$£60% F15H/2023 E 8 H/HMAEXBFEHE

It Bl St FFIHE

A ALPR IS5 12 940 nm T B P i % SHOE 2%
E)ﬁ,ﬁvﬁl,f,s’ Eﬂ(i{r&_l,iﬂ’ H%‘m\ 1,3, Eﬁ?%lﬁ’ ﬂfé\ﬁ% 1,2,3’ r‘%gﬁl,?ﬁ*

U ERRE B SRR SR SRR R R A, LT 1000835
S E R B R AR MR R SO LB R B BE, JEBT 1000495
MR SRR RS ST S SRR, JERT 100083

TEE N WFT S AL B 4548 FL A2 X 940 nm 3 B0 T & 5062 (VCSEL ) F8 2 152 00, w1 5 17 A 8 S Ak FL 42 19 940 nm
VCSEL, J#E47 TR /01 . 3 3 PICS3D B4 5% AN 7] 12 7 Bk 44 £ b4 L 109 380 25 647 05 T, 3k BROEL A 0 o8 3 R IX A4 et
125 (19 InGaAs/AlGaAs 1E & F B, JFFF B T 8 25 - 0 Bl 331 o 7E BT e fb B9 3 /b L, il # T 6 M AL FL AR 1Y
940 nm VCSEL, X Hot iy B Fe e A7 0k . 25 S 3R . AL FLAE N 4 pm (9 VCSEL, F il FRPRAE N 0. 93 W/A I
KRB AR N 40. 1% B AL LA N 7 pm B9 VCSEL, I F i K o Ry 12,24 mW; 4L fL#2 K 2 pm 1
VCSEL, iR F iR R IERBERITI R R 2. 67 mW ., ZEF7E 2 mA LIRS TR, 76 10~80 “C 14 36 [ P £4 ] 52 30 341 455400 741
FE R T 45 dB B JE REAR i H

KR BOCH; A A EOCA; SRR A5 AR, fLR

mESEE TN248.4 XERARERD A DOI: 10.3788/LOP221703

Oxide-Confined 940 nm Vertical Cavity Surface Emitting Lasers

Yan Weinian"*’, Wang Qiuhua'’, Zhou Hengjie'’, Qiu Pingping"’, Zhao Lingjuan'*’,
Kan Qiang"*”
'Key Laboratory of Semiconductor Materials Science, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China;
*College of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China;
‘Beijing Key Laboratory of Low Dimensional Semiconductor Materials and Devices, Beijing 100083, China

Abstract In order to study the influence of oxide aperture diameter on the characteristics of 940 nm vertical cavity surface
emitting laser (VCSEL), 940 nm VCSELs with varied oxide apertures were fabricated, and then tested for analyzing. The gain
of the quantum wells with different candidate barrier materials was simulated by PICS3D software, and InGaAs/AlGaAs was
selected because of the higher gain. Moreover, the gain-cavity mode detuning was introduced in the design. On the basis of
optimization, 940 nm VCSELs with six oxide apertures were fabricated and their photoelectric output characteristics were
tested. The results show that the VCSEL with 4 pm oxide aperture achieves a slope efficiency of 0.93 W/A at room
temperature and a maximum power conversion efficiency of 40.1%. For VCSEL with 7 um oxide aperture, the maximum
output power reaches 12.24 mW at room temperature. The VCSEL with 2 pm oxide aperture can operate on the
fundamental transverse mode condition with maximum output power of 2. 67 mW at room temperature, and maintain the
fundamental transverse mode with a side-mode suppression ratio greater than 45 dB at 2 mA continuous injection current, on
the working temperature from 10 °C to 80 C.

Key words lasers; vertical cavity surface emitting laser; oxide-confined structure; fundamental transverse mode; aperture

diameter

1A . PAE T AR | BT e SR BB X R G BE R
= T8 46 403 19 (COMD) 25 {50, 73z 1w F 5 1%
e T & SO S (VOSEL) AR BIME . KR Y 2R (517 = 4 (3D) 14 & IR g 2 JF

Wi BHE: 2022-05-26; EEHH. 2022-06-16; RA B 2022-07-04; MEHEZBH: 2022-07-14
HEWH: BHEAKP:EE4(62134008)
BE1EHE . 'kangiang@semi.ac.cn

1514003-1


https://dx.doi.org/10.3788/LOP221703
mailto:E-mail:kanqiang@semi.ac.cn
mailto:E-mail:kanqiang@semi.ac.cn

SO R SR A B . 940 nm VCSEL G H T
Har B G5 M Z KL TP /NEFERE, ) Z 8
T K 3D A% e Au ek, IR I 3R A5 & % BE 940 nm
VCSELGIEA & Y A RHIF TAE BT 58 #05

