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Abstract: A single-mode terahertz quantum cascade laser (THz-QCL) with a two-dimensional patch antenna array as a
resonant cavity is proposed and realized. The active region of each patch antenna is sandwiched between two metal lay-
ers, exhibiting full-scale subwavelength characteristics and exciting a vertical electric quadrupole mode with low radia-
tion loss. The inter-antenna coupling within the array effectively suppresses electromagnetic leakage in the plane, allow-
ing for a high-quality factor and low threshold current density even with only a few antennas in the array. As a result,
the laser's power consumption is reduced to 950 mW. Moreover, the discrete antenna array design provides a larger heat
dissipation area compared to the heat-generating area, and with the lateral heat dissipation channels offered by the un-
pumped regions, the thermal resistance per unit area is as low as 5. 6 mK/W/cm’. By significantly reducing power con-
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sumption and enhancing heat dissipation efficiency, the laser achieves a lasing frequency of 3. 18 THz, a side-mode sup-

pression ratio (SMSR) of 19. 5 dB, and a beam divergence angle of 35°x35°. It operates continuously at 3. 14 mW at

20 K, with a maximum continuous operation temperature of 90 K, notably higher than that of Fabry-Pérot cavity lasers

made from the same material. This work provides a novel approach to improve the continuous operating temperature of

THz-QCLs.
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51

T

K %% 8 F 9 K 36 2% (Terahertz Quantum
Cascade laser, THz—QCL) &S TH FEMAE Z & T
BF P9 5 ) BR Y B B RO AR
THz—-QCL W58 S H gy TR P R
WE VR oy R AME A R RN N TS B
PEHOR A MRS PSS 2 2 R ZHOR I P ) 5 46
e [ 2002 4] LAk BEE AATT7E BRI A
S 5 T IR ABE ST, THz—QCL 7F 06 2% T /R IR
JER HOG T A O R DR BT A
RPIE TR S UG T — R SR i
CBR 1~5 THz i B A3 52 TR eI 2 —
THz=QCL7ER SOWIN™ AR BRIB FIR R A
SIS T A N T R AR T R 1 1
5o b3 W 40 0 AR S G IR Y THz—
QCL HA M R GTERG BE . it , 7 SO A% TAE
TE SR B FR I R IIR B 9 2l oG4 TE Y
JETE . WA, LT e A SO G AR 7R I % R
B Gy AR BRI A N R EE M .

SR, 32 S O 00 TARIR B, U2 %
2 CAER B TH2—-QCL B9 ARG | & F i i
A M, L R 2 R . E e, RO
Y AR S aE i e S ) Dl R T BRGTE B
VEOCREZL , e AR 5 52 P L A2 BRI 4 5 o T2
A 3B, W o T BORL TR IR K
iR 18 SR S 5 | ARHERAT AL, BRREAIR B R BOGRE
G RN AL S, TR 1 — D627 7 - B
B ARZB A R RRAR T 52 R S 1 BRI R
JCo HIK, A A REYUE 5 — D IREIBOGE TARIR B
BOIRE, 7EA R X BT i A A 235 | A Ay B AT
TEM A RE , HL T~ LA —JE BUME R B A RE R o7 it
AWXMAZEAR EBOCRES . X AYH T
A DTRREE £, A0 DL A i i e 207 AR B . A
WERMINE A £ B o0 T SEBAT TR X AR 45 F4 (RS 1
]t S BN R v A B A R PR R M4 O K
B, 0 L A3 SRS E (R AR i A% vk B 5 AR

i

H

A

k

N
F1=
He

- =

FERVIAE G . I AR A F 52 0 3R B, A 15 DX 3
BIF/3A 22 52 22 [ g A T DA e 7 2 4 i P T 2 1Y
BAHT . DRB, 5 R A T s 1 B EAS
Sy BV D R 35 sl P VB | S ¥ NTER g = X )
FrAR A A s AR X A A TR XA %
TR IC R S . Bl , 6 MIT 1Y Hu/ NH B T
XI5 ) B A U DX, AR SO A T TS A Y
RBYL, A AN T 2 E R G AR LI . 5B RS
1950 F AAMEFE A, AT S8 T 3L % i THz—-QCL %)
Jkors i . SR, BT R T A A IR S
JE , H e 5 AT 3AE] 90 W, K i 45 4 H 523
T kb TAE A ol E 2 TAE,

WOt A T Y FL R 3 R 45 RN RS S o B R
AR 2 SER A Y AR R A S A 52, i
XA EA SR B S . DL H AT A IR X 254 %
1T, THz-QCL 1 TAEH R LY 1 kA/em®, TAEHLE
2512 V, A TR IXJEREZ) 10 wm , A I8 X 0 A BE
TR IL 1. 2x107 Wem®s 117 A4 H AT THz-QCL
(R R B B R R AR T 1%, 29 B 4 KR40 F S AE 24
Mo AN, TH-QCL A R IX & T2
B GaAs/AlGaAs FBi/# 22 )2 | 75 1 1Y J2 () B &
FOHOCAFIN ] 1 AL T AECRARA X TR 1 AL
R A R DX AR R R A D RE S B ARG
(4 GG 4080 3 AR A TR X RS 80
SEIZBOLAE L TARRE K AR E R A ) =
AR B AR A S A

