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Fig. 3 Resonance spectral characteristics under different oxide apertures. (a) Resonant frequency; (b) resonant light intensity

B A TV I R G %) DT 2 fh

PR AR R A D AR, R
[RJE £ 1 il 25 A TR Sk L . B S H0E AR =
1 L/min, 7K it & 80 g/h, 2 I % H& J3 500 mbar(1 bar=
10° Pa) o &l 4 Ry Al S Ak T B T 4R Ak AL A% I B [ 1 2
fhfi 2k . 7E 415,420,425 CEANIREET A8 5] 4
b R (AR L 2 428 0 /DS B 2 ) 43 51 R 0.24,0.28
0.37 pm/min,

)P M B AL T 0 20 SNBSS Fa R AL O
FREcm b 15 5Ca) M 20 AMEAS L FAHE A I R, i
Hoir— A AALLIE 5(b) ], I 5 fb 20 4% 8 (RGB) B
GHRELE 5(c) ] ) 26 40 B 32 B AL FLAMNE )
S0 B v B B RN 5 (o) ], i BB AR AL
R0 DX 3R W G, IO 6 B o A S A b i, R AT R 1D
LA o LA 3 IO A b s R0 [ 006 2528 12 5(d)
Jiis o TS Ce) e, 1 AP0 AL 3 4 Bl A% 1 5 5 g
(11O VAR IR, J )5 160 5 i [ 110197 il AR )

Wt bk, A5 2 S Ak LA R Gl 4 e (R R

17
16 - - -425C
—— 420

g 14+ - 415 C
E
]
g 12t
%]
&
510
5
& 8r

6 B .

5 L

0 400 800 1200 1600 2000 2200

Time /s
B4 ANTR] LR 40T S0 Ak L AR IR I Y G 3R

Fig. 4 Relationship between oxidation aperture and time under

different temperature conditions

MR AT AR LRI G A5 R AN TE] 6 B 7 o A AH ) 4
Al HE R, B A TR T LA Tl A A /) AV TR R 4
Ko X F A B AR, A AL AL 4 pom Ji5 40 15 2 3%

0601008-3



E 5135 5 6H1/20

©

1M 17 115 18 13 12 115 13 11 16 111 110 114 110 109 109 109 108 18 114 113 115 16
116 116 117 115 114 110 110 115 110 108 109 109 108 108 109 108 107 108
116 113 14 14 15 114 113 109 108 105 110 105 108 105 110 106 104 105
17 113 16 112 14 112 109 110 10§ 108 109 109 106 108 102 103 102 104
116 118 113 111 111 109 107 106 103 105 106 110 106 106 104 100 101 99
11 110 112 13 10 107 107 103 104
112 114 108 108 105 106 107 103 103
112 113 115 108 109 103 102 98 99
112 108 110 107 105 101 101 100 101
10 110 110 105 104 101 99 9% 9
11 110 107 102 105 99 94 95 95
113 107 107 104 106 98 93 94 90
109 107 107 102 102 101 95 91 8
109 106 107 102 100 98 93 94 83
11 107 108 102 100 99 99 91 ® B 6T 6 60 57 57 6 68 15
1M 112 107 104 104 97 95 91 8 80 2 69 68 68 69 B I 82
108 109 106 102 103 100 96 99 88 83 i ® B W 380 8 87
110 112 106 104 104 101 100 9 95 91 8 8 8 8 8 8 & 93
112 110 107 106 10§ 1200 99 99 % 9 93 9 2 98 998 9N 92 9
110 109 103 103 103 104 98 98 97 98 94 94 94 9T 94 98 102 96
109 110 108 108 104§ 99 99 95 95 100 96 9% 94 96 9% 93 98 9 105 108 110 112 108
110 108 109 109 106 103 99 99 99 97 102 100 96 97 93 96 100 101 105 106 109 110 13
115 115 111 105 106 103 104 102 102 1202 101 99 98 98 99 99 101 101 10§ 106 106 10§ 105 107 109 15 14
112 117 108 110 106 107 105 104 103 100 102 1202 98 103 97 101 103 103 105 105 110 109 106 111 14 10 17
112 110 111 110 107 107 106 103 108 104 104 101 99 102 102 101 105 102 108 107 105 108 109 112 109 112 112
112 112 112 108 109 107 105 110 106 104 107 106 103 104 103 101 108 105 108 109 107 107 105 110 112 14 13
112 109 109 107 106 109 106 107 108 108 111 106 106 106 108 108 112 111 110 117 108 111 109 108 109 110 1