2019 4F , Khan %" F Zn ¥ #l45 & A AR i 25 44
A A A AL FL AR 8 pm  ERE R TN R 6.8 mW Y
940 nm VCSEL. [[4F, T it 2 %" F F InGaAs/
GaAsP N A8 #2251 Bif il o il 28 S AL FL7E R 8 pm
6 mA Y% 22 9K 2 H I T i DR 4,75 mW I 28
B VCSEL, Jf 400 17 H & TAERR M . 2020 4F , b ot
IR HL A 2% Ren S8R RS 2 118 I 4 AR 21 U K 5 i s ol
il B LA N 6 pm BRI R 1.4 mW fY
VCSEL. 2021 4F, o [5 B} 2 B fof v 5 55 I Xun 251
WF 52 I+ BT il & T 30 ‘CF U R W% Hy 43% ek
i TR 58 210 mW S A FL 42 10 pm (19 940 nm
VCSEL F31 . 2022 4, v E Rl 27 B =i B 4 B0 55 0T 1)
Wang 25" H F InGaAs/GaAsP [ A8 b £ 5 1 B 14
A B i 225 449 B By il £ s AR FL AR 10 pm .20 'CF Hek
far DR LY R 11 mW B K OGS 40 300R o 48 %0 1Y
VCSEL, [RI4F, v [ B2 B 4 3 G20 %5 LR 5 o 3
WFFE BT L% FI 8 pm S Ak B FL &5 & 3 1f 12 77 45
Fo R Ty i £ 92 “CIRFE T At i T & R 2. 02 mW
B 894 nm VCSEL. ##, b5t Tk K2 VCSEL A BA
R TE TR Ak B ) 4t b R o A Hh R R L
(SMSR) K T 35 dB FEMERIL N 0. 75 mW 7] H] T4
JEF4h Y 894 nm VCSEL™, X 28 VCSEL # 2% H &
b BRI 25 4, I B BT AN [R] A9 S8 Ak FL AR R, S fbfL AR
RF X VCSEL 5 B 52 a8 43 R A7 40 40 b o 98 4R
A B 1 245 # ROSF%F 940 nm VCSEL 457 M 9 82 i, % T
HAE A [ 48k 11 137 FH LA R X

A 3 i i PICS3D (Photonic Integrated Circuit
Simulator in 3D) 84 4 B &% i1, 16 BUH 7 4 = R
2 [ InGaAs/AlGaAsfE N A IR XAk, I 17 T &
SR o N T = e R o e 1 1 - O L=

e (a) AlGaAs
a —_—
sl @30 g
= §——GaAsP
o
:‘a 4000
'E 2000 f
&
= L
= 0
—2000 p

Wavelength /nm

800 850 900 950 1000

%60 &5 15H1/2023 fF 8 A/ S5 BFFHE
FE BRI FLAE (2~7 pm) Y 940 nm VCSEL , X H ot i 3
AP AT IR, 9F A 2 pm AL L2 940 nm VCSEL
HEAT T A8 AR 1 3 5 43 AT o

2 AW XE T
VCSELW#H R FE A& EEEA B X T, AR
S5 b BLHE R W O AR 0 B E N R ROR O S
RE AR AN T R AR R R MR RE B R X B
BT L E L, W& HOLH TARIRE &, A R X A
Ak e 1 25 P RN IR B R AR 4188, HLA UR X B Rk
B 55 A LR SRR F AL, R L Oy (3 SO 25 A R X
A} 1 25 08 (T R s ABE A R 04 TR R N R T
WitF VS EL , AR SCAE B TFBF AT 12 nm 3§ 25 - AR 2 38
(i BRI (A 3 25 D KT 928 nm) o
R 2 S A b ) B A B A K DE i &R LR A
InGaAs 1E 2 &t + B A4 86, Bl PICS3D 3K 5 . T
InGaAs it - B b FHE [F] — 5 B2 A [R] — 04 (5 1 25 % K
(928 nm) T, # 22 8 Bl 4 5 b GaAs. GaAs, ,.P, s F
Al Ga, o As B AT T5 DX b R 2535, an 18] 1(a) Iros
X R S50 Y InGaAs T T BEH 4150 45 42 0. 155,
0.13F10.2, ME 1ATLLE H, AlGaAs 1E R #2241k
B 14 25 B v L DR FR AT R B InGaAs/AlGaAs 1F A T8
XA 8E . FIH PICS3D k44 5 B 1 47 ¥ X (5 %F 5 nm
In, ,Ga, sAs Fl 8 nm Al ,,Ga, o As 38T 2H 1 ) A ] H5LEE Y
Ha g5 3 1] 1(b) JRIAS [ i BE T 1 3 A A7 Bifi 8% < A8 4 ¢
Z [ 2Ca) |, DT 3R BOR 057 2 A5 80 9% 1 B 4R 1k K
M (D) AT LLE ), Bl & A TR XI5 BE (38 K, A1 R4 25
R WEEE T B s M EH I K R BB . IBIRIEK
IR £ 0 1 I < Bl IR B A A8 A C R ENE B T 14 2(b)
Pl r 52 2k A 3 25 UG 1B U I BLA 1T £, R 2 R 1S ik Dk
KA 2. m i 2(b) o] UG T3 A5 20 3R K
UG {F 34 25 I 1 Bl A IR IXOWR BE 9 21 88 1R oy i R
0. 043 nm/K #10. 370 nm /K, VA F — F 164 WX IR N
341 K BFVEED , 3K K 940. 6 nm, f GIE B, Bri it 0 1
8000