WAL N BOE AR I8 BT AT, BRI RE I 12
1o A R R v L S TR IR B Y A
o AT, “&RAHRX/EE” (WEE)
U2 H R i R A S =X e Ok R A
BT LA JE T B DR R 2% U SRy S8 A R
/N F AR AR, I RA TR 1R R
il AL R AR ) I S 0, AR OB a8 A IR
Vo (L P O o (HORL G Jg U A L e S 2 B A
PR IX 10 o P 5 52 B ol T e AR 5 28 B s [l 1%
45 0 B A L -3A % (Fabry—Perot, FP) [ FETE 48 5 &
U, ST RARAE > . i AT A0 52 it



386 O hh 5 2 K 3 2 R 44 3%

T () FELRE S A TS IR s (DA 5, S8 T 56 T L4 )
WP TE B R ST BOERS . Wienold 28 N TR 4 9
FP A a3 T =90 434 515t (3rd—order Dis-
tributed Feedback ) JFU B , SZ B T 7 22 TAF i e 1 &
129 K A BRAR THz—-QCL, J2& H i 3% 2N TAE
TR (R B e 4050 o A AR /N ) 2R3 T RV R A/ )N
B DFE , (BAH B O TR HA 0. 75 mW @ 30 K.
AN, Williams BRAZ R F L R 58 (MEMS) 4%
A BT MG R 58S 5 THz—-QCL 45 Ao 25
PR BEAR 1 & i I (E, JF S8 T CW AT e
TAF R 82 K #Y THz—QCL, HAF U2 T %15 (77 K
B ) 3 2k SmW) |, o BT B 4 I 87 43 A, F
EHHRS5 x5 ) HBRIB RN OnTY
e Wi TSR AR &, A0 23 B EE Y i 2 1 R AR R
Masini 4" R T IR 485 K 26 v 14 1] 5 BE (WG M) A
KK WOM 5 &8 R S iR ReRas &, S T
P RST B KR 25 U 454, R LR T AR AR 9 340
B (AT CW AR 220 W AR 15 R (H 32 R
TR BRI R 7, g 2 CW RS TARTRLEE S 50 K.
AN T R S A A i R Rk
A AR T CW O . UL TARUE
WA B AR AR 25 F CW TAERY 7 i . e 47
A IR X ECHGSCR 5 T, Kriiger 28 2 FHEREE T.Z,
Bl HCACPE R NI PR AR M A B8 A AL S
PEE T 30% , {052 BT 5.4 @ i 545 A 1K PR 1 P 7
DL B 43 @ FP S =y DO FE S5 52 ), Joe ey CW T AR T2
{2 H 55 Ko

AR SCHE IR ST — Rl BUIR T AE | i ARk
SR THz-QCL IO G A IS IR IR 454 o X6 A R
X4 8 S A5 R, TR I H B W R R i i R
G RS RS R TARLE L AR i, H R
FE R R DRI A FLIA , T AF At DX 8 H SiN f 466
TEA o B R 22 8] FHAE 2230 1 34 JE I 5
FATE o R PO AR A0 EL A AR A AR AR i LG
JREFR B H 3 43 A 0 2 AT T A SRR . i ik
TG R RER 2 B H 7 A A VR AR 51 T4
FE R A AR, B RS RER LG I AR AR R] . 3T
BT 1 R A BORER 1 R 51 B S8 T AR
(B 23, W B AT R 22 0 T BRI DD #E i [
FERR A T SOOI R AT IR BN &
o TEEAYRE B A K LR 4 5 A5 A R
T ARG KT 2 AT AR, TR S X TSN
B ) B I , JF— 2P 8T TR R . ST

B, FAT S T A 2 =T AR A B TH2-QCL,
POEHI A 3. 18 THz, i e 14 28 TAR Il BE 355 90 K,
FAASEIRS  SBE MR e 20 dB, 20 K I 5 K 3% 4k
B DA 3. 14 mW DL A N 357357 AT
VE4R R I0IE T FEAR THZ—QCL T AE I 48 fin vk
KT AL R E S5 H , 4 THz-QCL 2L TAEIR
FESRBE 7R R
1 Bigigit

