWD -
W, BF—LO 7/ UEGLIC X BIEFEH
FAEAERENRKERE <, GaAs RED LR
ERWEGE. TOBELT F X —IZFHY 9
% 4-10 TH z D L —HFRENE S 7eu,
COWREEORBIZT I~V A A=
JOISHEHEZZF L RD D, 5k, BUED
KBS R TH D 5-12THz H & & O 12 KW
BCTOEFH A 7r— KL —VORRBNKE
HETH D,

2. Wsto B

W7 2 Tk _7= L 912, GaAs B XD
PERERZ WG E ., FOREL= RV
—ITHHY T % 5-12 TH z # D L —FRIENE
SNT. ZOREFHOKBITT T~V A R
— 7 OISHEAEZE LR D, ELW
MK DEF —LO 7+ / U EELIEEHIE
15-22 THz # L B RNV —AIZH D720,
H L, EerEikaET A — RL—%n
KHTNIE, CNETRAMBETH 72 5-12
THz # D L—VRIRNA[REIC /R D £ B 2 B
2o
W E RN R F DA — L
— DML, WL ODHIMTE 2R #ED 7~
W, WETEEFESN TR, AR T,
EerEEkEH W CREF VAT — L —
PEERT 5 LiChD, ZNETRAFET
H o7z 5-12 THz % & e RYh—THz L —
PRIEZFERT I LZ2AMET 5D,

3. WD Ik

W EERE N E DA — KL —
P OEBITIZN L OO AN — RLDME
ET 5, RFFETITZENOOMES 2R L

T IV 'S A — R —HE2EHT D,

ALY BRI A A MRS IS TN T2
s TR S 7 B3 - B R
ELRT U AN LEE, EHER BT
EERE RN EE LV, AAFZETIE, B R
f/N & 70 B BALMIR S O/ 285 2 LT
L0, EHEEREEEE L 95, InAlGaN
ZW 4 TR Z IV GaN LR~ v F o
FIFBHI I VEE I BEY
IR/ INT 72 D, ABFSE TlE, InAlGaN/GaN
REAS AR L. PR B R0 2 i/ N 4R &
X\ BN TN RREF S A RE 72 14
ExE RS 5,

Tz, BWERTITE T —-LO7 4+ /&~

LA 3 GaAs R E R e B L R KRE <
BIHROBKTEZHLZETHD, ZDARIC
BLTiE, BF—LO7 + / U HELO & H iR
ZWOZHIA L, THzR SO ILEHEAL DE 1 %
EIRICHR I KA Z L9 <95
FHiEEHWD, 0O, EF—LO7 4 / U HEL
(2 & DR T 2 A MO B 5
THZEICED, BV REFEHRT HEH
W THD,

Fo. IO OFEEMRMESICNAZ, 2
{9 8RB RS 1 O VERLE R O BRER 23 0 B¢
D, B HIAr— L —FERADZDITIL,
FHFE L~ L CAlR~T 0 Rz F-o%E
(2000/BFLPE) B OERNMETH D,
FDOH, ZWWMBEREFTA2 TS E S
VN D D, FRT, N REESZFRIH Lz
HHLED: P CTHREIC/R > TS LI,
NV REEVER RO G BB R O A
Mz EEZOND, ZTRET, E(W
RBAG - FE % DL D B e & DA
WL E AL E RS AR O ERL T T 2k
HThod, ZNO6OHMI., 2k TELY
MBE & EF1T - T & - LFIF5EE DR ER
HENLTIED BT A,
INHDHEEHANT, YO TORLTH
HEAMEREF A — R L —Y %2 1E
L, RN ECTH D 5-12 THz 1 L — P 3IE
BRI D,