110 14 14 11 14
15 10 115 112 1
10 13 13 16 1%
109 107 110 13 14
106 108 112 109 109
106 106 110 111 13
102 103 11 10 112
103 105 106 112 110
102 102 109 M1 m
100 107 107 108 110
104 105 113 108 1
101 105 108 112 110

100 101 109 10 110
102 105 108 109 111
106 103 109 113 114
108 105 107 113 1M
103 109 108 107 108
105 106 105 109 115

(CY)

20

12

1 1 1 1 1 1 1 1 1

11 12 13 14 15 16 17 18 19
x

5 AL ALIEG A B, (a) ZT AR AR Sk A48 19 U6 AL 5 (b) AUt FLISOR I8 5 Co) RIS A B30 €0 B 5 () 8045 75 390 1 A 5

Fig. 5 TImage processing of oxidation apertures. (a) Oxidation apertures captured by infrared cameras; (b) enlarged view of oxidation

aperture; (¢) color matrix of image; (d) ellipse obtained by fitting

B 1.4, HA 420 CTFEAAFRERRAOMEE ., & [ 8 = VCSEL, 5 H D1.D2fM D3 FAR, =
23 FH 420 “CHE A E AL IR BE , 0l 25 1 N [8) 4 Gl 42 R A VCSEL AL FL A4 48 157 K 3 42 20 %) & 2.5.3.7 4.7 pm,

0601008-4



#5514 F 6H1/2024 £ 3 B/ E#N

Z
Q
2
=
=
4 5 6 7 8 9 “10
Long axial diameter /um
F6 A [l il B2 T 41k AL A 1 3 A G b A% O &R i AR L
L& A

Fig. 6 Nonlinear fitting diagram of relationship between
ellipticity of oxidation aperture and its long axial

diameter at different temperatures

FH N A (5 5 4 5] 2.3 1.7 . 1.4,
3 PEREI L
31 LhE-BER-BEEHLMNRXS SR

& 7R = F VCSEL 7E 25.45.65.85 C4F T 1Y
- - R (P-I-V) 2k, IR 7 0] WL, BE % E 1k

LA A3 K, 1 (B O 3 R FE AR TR VR AR T i
Yy B0, B H BT B, B R BRI . 7E 25 CRAETF,
D1.D2 H1 D3 1 15 {8 L 3 43 1 o 0.33.0.36.0.46 mA .
E3mAFE ARG N, %05 1.4.2.2.2.6 mW,
B R 48 R 2.70.2.33.2.11 V., ME&ERIEM TS, =
o 28 14 A 1R (L H O A0S, i ) R IR, F R B A B
ik 7£85°CF,D1.D2 A1 D3 (1) B {H HL 7 23 51 4 0.32.
0.34.0.41 mA % D3R50 0.8.1.7.2.2 mW , HL 53
W R 2.62.2.24.2.03 V. A ALFLAE M/, B H B AR
R, P R G e B R A TR A s R
LI B G, a1 D1 288 7E 25 “CHI 45 CF A& H #L
MRS fHAE 65 °C F7E 3 mA Zc 47 Bl Fn B & L A
85 CFHE 2.7 mA e B AL 4 %A 1 N iE A
A WX F D3#F, 76 85 C TN 7E 3 mA &£ A
PR B 42

F 1R L5 mAFEABRTE T, =Ff VCSEL £ 14 7
25°CH 85 CTFITERES B, XF b & B, bl o L B2 1) Tt
1R R A A SRR N A AL AR R,
e /0N, MR AR M MR . D2 7E 25 “C IS5 CT Y B
I E 450k 1.01 mW F10.86 mW, F I T 14.85%.
XFF D3, 7E 25 ‘CH1 85 °CF 4 it TR 43 5] 4 1.05 mW
098 mW, FFET 6.67% . #£ 85 CHI,7F 1.5 mA

