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Abstract Based on the metal organic chemical vapor deposition (MOCVD) technology, we designed a mid-wave infrared
quantum cascade laser (QCL) with continuous-wave (CW) and watt-level output powers at room temperature. By
optimizing MOCVD growth conditions, we obtained double-phonon resonance (DPR) materials with a high-quality
interface and prepared a 4. 6 pm QCL with a maximum CW output power of 1. 21 W at room temperature. Furthermore,
we specifically studied the performance of devices made of materials grown in 30-stage and 40-stage active regions and
explored the effect of different active region stages on the device performance. Compared with that of the device in the 30-
stage active region, the equivalent output power per unit area of the device in the 40-stage active region is not significantly
improved. Instead, the 40-stage device performance drops rapidly as temperature increases, which can be attributed to
outstanding heat accumulation and quality deterioration caused by thick epitaxial materials. Therefore, it is necessary to
fully consider the balance among factors such as the number of active stages, heat accumulation, and material growth
quality when the output power of QCL is improved by increasing the number of active region stages. MOCVD is a

technology commonly used in the semiconductor material industry. This research is of great significance for promoting
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efficient production of QCL materials and expanding applications of QCL technologies in industries.

Key words lasers; mid-infrared; quantum cascade laser; metal organic chemical vapor deposition; high power; continuous-

wave output

1 51 5

B F 7 B BRAT B i 1 RBCOE 28 (QCL) M
I8 4T A B B AR B SO OB R 3 R I 0 BE Y 45 4 I
TE AT S S AR L AR AIE 7 B R ) | S Bk K 4 e, ot
RO A RS R BRI LA A
AN LGP IR BEAGIN  Tl a RR E L F P ES R E A
A5 R 2 U R0 E B A A A 2 i B A 38 D) N W
RSB 1994 4R B R SE B QCL RSk, 5T A B 4
T 2R LT QCL A )R, 4048 3 (0 XS 1 S g
ZE R (DPR) MR A S 2)E L A 45 (BTC)Y . QCL
FAREER b T2 90 K G2 20 A, S T PR A R BR A A Rk
Jo i AR RE M ZE R K, 4 T AR AME (MBE) 4 R
Az KRR B AT BE U A A A QCL U7 i 2
KR, Ik B QCL & W LAk, kL 2% £ 22 LU
MBE # A % . 2008 4F Bai %"/ F| FI < Ji MBE, % T
R AL 4R 254 0 R K 4.6 pm 9 QCL
FEhESE LR EE 1.3 W X R R —
AR QCL . B Bai 25" 5% B A T8 X
FF &b /A X BTt — S R T2 e, &
B SR K R 4.9 pm B PRV SRR AR QCL = T % 22 %
B IR 5.6 WX R 24 1R LAY QCL Y A
et I . MOCVD & 75 A —Ff 2 T (4 b4 RS
il A5 F ARt H Al S A M A 3 R B R
%R, BEE MOCVD % & ) A W & B, & T
MOCVD $ AR QCL WF 5% 1 35 ¥ & J'e . e P £ ok
i, E R B2 A /AN HGE T MOCVD A kK
B VL AL InGaAs/InAlAs B RHMA Z (1) Z 5 LY CW i il
B i PERE QCLM ' 78 Fh % 210 40 J5 If, Botez 55
MOCVD 4 K i 5 pm QCL % i CW % H 35 3 ik 3
2.6 W. fEE W, E R B S AR BT r o0 g A R
A E I MOCVD SEBLELZ% (1.04 W) E T CW
By 8.5 pm QCL. MUK 22 A IR MK G AR
e R BEGY A B2\ A MOCVD %t i (4.6 pm)
QCL th BUME JF J T B R, CW i H Ty K 3k |
0.364 W, 48 MBE $¢ AR A] LS 47 Hb 35 il 741 DL f
JZ R DT S PR MR QCL 2 BEE QCL 1y iz fif
FH MBE 3 AR i T8 i B2 B0 4E T2 AR 7 ROR AR
A BRI T QCL A= AL i HEE . B i ROR AR
PE L SE S TR AL MOCVD H AR 2 52 3 QCL 1 K
T Ak A Y B R R, BT MOCVD 45 AR 1 55 fig
QCL g FHEdE QCL ™=k fb & JB BT |25 .