A E 1 (a) R T LA PO K 2k (Electric
Quadrupole Antenna, EQA) [ 41| hy 1§ 4ig f& (1) PR A5
THz—-QCL Z5 44 , B HHOG 3 3. 18 THz, [ 1(b)
MR 7S T A RE R AR A A8 o 2T R s 3 T X
S EPFEEH LB 12 pm ERE IR XA TR
EIRZ x4 ERS LT ERER, R R %
DA (3R 11 A B oo ) Ja 7R JR R S /N T gk
KBA BN o BRI RS A L 2 R R
SR X, 1 2 b7 1] B S5 R 23 00 R < s A R X 4
J& 7R G JE A R X /SIN 48 2% 2/ R, RERAE v—y
TR N 24,3 um IO IE TG . REMHK L
e T DU AR IR G B9 AR f, AT LA RLIAC Lee/
(noXf) o Hrf, e HEZS RN, n, R RELE
AR P AT DUE i K 24 R 3 b 4 il
BOCAR . TR 7 R A Y HoA X, PR A7 5 X
5 L4822 e A4a 2 )2 SiN, B E AR
KRG I HEAG 52 ZdE i O 25, BRI P —
Y TE Ty R B 0 B SR D AL S A R
o W 1(b) FrR , REGH LT T8 B h W)W 4 & 45
FMIME: . fEX S E LD AKX S E&E)E
Z A AT SIN 422, LU i i A o e sl
43R 51 4 X3k

IR SCHR S IXRE RO A 45 8 T DL i S
RGO TR B, B ORIE T84 KA AT LAk

Substrate

(a) (b)
B BRI RE AR B (a) REES 5 (b) HRER
Fig. 1

vice: (a) antenna array; (b) single antenna

Schematic diagram of electric quadrupole antenna de-



34 WA RIIRE R HOAECR R RS R T UBRO G R A IS 387

ST | T % 45 45 09 T AN ) R 26 8 LG 3 3
Mo ARSCH, BRG] N=6 3405 61 > R, Hirp e
F) 41 > K2R IR X3, e AL 20 AR JE i R
2 R A v AR %) 7 A TR R SR T T AR R
2 x10* m?, &5 B A -3 % i THz—QCL AY 3/
1A (B 1000 pum, 55 98 B 130 pm, I FH 1. 3x
10° pm*) 19 1/6. 5,

W A IR 2 v EL DU AR - 14 F R 3 43 AT DA B R 2K
22 18] ) LT R B AT DA ARTIETE 0 1 /)N 1) 258 3 T FR
B, SO ER AT AR HLA e 1 R, AT LA R
RE B AR . BeAb, & B R AN 55 4 40
FE , AL 4 FL G I G 2 R . X R R R 51
HFE AR A X (OB L) |, R DU AR F 150
Yyxd B oA, i LU R R i oy i E E, H R
FAEME A B 2(a) B (o) R TS 2 A R
T TR B A s A . L,
FERARE N E B, H W50 A0 1 52 30RO R 10
Mo HWE (H W TR 2 2 07 ), B A
PR ] AR5, T £, H RO FRE e T AR
S A BRI T2 B AR S R S s . B
F T B TE v—y VT ARG, i 1E 2 (a) FoR |, i 2
YT L A SR A AT O A R R T R SR 3
BN, BT A4S DA KR ity x—y 1T J7 1] it
T B9 L 0t 0 o 0t 7 A B B X AR A 4 S KR
I H T A RSB[R A 31 o T SR ms Al K
H ARG T R LRSS TE 2 7 1) R x—y SF- T A
B S i e, (A R A A 3 R Y Q TR, X
7 A5 VK 1 [ {1 P 9 2

TE BRI 4 9% A BR T, F AR FH COM-
SOL-Multiphysics F§ FH 81, Z 06 T M OBHBFE , Bl
AR IX ARG R 0, 3 B4 )8 2 ik A 58
TR L XA LI b R A A TR DR R
FETEVE IR, A 1=24. 3 um, 42 )8 )2 R FH ¢ 5 1 AR
B REA W XY 9 R 158 3 B T (n,=3. 49+
0i), @7 1K R 250 pm CRF W% A 28 1K)
PRSP DX S8 O 78 AP A 7 5 36 DG )23 S R 3
25, B 1k B R R e R AR AR
R EN A KL ARNEAR N 3. 1747 THz. ZJ5 £
5t 36 VG E J2 I 4 IO 00 5 2% A T 46 oAy JR) 0 vk 3 3t
FE VARSI X IR, (145 P=90 pum , 1T LA 2] JE] 4]
SER PGS AAE A

FI2(a)H, Hpuly RER S it 4B I REE R £
Yy oy A o0 TR A L Sk () AR R A B 2, AR AE B 5 Oy

P2 R BT R Al A BROC T iR S AR B
(a)E 534155 (b) E 90415 5 (¢) H Y353 Aii

Fig. 2 Calculated result using full wave finite element meth-
od under periodic boundary conditions: (a) E, distribution; (b)
E, distribution; (c) H, distribution
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rent-voltage (L-/-V) curves of device A at different temperatures, the spectra in the inset demonstrates a SMSR of 20 dB; (c) Far-

field distribution
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Fig. 7 CW test results of EQA: (a) spectrum at 20 K with dif-
ferent current densities; (b) Light power-current-voltage (L-/-
V) curves at different temperatures, with the spectra in the inset
demonstrating a SMSR of 19.5 dB
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Fig. 8 Variable-temperature L-/-V curves for FP cavity: (a)
pulse mode; (b) CW mode; experimental data and thermal re-
sistance fitting data for pulse mode and CW mode of (c) FP
cavity and (d) EQA array
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