. @ a4 ® V@)
""" V-I (45 C)
25 - 25
e E
%2 A 2.0
B 20 8%t i (2 5 B 20f
g ’;, VoI (25 °C T PIM5Y) E ,}":!' '
5 - ——PI(85C 5F
= Sy VI (85 °C) ) = i S
S 1of 10 S 1o}
g : = ——P-I (25 C)
8 : ) ; —— P-I (45 C)
0.5 [ 0.5 05 F «~—PI(65°C) 105
i : ——P-I (85 C)
0 . . 0
0 0.5 1.0 15 20 25 30 0 0.5 1.0 15 20 25 30
Current /mA Current /mA
3.0
©  myres ) g
a5l V-I (45 C)
: A VeI (65 °C) e
v Ese) L derra At 20
B 20 i .,;.,;:!iif‘!f’f” &
g :;'!I!-!-""‘
< .,_’.:!- £ & 2
o) ¥ 15 3
2 15¢}: =
& : g
5 | s
S 10} Lt
& : —=—PJ(25 %)
; T PI50) |
0.5 ——PI@5C) |
E ——P-I (85 )
0

0 0.5 1.0

2.0 2.5 3.0

Current /mA

K7 KR VCSEL &M P-I-V il (a) D1;(b) D2;(c) D3
Fig. 7 P-I-V curves of different VCSEL devices. (a) D1; (b) D2; (¢c) D3

0601008-5



#1 VCSELMERESHOS (RN 1.5 mA)
Table 1 Comparison of VCSEL

performance parameters
(current of 1.5 mA)
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i F,D1.D2 #1 D3 = Ff VCSEL i % K & 795.18.,
794.40,795.35 nm, 27 & 40 R T ek K SR [ (795+
0.5)nm |
32 gk 5o

SMSR F1 OPSR il 1 77 =X 7 B R A 8 frw .
SMSR (1l & J7 2 4~ 2 VCSEL i i 1% 0% B #2 #8
A RDLLE R E RO E S — g E RIS, S
VCSEL & 4 3 £ M B0 6l H . OPSR 9 I & Jy i
W 8 IR 3R H R I 3R R Wi & 7 VCSEL H 9%
J7 8] 56 1% b BE R R AR A, M TR R e/ ME (8K
e KAE) B, A6 AT 07 1) b PRI 5% A B 907, i Sk 1)
At R B fe KAE (B /IME) S RAA 5 S/ IMA R T
{8,385 8] OPSROIF 7 ik WL 3Cik[20]) o

#S5T% &£ 6 #1/2024 &£ 3 B/ E#*x

polarizer optical power
rotation meter
/ angle
is 90°

optical fiber

%8 SMSR Hl OPSR A4 izt 77 27w 2 &
Fig. 8 Schematic of testing methods for SMSR and OPSR

K FDOCREA T = R VCSEL 767 [F] L 3 F 8963
Bk gk 4T TR, 18] 9 Sk 85 “Cit = Ff VCSEL 7E A [
R T RGIE . FEE LR B AR K, VCSEL 14 H 80
ZR A /N . D1AE 3 mA PLF #BAE {15 B T
fE,D3E 1S mAR IR THEMH S, &Y
N R A I Sl R R R U

0

)]
_10}+

Intensity /dB

Wavelength /nm

0
@
-10 +
-20 ——0.5mA A
% ---10mA
B B Bl
0
g —40f
|
-50
-60
_70 L g BB bkt L1t Fid Ll |
790 791 792 79 96 797 798 799 800
Wavelength /nm
0
©
-10f
——0.5mA
_920 ---10mA
3 - ——-2.0mA
= :
R 0 | seseas
£ 401
k=
=50
-60

T
il

_70 L I R Ty 1 8 i ok o B 1 4
790 791 792 793 794 795 796 797 798 799 800

Wavelength /nm

K9 A VCSEL & 4 #9635 MK 45 %R o (a) D15 (b) D2;(c) D3
Fig. 9 Spectral testing results of different VCSEL devices. (a) D1; (b) D2; (¢) D3