4. BFgEEk R

THz fEIkOREER K CTH D 5-12 THz &1
HAr— R —HOFEBAZBEL, £yt
HIKAZ W2 QCL OfER A T2, K11
YERLL 72 GaN % THz-QCL DA &R %2 R
TG FY 7 7 A TEKED GaN Ry 7 5
—J& . ntGaN 7 7 X & 2K g |
GaN/InAlGaN MR 15 RE, 77 X&
VR RIE ) DR S D, C M
E SN Eew gk iy = ERIC
L BBNEROBMPEL 5720, BETFOE
ANPKEHEZ EFHEORFF N REH L
W, NEBPERZZE LT-3%3) GaN % QCL
TIEHLETHD, X212 GaN % QCL DOEYE
RED N K70 7 7 A VOFRNTRER 2R,
A TIEY I al—Ta vEtBIcL- T
ZLW) P8R QCL DOIEIEAFRENE D 2D
FREEZITV, BEEREEIIRE <2550
DORBEENFRETH D Z L 24O THIE
L7z, iREFL72 GaN/AlGaN #Hs &% .
ZAH-EARE ] O RF-MBE i dl il = 2L &
FWTIERL L 7, Wi i ¥ - BASSE (TEM)
B e, JFA 1 JEORE CHlE S -2k
~7 v L & FFO B T ORI R S
72o AWFFETIE GaN & QCL 75 DFEHREE
DHEIBENEEICREIKGFETHZ L&
L, ERNy 7y —EBoEmEIZ &
L FNIRE DR A FRET L7z, 1o THE



Energy (meV)

ELTC BT 7 ATEMRED GaN Ny 7 7 —
J& & W T2 BIREER5 FE DS /W T2 D 1T
H2355 < FT-IR TORNHEEE Lo 7,
GaN ZEMRH D VET 7 7 A4 7 Lo EE AIN
Ny Ty —ZANWAHZ & T, BNREITEL
<HEM L. QCL #3775 THz FEELRIN
"RRIZ 72 o T2, REY T IE. RIA4 2y
Fo T Tav AR EERTT A AMIL,
B E T A Y =R T 4 v T aiTo0=,

Back side:
High reflective mirror
(Si04/T¥Aw)

Metal plasmon
Waveguide (Ni/Ag)

QC active layers
(GaN/InAlGaN

GaN buffer layer
Sapphire Sub.

X 1. GaN 5 THz-QCL D[]

300 : o ;
. DgpopMaﬂon Emissio
200+ Injection | lA
w0 % .- 248mev (6THy)
™
0B ]
] B,=992mev 0 T T
2
100 | i 1
' ¥
k\\TEH=IOan(Z44TH@
200 _
67.4kV/em n-2x10"cm?
0 100 200

Thickness (A)

[4 2. GaN/AlGaN THz-QCL D/ > R7'a 7 7
A IV OFERTE R

X 3 (ZfERL L 7= GaN/AlGaN 5% QCL D5E
59, AN T A THEIE 100~150pm FEE, 3t
REnFlE 1~3mm & L7z, MIEEIR LT
72, FUN—FED 8 Yo 7V ERERIC Y
TAFAH y MIEANLREEIT- T2, R
L 72 GaN % QCL IZ&EitiFE AN 21T\ THz 366
OB ZRA T, BIFER A X 4 1RT, W
N ER 20K IZHR L, VIV AETEA L
1TV, FTLIR ZHWT AT Lo E1T
572, THz JEOBHANT 4K 12 L7 Si A e
A= —F R\, K41oRT LT, Bl
HEAIZEL Y THz #0 HREHIE 2B L

Too AR TIXLL T O HEEZHNT, ZO%
HNEFHEENSDOARKERETHD Z
LEMER L, £9, QCL ~D ¥ [ &E ]
NI D HFEFEINHER S 7, WH M OHEIT
BRI SN oz, Flo, HTEHXDORF
WARTEEN S (K 4) BTSN DO T
DI LEMR L, £, BB RO
FeW e OHUNEERAAEDSEGRmEE & B <
—H LI EnDL, BEFHEENLDORIET
bHZ ENRENT (¥5), Ky ixy
VINERT T AT BRI AEHNTN D
ToOER O ANRKE L, L—FRENES
NEEWERER-oTWB EEZLND, 5.
BT NAEET T A P (DMW) O 1l
Tt AR L, IR I A A8 A
4% Z & T GaN % QCL @ THz #5 L — V4R
DOREEMENEE D EEZLND,

BT

ST

3. GaN/AlGaN THz-QCL D448

1 mm

=
(=)

F _=120Hz - TM-pol.