(b)
—=—300K
——320K
—4—340K
——360K A SA 7 A

6000 |

4000 f

2000 ¢

Material gain /cm™!

800 850 900 950 1000
Wavelength /nm

B fiE4 R (a)300 KIEE T, L InGaAs 15 b i 1 Bk, {5 B A [5] 34 22 14 6 1y 7 U X 78 2% 9 7 MR B 5 10 em T (19 44 8} 14 25
%5 (D) E InGaAs/AlGaAs A J5 X 7 23 e 5 5 10" em *F J8J# M 300 K £ 400 K (1) 44 k118 25 1%

Fig. 1

Simulation results. (a) Material gain spectra of different barrier materials corresponding to the active region at a carrier

concentration of 5X 10" em ™ at 300 K using InGaAs as a quantum well; (b) simulated material gain spectra of the active region

of InGaAs/AlGaAs at a carrier concentration of 5X 10" cm ™ at temperatures from 300 K to 400 K
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Fig. 2 Simulation results. (a) Round-trip phase at different temperatures; (b) relationship between peak gain wavelength and resonant

wavelength and active region temperature at different temperatures
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Fig. 5 SEM images of top-emitting 940 nm VCSEL. (a) Device surface view; (b) device cross-sectional view;

(¢) infrared microscopy images of VCSELs with different oxide apertures
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Table 1 Photoelectric output characteristics of VCSELs with different oxide-defined apertures at room temperature

. ) Slope Maximum output
Threshold Threshold current Differential o
Aperture /pm . . i efficiency / power / Peak value PCE
current /mA  density /(kA-cm™) resistance /Q B
(WA (mW@mA)
2 0.19 1.51 287 0.75 2.67@5. 00 36.3%@1.02 mA
3 0.38 1. 34 148 0. 86 6. 33@9. 20 39.9%@2. 02 mA
4 0.50 1.00 109 0.93 8.64@12. 14 40.1%@3. 10 mA
5 0.64 0.82 91 0.92 9.92@13. 94 39.8%@3. 34 mA
6 0. 80 0.71 82 0.90 11.47@16. 84 37. 1% @4. 66 mA
7 1.15 0.75 66 0. 86 12.24@19. 30 33.5%@5. 95 mA
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Fig. 7 Spectra of 940 nm VCSELs with different oxide-defined

apertures driven by 3 mA continuous current at room

temperature
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Fig. 10 940 nm VCSEL with an oxide-defined aperture of 2 pm.

(a) Spectral test plots at 2 mA continuous drive current for

temperatures from 10 °C to 80 °C; (b) spectral test plots at 5 mA continuous drive current for heat sink temperatures from 10 C

to 80 °C; (c¢) excitation center wavelength and SMSR of the device at different heat sink temperatures under 2 mA and 5 mA

continuous drive currents; (d) P-T output curves of heat sink temperature from 10 °C to 80 C
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Table 2 Photoelectric output characteristics of 940 nm VCSEL with an oxide-defined aperture of 2 pm under the temperature
ranging from 10 C to 80 C

Temperature /°C

Threshold current /mA  Slope efficiency /(W-A™")

Maximum output power /mW

Drive current /mA

10 0.19 0.85 3.11 5.11
20 0.19 0.78 2.76 4.94
30 0.22 0.74 2.57 4.82
40 0.25 0.72 2.35 4.50
50 0.28 0.69 2.15 4.26
60 0.32 0.67 1.96 4.16
70 0.35 0.65 1.79 3.95
80 0.42 0.62 1.59 3.76
4 . surface emitting laser for CPT atomic clock[J]. Journal of
4 % = Modern Optics, 2022, 69(6): 316-322.
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