0601008-6



#5514 F 6H1/2024 £ 3 B/ E#N

16 85 C4F F X} =F VCSEL #4704k . I K
HH A 2R S T A 1] 10 BT, 6 He = P VCSEL £ 0.6 mA
HLI T B, B FLAR I kN, D K |, 5 R 4
WK 3(a) AR, W45 D1.D2 1 D3 Ay ik K H i i
(R mA BB WK A ) 7358 1.11.0.66
0.44 nm/mA . 7E = H % BT, & 000 & Gk i,
AR R TR, SR A A R R
B FLAR /N X — B G  E A A K H R
ER AR,

798.0

7975
797.0
796.5
796.0
795.5

Wavelength /nm

795.0

794.5

794.0 * * * *
0.6 1.0 15 2.0 2.5 3.0

Current /mA
B0 KR
Fig. 10 Wavelength drift
1T RTE 12 20 5 R B T = Fh VCSEL () SMSR
T OPSR Bifi B3 A9 A8 4k o XFF D1, 24 H i M 0.6 mA
WK F] 3.0 mA B, SMSR ¥ Kk F 37 dB, 24 1 i
1.7 mA 3 K% 3.0 mA B}, OPSR ¥ K T 23 dB. *f T
D2, M 0.6 mA B K F] 2.7 mA B}, SMSR ¥ K F
36 dB, M i 1.2 mA H# K F] 2.7 mA B, OPSR ¥k
T 23dB, Y KT 2.7 mA BFPERER I TR, X T
D3, i K T 1.2 mA B 85 4 FF i 288 TAF , SMSR )\
34 dB Pl T B 15 dB LT, OPSR M 20 dB P T f#
F5dABLAT o X =FEs M, T D1 &L fLAR T
IR RE R R 25, D3 1Y S AR AL AR A K, 8 R i R
RF T B R ARG B OB AL L, 2 BT iR, D2 MRk
A o

SMSR /dB

0.6 1.0 1.5 2.0 25 3.0
Current /mA

K11 SMSRA4E
Fig. 11 SMSR test results

26

OPSR /dB
p— i Do Do
(=3 [ (=3 (=1

0.6 1.0 1.5 2.0 2.5 3.0
Current /mA

B 12  OPSRIM 4 5F
Fig. 12 OPSR test results

MR D2 76 TR B 85 °C VHL il 1.5 mA TRy v . Ml
A A -2 A, H A s e A
1.5 GHz, & 56 /0 ¥ 50 7.5 MHz, 3 2 1628 VCSEL Y
2 SE Mk R o AR T BB 0 Y o g 4 58 R 109 ps
(K 13), 283 #5345 4R 58 65 MHz,

1 O P I 3k 2, = AP VCSEL 89 3 e 41k 7 17
(i = R 78 Dy 2R3 s f K19 38 6 f 4R O 1) #1611
LT i H U A Ak B ) E B LA 6 T ) Sy Bl B
B i ) G . e B Y A B B R U Y R Ak 1] 14 B
R (CF 0.6 mA T A FE 4R 5 1] 1 S 07) , o D3
FEHL IR 2] 1.7 mA B I 45 3000 (8] O 41 ' 1< il #
B BER: . D276 ML I8 2] 2.7 mA BT 45 X — 3
% . DITEH K 0.6~3.0 mA 437 22 e 55 | 5 i 1
JE ok 247,