A CHRGE T i MOCVD 2k KBy s PEfig b i 2
ShQCL. it MOCVD A K &AL, 3045 T i A i
Jo e W AR M2 InGaAs/InAlAs/InP QCL #4#}, il 4 H
EICW IR m 1.2l WH 4.6 pm QCL., HARHF
58T A AE K Y 30 F11 40 9 AT U5 DX B R A i 45 g 1 14

PERE , R IC T AR GO S PFIEBE RIS 0 . AT EE T 30
L AT VR DA, 40 ZA IR X A 5 507 T AR 25 200k Y 2
VA WY BT, (EL g PP RE Bl i % O i BT
XU PR T A 2 Y PR AR SR AN A SiE A TR S B
f o Al o PRI A 3 e 3 A DR X R T
PEI AR, 5 25000 75 B IR G B R AR E K
S R Z A . MOCVD &2 SR 4R 7=l
G i R T H AR AR WE ST TAEXS T QCLE R &
Ji& R R 2R

2 BORLSNE 5 A8 1 A

fifi i Aixtron CCS 3X 2" MOCVD # £ 4= K £ 4%
¥, A KM EE G E (100 mbar, 1 bar=0.1 MPa), III
% T K AR R = W 3R HE [ TMIn, In(CH,),] . = B 5L 4%
[TMGa, Ga(CH,),] . = H [ TMAIL, AI(CH,),]#l
= R4 [ TEGa, Ga(C,H,) .1,V % B 9K 4 2 5 ¢
(AsH,) F# ik & (PH,) . n %45 2250 Ay R 14 2 7E AU
Fh S A A R B H Ak e (SIHL) (HRJE 4 0.02%) . QCL
N InP 41 (Si, 8B 22 Wk B 2 210" em™°, BB A3
SEOT TR KRARFL N B 5RO 2X107) EA K . AME AR
K B A 600~700 °C . QCL A7 I X 1 A K ol 6 A
0.1~0.5nm/s Z 8], 3% S M 55 )2 (N B0 InP) 1
A KGEZ R 0. 3~0. 8 nm /s, A Kad #2 v 52 0 ) 5 b Y
VIGE TR MY R RS R ICE AR R 2y
F100, ARRAK QCL A U8 X R FH 2L T 8% 3
PR QCL A W X 2544 , 3% T scmk [ 1] 9F 847 T i
Tho SR I RS 1 L3R 45 H T L A A A )
Hi, R AT I5F (8] (5 75 HE 7 BE 5 A A 1 A B 7 A X
M 34 0 1 68 9 75 A, $2 ok BOR B AR . TR SR
WL 745 74 14 oz A8 b R4 4 55 3 405 1 570 A
FEHE K, LAB7 1k H - DA i B o i R ik ik

JIT A R A R AT TR X 43 0 A i 30 G (FF & 1) A 40
P OHE b 2) N AR FMEE Tng oGy s As/Ing 50 Al s As TR G
TR . FIF MOCVD A: K QCL 42 ffi b1 1
T AN B U, PRI I Sy 7 figp e 3 A 1) 0, 348 i U5 X% G X
i 2 TR R LR O R A BRI N A L H YR TE AR
R T 22 LU T ST (4 BE NS AR B . 3 — A I
YIi b VR C R B A S T % G &R AW R
Pl N | IS S A e v/ = SIS NP A N T O i
B o EASMEER IR 3.0 pm FALJZ (Si, #4757
J7 TR AR 0 780 2.2 10") , 30 5 40 B A
TR/ AN, R H IR X R RR N 2.76/1.67/2. 46/
1.77/2.17/1.87/2.07/2.07/1.97/2.07/1.77/2. 66/
1.77/3.74/1.22/1.32/4.37/1.32/3.86/1.42/3. 66/
2. 24 BT H Ing 4o A L, sAs 12 TR AU ECE R
Ing 655G ay s5As B Z R . 4 um (InP) |78 J2 (Si, B 37
J7 JERAR BN B IR F 50k 2. 2 X 10°) 0. 6 pm B 75 2

