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Fig.1 Operating principle of oxide-confinement VCSEL &. standing wave distribution pattern in cavity
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(a) Single oxide-confinement (b) Double oxide-confinements (c) Current injection simulation diagram
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Fig.2 VCSEL models with different oxide—confinements &. current injection simulation diagram
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Fig.3 Two VCSEL models with oxide-confinement structures
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Fig.4 Mode gain plot and InP thickness fitting plot of VCSEL with different oxidized aperture
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Fig.5 I-L plots of VCSEL with different oxidized apertures with single oxide-confinement layer
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AR 3 A JEVB P TR AR 8 07 12 00 U2 AR A R JZ B8 Fr R AT 05 B0, fie 24 W RD 45 4 A [m) 41k FL AR 19 i i
AR AR R BL NP 7R o 7 (b) SR G55 AT DLB R Y U2 S0 BRI 988 7 i e e+ o3
ANEAR B O R R A A 11,79 mW CHL R 78 mA WY 9 pm S AL FLAR S ) B AR R AT

0.15 W/A,

55 v 2 ZE A L, AR 1 42 BI04 U2 2509 A3 g 8 T 2R B R RCR A K i B EE R K B
ARLY Ay 10 mA , A LI A 28 F S b R P R OR BRAR . AR IS 05 A5 IR 00 40 B bL A, it s 4 B2 SE AL BR )2
KB i EALBR 18 VCSEL , % )27 T P-DBR A A JH X Z 8], 3 H 9 2 45 E AL R 805 5 i N-DBR 5 6

TRIX Z ) S AN B8 = AL = o

0114003-5



10 F ----14.0 um

L/mW
L/mW
.‘3
=
=
B

1 1 1 1
; : 0.10 0 0.02 0.04 0.06 0.08
/A 1A
(a) Single oxide-confinement (b) Double oxide-confinements

H7 2 REEMRH VCSELS B 5 Bk X %
Fig.7 I-L plots of VCSEL with different oxide—confinements

23 SEFRWRHE VCSEL i H 419

R A5 5 B0 25 S 22 ) T T R 5 AL B s R T 1] 8 S AR TR AR R AR R A LR VCSEL I I-L 5
Vg, SAXT a5 R EVILE 300 KR EE ST FALALAR IR AN Rl /sy, L = W I-L th 4 b ), 35 &
AR A AL N 9 pm BB 09 i b B R — AL TR B9 K P 2 454 100 mA B i 2 R 2y
177.55 mW , [Rl B RPRFCR e i, 20 8 1.79 W/A; 2285 B TH A B R B B4, 9 pm B ALFLIE i
i U1 % HA 155,66 mA L H I RPRACR & 1k 2.36 W/A L H S S ALAR I BN BR 47 (1 30 42 2 R Dl HLRHL
PEH 5 L LA AR 00 7 B EE i /N I FLAR 25 5 il o 2o R 1 AL

MR 2.2 S50, AT IRA RS M LR T B . 286 KE  EALALAE 9 pm WS i i R P e
U o WP S A Y I-L X e nl DL M R SR fR LR T 2 02 19 VCSEL % H TR Al SE e S 1k 2 1
VCSEL B & (HE M -V I L g I, 22 S8 A0 2 45 10 1 v 2 5838 ok BOR5 i AR i RS2 8. L9 pm AR AL
R, 50 mA B AT 3 W DR 22 2 30 mW, Bl LRI, APR AR S HOR IR L E KK
P HZ B AL Z S B AN R R 43.2 VLR S5 7.3 VI 617

E 9 Fis A AR E AL FLAE VCSEL # 2 5% 5% K (Photoelectric Conversion Efficiency, PCE) i £k , it
AR B (VCSEL B RE 5 A5CR F i D128 A A FLAR 15 pm % 25 pm — FLARBRA HOR 99 AT R LE 32
XoF I (8 B A Fi i R SN 2R 1.2 R .