repeat
Duty: 0.02 %
| T=7K

21.0V-400 mA

o
o0

o
=

o
~

S
)

o
=
o E

Normalized intensity (arb. unit)

Frequency (THz)

X 4. GaN 54 QCL 7> 5 O&E A A THz %60
BUARE R (R IKAFNE



Electric field (kV/cm)
61.1 64.3 67.5 70.7
8.0 . . . .
70+ -7 .
- By
6.0 -

w IS
=3 =3
T
|38
|\
\
1
1
1
1
1
1
L L

Intersubband Energy (THz)
s

Simulation line " _ _----0"
20 o _x_ L L L
19.0 20.0 21.0 22.0
Bias (V)
T T T T T T T
Fmpem =120Hz 582 THz 1
= | Duty:0.02% b
2| T=7K
=]
° 2.67 THz
<
N
> | 21.0 V-400 mA
Z
=]
o
R=
—
1 20.0 V-200 mA
L L L L L L L
2.0 22 24 2.6 2.8 3.0 32 34

Frequency (THz)

¥ 5. QCL 3 EOHINEEMK A (- -
FHREAME, T HE AT RL)

5. FreREIRLE
(BFFEfFeE . WFFE s K ONEEAF TR 1
1T

CdERERm S0 (R 6 1)
1. T. T. Lin, L. Ying and H. Hirayama:

terahertz quantum cascade laser grown on GaN
substrate”, Phys. Status Solidi C, Vol. 8,
2302-2304, 2011274 Y

5. W. Terashima and H. Hirayama: “The Utility
of Droplet Elimination by Thermal Annealing
Technique for Fabrication of GaN/AlGaN
Terahertz Quantum Cascade Structure by
Radio Frequency Molecular Beam Epitaxy”,
Appl. Phys. Express, Vol. 3, 12550-1-13, 2010.7¢
FAY

6. W. Terashima and_H. Hirayama: “Design and
fabrication of terahertz quantum cascade
structure based on III-Nitride semiconductors”,
Phys. Status Solidi C, Vol. 6, S614-S617, 209.2
FAY

(Fm¥ER] Gt 1814)
1. H. Hirayama: “Recent progress of THz
quantum cascade lasers (invited)”, The 4th
Japan-Korea Joint Workshop on Terahertz Technology,
Nagoya, Japan, 2011/12/19-20.

2. W. Terashima and H. Hirayama: “Terahertz
intersubband electroluminescence from GaN/AlGaN
quantum cascade laser structure on AlGaN template”,
IRMMW-THz 2011, Houston, U.S.A., 2011/10/2-7.

3. T. T. Lin, L. Y. Ying and H. Hirayama: “Significant
reduction of  threshold density  of
GaAs/AlGaAs terahertz quantum cascade lasers by
using high-Al-content AlGaAs barrier”, IRMMW-THz
2011, Houston, U.S.A., 2011/10/2-7.

current

4. S. Matsumoto, W. Terashima, T. Yasuda and H.
Hirayama: “Au/Al-Metal Bonding Conditions for

“Threshold current density reduction by
utilizing high-Al-composition barriers in 3.7
THz GaAs/AlGaAs quantum cascade lasers”,
Appl. Phys. Express, Vol. 5, 012101, 2011. 75 5¢

D

2. W. Terashima and H. Hirayama:
“Development of terahertz quantum cascade
laser based on III-nitride semiconductors”, The
Review of Laser Engineering, Vol. 39, No. 10,
769-774, 2011.&F A Y

3. W. Terashima and H. Hirayama: “Molecular
beam epitaxy growth of GaN/AlGaN quantum
cascade structure using droplets elimination by
thermal annealing technique”, Phys. Status
Solidi A, Vol. 1, 1-4, 2011. %54 ¥

4. W. Terashima and H. Hirayama:

“Spontaneous emission from GaN/AlGaN

Double Metal Waveguide on GaN based Terahertz
Quantum Cascade Laser Structure”, IRMMW-THz
2011, Houston, U.S.A., 2011/10/2-7.