196 1530 i ' 2 1A% 46 O [l A iR B0 0% a4 2L A
s e T A5 5 SR — S W IR S R TR Rl S R
T A Rl 1 e () T

tan (2¢ )=tan (2a) cos &, (1)
s o S W I 4R S 19 TR LE 28 7 1] F- TR R O HRL
A PR W AR AR 50 Sk P RE B A 22 . R K
HESC (L), 2 I A7 A6 W0 R 51 kS 3= 0 41 7 1] £ 88 A8 16 19
&K . 5 —Fp R Bl & H A3 K, VCSEL H A i 47
B X 22 ) B i B b R AR ARl Rk SR o R A AR AR
55 ORb R A R K, VCSEL W 1E 32 77 1 i 4% Ot
Z AWM 22 & A . D2 F D3 & A f BE % iif
B HL R R T4 T 3 SMISR 1 B T [ IS 19 FR U
A, BL BT P AR A Z R R RS (E9) . B & HL R
By K, SMSR [, VCSEL () /5 By #4518 38 | =5 [y
R 2 B0 1] T R 5 Al R T 1) 1 S8 4 B A
SR T I A Wl 1 N B 5l i o
K It D2 A1 D3 /Y £f BE i % 7T DL 5 — Fh R 2% ff % .
[ 14 7 D2 A1 D3 #8 A A BEAS AR 1 HL R X (R] B
I ZEAREH .

D1 #5147 0.6~3.0 mA HL 7 X 18] 7778 2 i 9= 7 17
TG IR 4, HL B ) i B fR B GR 247, D1 AR EAE 0.5~

0601008-7



#S5T% &£ 6 #1/2024 &£ 3 B/ E#*x

1.00:1 | DC 1.00:1

DC 20MHz 500

MSO-X 60044, MY58031470, 07.20.2017102614: Thu Jun 08 21:21:22 2023

X2(1):
4.4640625000ms

AN
OA

109.3750000us

V| 178X
9.1429kHz

Y1(1):

Y2(1):

K13 D27£85°C.1.5mA FRIZ T
Fig. 13 Line width of D2 at 85 °C and 1.5 mA

24
201
16|
Oi’ 12 —a—D1
[}
o —e—D2
é 8r ——D3
4t /_/7
0 5 & & ® P /
=4 1 1 1 1
0.6 1.0 15 2.0 2.5 3.0

Current /mA
Bl 14 F 4R J5 i F 00 e i 1

Fig. 14 Rotation of main polarization direction angle

3.0 mA H R DX E) AR PR AR AR TAEL R 9(a) |, HAE
1.7~3.0 mA HL i 35 Bl N, OPSR 3L AR R 25 & 12 fiF
N GBS T ) R Ak SR AR i A, A2 5 — DR R 1 R e A
/N DI g0 S AL AL /N, A2 F I 25 B 3G R R T
o AR AL AL BRI R 7 1 5 i) Sk L B O A BT G R
25 5 AR (B G2 , DATT 5 AR A 67 AR o AR AR =0 (1)
TH3A £ 0.6~3.0 mA HL i X 3], D1 &% 14 19 OPSR M
15 dB AR L 3 25 dB. [F] B 2% 1& 31 9 4 f 4% 7 1) B9
KA AE A, T ¢ f AT BUE S R 0~107, 5 5

FEEVH AR AL A AT o I, 32 5 — R A
8RR R, ¢ B To R T 207 i,
L S % 1 Ao 52 i PR 2% RS BE T T i B D1 AY #A B e 5% <
I D125 5 A B B — B0 2k i 3R O'6 K A2 1 A L
¥ e Skt it — 2 e M iX B A LR

4 4k

i I PR ARk AR T2 IR T = R R 4R R AL
VCSEL, J: 1 FH i 5 48045 B0 €0 50 B0 A3 ' Ak bk 19 7 75 15
2T =AM EACFL A AR ARG R . P-1-V il £ G
RS BRI T X =R LA X VCSEL S o % #e 7E fiE 19
M, T I A A g R R ALK R S
A0 4 0 45 HLAH 45 4 19 VCSEL , B A % & 1 OPSR FI
SMSR . Fa 22 B P 1 3 K 55 1 v M g A O DX ]
X —HF5E A FasE 795 nm VCSEL M 3R #24t 7 —Fh ik
PR . X SRS EAE 0.6~3.0 mA N E IR
T e B A% O R A7 T I 5 R B g, Heh AL AR
VCSEL J& B 15119 i 4= 77 17 A kA e e, 55 53 b
VCSEL i £ 885 2 19 £ B He % AT .