L TR BN LU BB Y, AR A SCHR 1Y 2 S AR S A R A BRI 1 H Y B2 PCE JF AN &, X L
ST Rk A OC . MR =45 2 EAL BRI E B 45 R BE A5 E Y AR (1] 3 FRAE RS 43 ) Xt 25 & A ARAE
W A, BR a0 73z it v] BB SR R T R AL 2 A8 S i AR A T e R DAAH e R AR R R L 2 2
S50 EOIR D R AE 25 TC L (HUJR IR Bl B R AR L ORI . PR S5 A 1Y PCE Fifi fL U A2 fb B #4540, HL
9 pm 10 pm . 11 pm fL#E A9 PCE 4b TR @ K F , B HIE T 2.2 97 A9 4538 . [l i 9 R 45 44 i) PCE i 22 1 1A
YL BAZERY 10 pm AL FLAE VCSEL 7EHL I 11.4 mA BF A 3] 37.7% Wi E s R L 24w m R A
11.1 % X SR EAR . R, 3X 45 VOSEL M T8 ok T 87 1 S8 B, RIS A 7 R s IR E 2 . f
WY e A OG B IR ROR  ANAURE S R D R TR IR T B A R Y SE, A5 bk e 5K Bl A B
L BR B R 5 AR VCSEL W B b FH 1 3D s iR 51, B T A0HE B 4, WO 75 AR & 1Y 4t o)
RIF HAEEAE R BT AL 1 A0 5 B /N B B F 3 RN 3K Bl L M

0114003-6



F A4 B IE 550 nm A AL BRH B VCSEL #3545 B

200

250

200

150

L/mW

100

50

40

30

PCE/%
%)
S

10

15
10
g
5 -
F - 14 um r
—15um ¢ ;
20 um 1
— 25 um o ——
| : ’; oF
) ) uﬁgﬁgigﬂgiﬁg‘g;i%:ﬁ . . ,u-@\lg@% QQ-QQQ%Q-QB\QQ?Q\L’WQ@/Q
0 0.05 0.10 0 0.05 0.10
/A /A
(a) I-L (without oxide-confinements) (b) I-V (without oxide-confinements)
—8um
I . S 0 G [ (N i 9 um
6 60 10 um
=== 11 pm
----12 um
----13 um
iz %4 um
| — 15 um
40 20 um
—— 25 um
20 s
4.0 /
315 |
3.0 /
235 [
0or 2.0
/Q.@g.@i.@@ z@i.@\:@\s
1 L 1 L 1 . 1 L 1 . 1 1 L 1 L Il L 1 L 1 L 1
0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10
/A 1A
(¢) I-L (with oxide-confinements) (d) I-V (with oxide-confinements)

H8 AREKEALAMRSAZERNLMI-Vt
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*1 AERZEELXENLER VCSEL

Table 1 Active region without oxide-confinement

Oxidized aperture/um  I,/mA  SE/(W-A"") Peak power/(mW@mA ) Peak PCE/( % @mA)
8 1 1.77 175.45@100 36.4@9.1
9 1 1.79 177.55@ 100 37.5@10.0
10 1.2 1.77 175.58@100 37.7@11.4
11 2 1.63 161.23@100 37.2@11.1
12 2.1 1.63 161.16@100 37.5@12.7
13 2.4 1.64 162.62@100 37.5w13.4
14 2.5 1.58 156.14@100 35.9@15.5

*2 ARRZEBESWLER VCSEL

Table 2 Active region with oxide—confinements

Oxidized aperture/pm I,/mA SE/(W.A™") Peak power/(mW@mA ) Peak PCE/( % @mA)

8 1 2.26 135.72@61 10.0@2.9
9 1 2.36 155.66@67 11.1@3.4
10 1.3 2.32 169.36@75 11.1@4.3
11 1.7 2.26 178.53@81 10.4@6

12 2.2 2.16 192.21@90 9.51@8.2
13 2.8 2.01 189.22@95 8.4@11.5
14 3.5 1.78 175.87@100 7.1@14.7

3 #ig

AR SCAE R P31 550 nm 1 VCSEL WA g1 AT 41k BR i 78 45 44 9 % A [R) S Ak AL AR 2 14 F A B o

P EAT 05 BB o LARESE 345 30 pm AL BR 1 %Y 1 550 nm VCSEL R 1A 5, & 304 Ak FL AR 589 D i 384 5 %

KAABING . XA FLER A InP 23 [\ BR 62 5 R B LG I I Z 0 R, KB E AL FLAE M 14 pm R 221G R

BF, P I K LT AN LA s dbk it % A 6] S AL FL AR AT 05 B, IR 10~12 pm FLAR B30 240 4k RSH 7 5L, 75 B4

b )2 G540 T A P 3, AR BILAR A AL AR 11 pm B 4538, O L5 30 pm VCSEL B BI{E L2 7 1 mA |, fil