2214002-2



(Si, B AL N7 77 JHOR (R RN A J5L 100 5X10™) o X T
FEBERAE , F T X GF AT 55 (XRD) AR AR E JZ 1) P9 35
G FURA R A T

XRD S AG 2 B 7 BIF45 K P9 750 5 1o A0 R 1 & 14
AR Ty v ol XRD XFRE LRTRE S 2 BEAT 0 4
WEE, I 1(a) R RE A 1R SME RSB 0/ 20 XRD £ 48
e AL Hh 22, T LUA 9250 I 45 R 5 B 25 R L
FoE AT, Ul IS B A 5 R Bt /G A LR
— B RERIEAE 100 LN . B 1(a) Bz , XRD 145
REAT IR 15 B 04 w2 PR A% I, R TR 30 2

=42 3% 522 81/2022 £ 11 B /¥ ¥R

JEEE 2R AR S AR Y e B R A —
bk B 1) AR 1A TR AT S0 R ke 5 2 TR AT
SRS ) R L TR T v TR W 4 G (FWHMD) B
FRiC o 075 TR 0 B i I FWHM J2 1 £ % Kb R BT
BEMEESE . WA L) MR RN 1T RGN
FWHM 2 14”7 ~18", 3 & B AF & 1 5 Jo 45 #4) 11 55t 1 A
B BN, AR B T 40 GRRE S B XRD A 5 1 2%
TR FWHM J&58 8] T 44" ~53", F WA RE 8 K 5
AR 2% 3k Ul B B 2 A TR DX JE 0 B B 1 , b R IE AR
JEE o e I R ) A IE A K SR T R Bk A

a
¢ )1010 ——sample 1 @ 10° 1865 1701 _____ :ﬂg{g;
............... - simulation A 18.72 16,13
% 108 2 10 18.48 /
3 10°
g 2 g
§ 10° 2\; 102
= K = 1
% 10* % 100 1 ‘/.03 J it ."'. 8.23 i
£ 10 52.06 0 1A 4482 a6y,
ki ’ = T ;-‘/ e
102 i 0pl ST A T 0 VR
WL TR W N
' : ; NAPORY! ol Y,
i L ; : 10-2g* ‘)‘M.H"\( . .ﬁh.
-6000 -4000 -2000 O 2000 4000 6000 -6000 -5000 -4000 -3000
w/(260) /(") w/(26) /(")

BE1 RE TRIRE 2 1 X 20U AT 5 o/ (20) I 45 R JRE i 1305 45 2R 0 (a) R 119 X XTI AT 5 w/ (20) 43415 T X 295 21
FIHLLE 45 28 5 (D) RE M 1AIRE i 2 1 T AT 5 06 i T R PR [ LR A W vy 2P g 42 5 (FWHMD) LA BB AR |
Fig. 1 X-ray double crystal diffraction w/(20) experimental results of samples 1 and 2 and fitting results of sample 1. (a) X-ray double-

crystal diffraction w/(20) scanning experimental results and fitting results of sample 1; (b) enlarged images of satellite diffraction

peaks of sample 1 and sample 2 [full width at half maximum (FWHM) of satellite diffraction peaks is marked in arc second]
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Fig. 2 Structural model of sample device and structure of actual fabricated device. (a) 2D schematic diagram of device structure;

(b) structure of sample 1 under high magnification optical microscope
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Fig. 3 P-I'V curves of sample 1 and sample 2 in CW mode and spectra higher than threshold. (a) P-I-V curves of coated devices with

different growth stages at 283 K in CW mode; (b) spectra of samples 1 and 2 with currents slightly higher than threshold (inset is

beam image of sample 1 in pulsed mode at room temperature)
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Fig. 4 P-I'V curves of devices of sample 1 and sample 2 at different temperatures in CW mode. (a) P-I-V curves of sample 1 at

different temperatures in CW mode; (b) P-I-V curves of sample 2 at different temperatures in CW mode
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