O

x X
(11 BR4, 2246, BFEE, 25 "R R o 0 m & S oe o8 S g
MIRALETT]. 2244, 2023, 43(1): 0114003.

% 4

0601008-8



[4]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

HRIEX
LiJ G, LiW, QY X, et al. Design optimization of mechanical
support structures in tunable vertical cavity surface emitting lasers
[J]. Acta Optica Sinica, 2023, 43(1): 0114003.
WS, 246, BRS, 4. 940 nm VCSEL ' DBR 119 S5
SrprT] E RO, 2023, 50(7): 0701007,
PanZ P, LiW, LuJ G, et al. Reflection characteristics analysis of
DBR in 940 nm VCSEL[J]. Chinese Journal of Lasers, 2023, 50
(7): 0701007.
BUEAE, BB, A EA, 5 SR 4514 940 nm T & 1 1 &
SO Bot 5 2 kR, 2023, 60(15): 1514003.
Yan W N, Wang Q H, Zhou H J, et al. Oxide-confined 940 nm
vertical cavity surface emitting lasers[J]. Laser &. Optoelectronics
Progress, 2023, 60(15): 1514003.
SRERAS, TR, SR, AF L IR R R L I Ak RO
o BUR L5 AR (R[] O 7241, 2022, 51(2): 0251201,
Zhang J W, Ning Y Q, Zhang X, et al. Development and future of
vertical cavity surface emitting lasers operated at high temperatures
(invited)[J]. Acta Photonica Sinica, 2022, 51(2): 0251201.
Iga K. Surface-emitting laser-its birth and generation of new
optoelectronics field[J]. IEEE Journal of Selected Topics in
Quantum Electronics, 2000, 6(6): 1201-1215.
Higuchi A, Naito H, Torii K, et al. High power density vertical-
cavity surface-emitting lasers with ion implanted isolated current
aperture[J]. Optics Express, 2012, 20(4): 4206-4212.
WG, AR, BCTRR, A OG T R R R A S O AR Y
PRI DL, 2022, 42(14): 1414002,
Pan Z P, Li W, Qi Y X, et al. Design and analysis of photonic
crystal vertical-cavity surface-emitting lasers[J]. Acta
Sinica, 2022, 42(14): 1414002.
i, B, BRA, . AU B 795 nm 2 E R A 95
Je 1], s E#OE, 2024, 51(6): 0601004.
Nie Y W, Li W, Lii J G, et al. Oxidation-limited 795 nm vertical
cavity surface emission laser[J]. Chinese Journal of Lasers, 2024,
51(6): 0601004.
van Exter M P, Jansen van Doorn A K, Woerdman J P. Electro-

Optica

optic effect and birefringence in semiconductor vertical-cavity lasers
[J]. Physical Review A, 1997, 56(1): 845-853.

Geib K, Peake G, Wendt J, et al. VCSEL polarization control for
chip-scale atomic clocks[EB/OL]. [2023-05-08]. https: /www.
osti.gov/biblio/902214/.

Kitching 7,
frequency reference based on VCSEL-driven dark line resonances

Knappe S, Vukicevic M, et al. A microwave
in Cs vapor[J]. IEEE Transactions on Instrumentation and
Measurement, 2000, 49(6): 1313-1317.

Geib K, Choquette K, Hou H, et al. Fabrication issues of oxide-
confined VCSELs[J]. Proceedings of SPIE, 1997, 3003: 69-74.
X A2 3 T T R S O A A AR A o S v R T R B RO 7R
BB 5L (D] A A v R 2% B K R O6 220 3 DL BT 53

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

0601008-9

#5514 F 6H1/2024 £ 3 B/ E#N
2019: 11-27.

Liu Y Y. Study on polarization control of vertical-cavity surface-
VCSEL[D].
Changchun Institute of Optics, Precision Mechanics and Physics,
Chinese Academy of Sciences, 2019: 11-27.

Miah M J, Al-Samaneh A, Kern A, et al. Fabrication and
characterization of low-threshold polarization-stable VCSELs for

emitting lasers and  two-modes Changchun:

Cs-based miniaturized atomic clocks[J]. IEEE Journal of Selected
Topics in Quantum Electronics, 2013, 19(4): 1701410.