5. T. T. Lin and H. Hirayama: ‘“Temperature
dependence of threshold density of
GaAs/AlGa(;.hAs terahertz quantum cascade lasers
with different Al composition”, ITQW2011, Badesi,
Italy, 2011/09/11-16.

current

6. W. Terashima and H. Hirayama: “Terahertz
electroluminescence from intersubband levels
in quantum cascade laser based on III-Nitride
semiconductors”, ITQW2011, Badesi, Italy,
2011/09/11-16.

7. W. Terashima and H. Hirayama: “2.67-2.82 THz
intersubband emission from GaN/AlGaN quantum
cascade  structure”, ICNS-9, Glasgow, UK.,
2011/07/10-15.




8. W. Terashima and H. Hirayama: “First
Observation of Spontaneous Emission on
Injection Current from GaN/AlGaN
Terahertz-Quantum Cascade Laser”, IWN2010,
Florida, U.S.A., 2010/09/19-24.

9. FFIEE., FELFHR : “GaN/AlGaN THz-QCL
NHOBREMNC LD ARBE OB |
2010 FFKZEE 71 BISHP B2 RES, R
k2, 2010/09/14-17

10. W. Terashima and H. Hirayama:
“Spontaneous Emission from GaN/AlGaN based
Terahertz Quantum Cascade Laser Structure
grown on GaN Substrate”, IRMMW-THz 2010,
Rome, Italy, 2010/09/5-10.

11. W. Terashima, S. Matsumoto and H.
Hirayama: “RF-MBE Growth of Terahertz
Quantum Cascade Structure on GaN Substrate
using Droplets Elimination by Thermal
Annealing Technique”, ISGN3, Montpellier,
France, 2010/07/4-8.

12. FUEE, FIUFHH : “GaN % THz-QCL /26

DOFEHEA & 2 ARHHDE OB FRAFEED ” |

TA RE vy THEUN - AT 5 A 162 &
BE 69 miffEs, v /A, ) "= g
& —HAE, 2010/05/07.

18, SR, PELFHR B VIR
BRI ESEIR T Z ~ VY W A — R L—H
ORAFENTE (FBAFREGD 7. JWERE ORI
IRBUY R 19 4R EERFFEB SR A TR = | iR
4, 2010/03/04.

14. W. Terashima, L.Ying and H. Hirayama:
“Fabrication of device structure for GaN/AlGaN
quantum laser”, 8th
International Conference on Nitride
Semiconductors, Jeju, Korea, 2009/10/22.

terahertz cascade

15. SEUBE., JEF%, EILFHH : “GaN/AlGaN %
THz #&TFH 27— F L —VPHEDOVER & 3
(k) . H21 EEERF Y Y =7 MRS
[T H A7 — R —FoEMERe bt & AT
DHAFZE], ALK, 2009/11/04.

16. L. Ying, N. Ikeda and H. Hirayama:
“Ag-metal bonding conditions for low-loss
double-metal waveguide for terahertz quantum
cascade laser”, The 34th International
Conference on Infrared, Millimeter, and
Terahertz Waves 2009, Busan, Korea,
2009/09/24.

17. JEZSE, SN, SRR E. FLH : “Ag
EHW-EmeRSKKEE TS THz & TR
—RL—VOIER”, =V ANV —LTF b=V R
URT T L FIAPT, 2009/05/20.

18. SEUBE, JEALE, EILFHH : “RemEss
AWz THz B A —RL —V O &R EEF1E
B T ARN)—AhTF h=T AR T A,
FOYEAFT, 2009/05/20.

(Z Dfh)
http://www. riken. jp/lab/THz—device/inde
x. html

6. HFFEHAK

(1) WFgefRsE

SEL F548f (HIRAYAMA HIDEKI)
MNATBUE NEY LA GERT - 7 7~ LY &1
BT TF— L« F—L Y —H—
M7eE®ZS 70270593

(2) g sy

g B (TERASHIMA WATARU)

MNEATBUE NEYLAARGERT - 7 T~ LY &
FIHFGETF— L - FEFIEFTFSE B
eE&Z:30450406

i BB (IKEDA NORIAKI)
MNEATBUE NBEY LRG0T « 7 T ~ VY &
FZAWEET— 2 - WFSER

MeE®ES 90267477

(3) HHEMFZE
L