H IR 2 R 57.2 mW ; #¢ I8 [R)RE A9 BF 9 S8 8%, X £ 45 VCSEL #E 47 L BRI i3, F H X R B BEAGIRIX 2

#5112 28 AL Z 3T 0 o B2k I A A5 K S FE 9 pm LA I Ik B A0 i R M KO B2 S5

100 mA B (¥ i B R 252 177.55 mW , RPRACR Rk 1.79 W/A e R IR 5 e 808 FLAE N 10 pm B 1

37.7% s Z R G MR RRCR T 2 W 2 2.36 W/A HIE Z ZE5H A i il b, HFE BCR AR T B2 45/ M5 L

AR, mmAA 11.1% . TGRS0 & 245 VCSEL, A b LA A Bl /N i, X — 35 2 4 7F PCE o #r b s

TR . BFFE4S 50 2% 1 550 nm VCSEL ikt fit—E =% .

B8 Bt Crosslight 2 3] 25 F 2 44+ PICS3D X A 89 3 4 .
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Design and Simulation for High—-power 1 550 nm Oxide—confinement
VCSEL

WANG Wei', TAN Yunfei’
(1 Jiangsu Province Engineering Research Center of Integrated Circuit Reliability Technology and Testing System ,
Wuxi University, Wuxi 214105, China)
(2 School of Electronic and Information Engineering, Nanjing University of Information Science and Technology,
Nanjing 210044, China)

Abstract: Achieving high efficiency and power output for 1 550 nm Vertical Cavity Surface Emitting Lasers
(VCSEL) remains a challenging issue. In the content of VCSEL, optimizing the oxide aperture size has
been shown to enhance output power and slope efficiency. Additionally, multi-junction has emerged as a
promising approach to boost the VCSEL chip power. The integration of these two techniques for 1 550 nm
VCSEL has the potential to optimize their output characteristics. This study builds upon previous
researches on 1 550 nm multi-junction VCSEL and investigates their combination with oxide aperture
structures. The primary focus is on output power, slope efficiency, and photoelectric conversion efficiency.
Different structures with varying oxide aperture sizes are simulated and analyzed detailedly to achieve high—
power VCSEL with improved performance. The differences in output characteristics between single—
junction VCSEL with and without an oxide aperture layer between the active region and N-type
Distributed Bragg Reflector (DBR) were investigated before. The main comparison parameters are output
power and slope efficiency. Two different oxide aperture structures are simulated and compared, the results
show that VCSEL chips without an oxide aperture layer between the active region and N-DBR exhibit
higher output power and slope efficiency. At an oxide aperture size of 11 pm, a single-junction 30 pm
VCSEL demonstrates a threshold current of approximately 1 mA and an output power of about 57.2 mW.
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Furthermore, during the investigation, the simulation results can be indicated that as the oxide aperture size
increases, the chip's lasing wavelength experiences a red-shift phenomenon, with a maximum red-shift of
up to 6.5 nm. However, beyond an aperture size of 14 pm, the lasing wavelength hardly red-shifts. To
address this shift issue, the thickness of the spatial aperture layer is adjusted to tune the chip’s lasing
wavelength to around 1 550 nm. Based on these findings, the paper delves into the exploration of multi—
junction VCSEL. Due to the unique structure of the active region in multi—junction VCSEL, the paper
considers the feasibility to add an oxide aperture layer within the active region during chip design. The oxide
aperture size 1s adjusted and simulations are conducted to compare the output power, slope efficiency, and
photoelectric conversion efficiency between the two structures. The results show that both structures
achieve higher output power at an aperture size of 9 pm. For the single—layer structure, the output power
reaches approximately 177.55 mW at 100 mA, with a slope efficiency of 1.79 W/A, and the maximum
power conversion efficiency of 37.7% is achieved at a 10 pm aperture size. The multi-layer structure
exhibits even higher slope efficiency, reaching 2.36 W/A. The comparison of simulation results shows that
although the proposed multi oxide layer structure can achieve the goal of improving power, the conversion
efficiency is not higher as well, which is also related to the high applied voltage. The research in this paper
demonstrates the potential of oxide aperture structures in further improving parameters such as power and
efficiency for multi—junction VCSEL. The combination of oxide aperture integration and multi—junction
structures can provide a reference for optimizing the output characteristics of high-power 1 550 nm
VCSEL, making them highly desirable for various applications in the fields of communications, sensing,
and optical interconnects.

Key words: Vertical-cavity surface—emitting lasers; Red-shift; Oxide—confinement; Multi—junction;
Power conversion efficiency
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