Liu Y Y, Zhang X, Huang Y W, et al. OPSR enhancement of
high-temperature operating shallow-surface grating VCSELs[J].
Applied Optics, 2018, 57(16): 4486-4490.

Li M, Wang Q H, Qiu P P, et al. 894nm high orthogonal
polarization suppression ratio vertical cavity surface emitting laser
[J]. Proceedings of SPIE, 2020, 11300: 113000W.

Maleev N A, Blokhin S A, Bobrov M A, et al. Laser source for a
compact nuclear magnetic resonance gyroscope[J]. Gyroscopy and
Navigation, 2018, 9(3): 177-182.

Zhang J Y, Zhang J W, Zhang X, et al. Polarization-controlled
and single-transverse-mode vertical-cavity surface-emitting lasers
with eye-shaped oxide aperture[J]. Japanese Journal of Applied
Physics, 2018, 57(12): 120309.

Zhang J Y, Zhang J W, Zhang X, et al. Asymmetric oxide
apertures of vertical-cavity surface-emitting lasers fabricated by
unsymmetrical wet oxidation and its polarization control[J].
Optics &. Laser Technology, 2021, 139: 106948.

Xie XY, LiJ, Qiu X L, et al. Mode characteristics of VCSELSs
with different shape and size oxidation apertures[J].
Physics B, 2023, 32(4): 044206.

Bobrov M A, Maleev N A, Blokhin S A, et al. Polarization

characteristics of 850-nm vertical-cavity surface-emitting lasers

Chinese

with intracavity contacts and a rhomboidal oxide current aperture
[7]. Semiconductors, 2016, 50(10): 1390-1395.

Ueki N, Nakayama H, Sakurai J, et al. Complete polarization
control of 12X8-bit matrix-addressed oxide-confined vertical-
cavity surface-emitting laser array[J]. Japanese Journal of Applied
Physics, 2001, 40(1A): L.33.

Ledentsov N N, Shchukin V A, Kalosha V P, et al. Anti-
waveguiding vertical-cavity surface-emitting laser at 850 nm: from
concept to advances in high-speed data transmission[J]. Optics
Express, 2018, 26(1): 445-453.

SR ABE . BRI e M. JE 5T B3 Tl th i, 2018: 1043-
1056.

Zhang Y M. Contemporary applied optics[M]. Beijing: Publishing
House of Electronics Industry, 2018: 1043-1056.

Chang-Hasnain C J, Harbison J P, Florez L. T, et al. Polarisation
characteristics of quantum well vertical cavity surface emitting
lasers[J]. Electronics Letters, 1991, 27(2): 163-165.


https://www.osti.gov/biblio/902214/
https://www.osti.gov/biblio/902214/

#5514 £ 6H1/2024 £ 3 B/ E#N

Polarization Characteristics of Vertical Cavity Surface Emitting Laser
with Elliptical Oxidation Aperture

Xie Zhonghua'*, QuHongwei””, Zhou Xuyan”’, Zhang Jianxin®", SuiJiatong'’, Meng Fansheng™”’,
Gong Kai'?, Zheng Meiyin'“, Wang Hailing”’, Wang Yufei"’, Qi Aiyi*’
'School of Physics and Physical Engineering, Qufu Normal University, Jining 273165, Shandong, China;
*Weifang Academy of Advanced Opto-Electronic Circuits, Weifang 261000, Shandong, China;
‘Laboratory of Solid State Optoelectronics Information Technology, Institute of Semiconductors, Chinese
Academy of Sciences, Beijing 100083, China;
‘School of Physics and Electronic Information, Weifang University, Weifang 261061, Shandong, China

Abstract

Objective A 795 nm vertical cavity surface emitting laser (VCSEL) has the advantages of a low threshold current, single-mode
operation, a low power consumption, and high temperature and reliability. It is an ideal light source for quantum precision
measurement in devices such as atomic clocks, atomic magnetometers, and atomic gyroscopes. A VCSEL typically uses oxidation
limiting structures for mode regulation to achieve electro-optic confinement. A VCSEL with conventional circular oxide apertures has
an axisymmetric structure, making it difficult to achieve polarization control in two orthogonal directions and prone to polarization
instability with increasing current. The application of a VCSEL in a device such as a chip-level atomic clock requires it to have a stable
polarization direction and high polarization suppression ratio. Asymmetric oxidation apertures are introduced to improve the
polarization stability of the 795 nm VCSEL used for rubidium atomic clocks. Controlling the oxidation conditions such as the
temperature and gas pressure in the wet oxidation process makes it possible to fabricate VCSELs with different oxidation rates and
ellipticity values for their apertures and analyze the effects of these on the polarization performance, which assists in achieving a low

threshold and high polarization output.

Methods A two-dimensional cold-cavity simulation of a 795 nm VCSEL is conducted using the fluctuation optical frequency
domain module in COMSOL Multiphysics, and the effects of different oxidation apertures on the resonant light intensity in the active
region are simulated. The influence of the oxidation furnace temperature on the oxidation rate and ellipticity is studied using a real-time
monitoring wet oxidation system and controlling oxidation parameters such as the temperature and gas pressure in the wet oxidation
process. The ellipticity and aperture parameters are obtained by the ellipse fitting of the captured oxidation aperture images. Three
types of VCSELs with different long-axis diameters and ellipticity values are prepared using a circular table. The power-current-
voltage (P-I-V) curves, mode characteristics, line widths, polarization characteristics, and polarization angle rotation characteristics

of the three devices are tested and analyzed.

Results and Discussions The influence of the oxidation furnace temperature on the oxidation rate and ellipticity is determined by
using the real-time monitoring wet oxidation system and controlling oxidation parameters such as the temperature and gas pressure in
the wet oxidation process. Three types of VCSELs with different long-axis diameters and ellipticity values are prepared using a
circular tabletop, and their mode characteristics, polarization characteristics, and polarization angle rotation characteristics are
analyzed and studied. The experimental results show that a VCSEL with elliptical oxidation holes with a long-axis diameter of 3.7 pm
and ellipticity of 1.7 has the best performance (Fig. 7). At 85 °C, with an injection current of 1.5 mA, the output power is 0.86 mW ,
laser wavelength is 795.4 nm, side mode suppression ratio (SMSR) is 43 dB, line width is 65 MHz (Fig. 13), and orthogonal
polarization suppression ratio (OPSR) is 23.8 dB. The VCSEL remains unchanged in the main polarization direction within the range
of 0.6-2.7 mA. According to the test results, the three types of VCSELs with different major-axis diameters and ellipticity values
show different unidirectional rotation values for the main polarization direction angle with an increase in current (Fig. 14).

Conclusions In order to improve the polarization stability of the 795 nm VCSEL used for Rb atomic clocks, this study discusses
the effects of different oxidation apertures and ellipticity values on the polarization performance of a VCSEL. The influence of different
oxide apertures on the resonant light intensity in the active region is simulated using the fluctuation optical frequency domain module of
COMSOL Multiphysics. The results show that the highest resonance intensity in the active region is obtained when the oxidation
aperture is 3.5-4.0 pm. The real-time monitoring wet oxidation system is used to study the effects of the oxidation furnace temperature
on the oxidation rate and ellipticity. As the injection current increases, the three types of elliptical oxidation aperture VCSELs exhibit
different mode characteristics, polarization characteristics, and polarization angle rotation values. The test results indicate that the
VCSEL with an elliptical oxidation aperture with a long-axis diameter of 3.7 pm and an ellipticity of 1.7 has the best performance. At
85 °C, with an injection current of 1.5 mA, the output power is 0.86 mW , laser wavelength is 795.4 nm, SMSR is 43 dB, line width
is 65 MHz, and OPSR is 23.8 dB. The main polarization direction of the VCSEL remains unchanged within the range of 0.6-2.7 mA.

Key words lasers; vertical cavity surface emitting lasers; oxidation aperture; wet oxidation; orthogonal polarization suppression

ratio; narrow linewidth
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