H60% 93 JE T R% 24 CH R E2ERO Vol 60 Na 3
2021 4 5 H Journal of Xiamen University (Natural Science) May 2021

doi:10. 6043/]. issn. 0438-0479. 202009048

JE DK 5 B AR 4

GaN F 3 B i [ A B0t a5 B9 0T 70k g

S % % A

CELTT RS2 7 FH 7

T KR

HHEARSB RE B 361005)

W . GaN 3 B 5 ST 06 2% CVCSEL) S — Fl FLAT 30 B9 06 &5 50 0 57 700 S R o 8% . 0 R e i 6 mr 38 2 e 4
AL Y B 00k O B M EE L VOSEL B AT S 400RE 10 6 B R A IR L B TR 6 BRI B L 0 T RS A o v LA R AT B

e el PR ol O ) SO L TR A D R

AR LN 8 N oS SR TS RN U S L R

5 I FE 403 (1 2 ARG AL

GaN 3 VCSEL % Ji8 2 4 © 28 U1 HC 2 A3k Jie o B 20 92 B ol £k 157 P 2560 of T . A S0 0 B H T © 48 R WA I GaAs
A VCSEL [ & AR - £538 1 GaN 2 VCSEL (19 B2 48U R IR BEAR B 28 IR AT B A 40 1 4008 GaN 2k VCSEL it

A3 m
R« GaN; 3 BLIPS T & SHSOE 38 80
2 25 TN 365 SCk bR GRS - A

B T A SO 88 (VCSEL) S — Fb ik 5 1)
o BT B T T AR WO A, 5 4% g I T ot
I3 5 0k 2% (EEL) M b, VCSEL 43 8 %6 (1 3 g
RS RN - C o AN NI 55 T o 1 = A (O
PNBE T A LA K i A ). [R I, VCSEL 1 806 06 K A
A7 M 4T 00 0 T f B R A BE OB AT HEAT m O AL 3R
L T RS 1O 0 8% 4 45 e A T B R o & e
JEE 0 - 4 2% 1 B ), S B0 O v A A R T R

VCSEL R B 78 32 B 4 v 16 40 0% 55 30 40 4 ik
B 1977 4F R 58 K 2E 1 Iga B K4 i VCSEL 1) 1
MR TR 1979 4E 5 1987 4E b BT 4E WF L ALTE 77
K B F 2 5520 7 & 32 GalnAsP/InP 5 GaAs/
AlGaAs ) HLEE N ik op U VCSELS ", I F 1989 4
S29 7 GaAs/AlGaAs VCSEL 1% i i 82806 ™ . 18
X2 )5 GaAs % VCSEL {# JF 4 iR i & J& . 76 1997 4
SCHL T dpe B0 R AR . OB IE A0 AR i BEY GaAs
4 VCSEL 28 1 e 3 DA | 6 8 29 0% 8 A5 L 804l
O LA KR G vk SR b 1 0% BB % £F R 48 ) 4 R 4
Biebo 5 T 48 K 4 i 3. 2018 4, Apple 2 7
iPhone X(https: / www. apple. com. cn) Fif 4 & ) 3
F VCSEL [ 51 ) = 4 1 &6 52 51 4% 8% 2% W) &y VCSEL

FH H M 2020-12-01

W RS H 8 ; 2020-09-30

FR AR A TR T GaN 3 VOSEL By i i i 452 A kK

TS 0438-0479(2021)03-0472-12

FERE T —ANHT 0 R RL A A0, TR B A Kt Ak A
i VCSEL $ AR MMk 78 v 315 9% U (¥ — A~ H K
FEM. At VCSEL th 75 P27 20 40 B8 B 36 i ik | S5
TR T WA A2 R,

5 GaAs # VCSEL [ i# & F& 3 H pk oh 52 8L i
b Ak BB B . GaN 3 VCSEL #if 9119 & J& 80 h 28518 .
X5 GaN MR A& B 1 4% P B B4 2%, GaN & —Fhag
SARE TR, B AR BB R R OB AL
BRSBTS S, R
T LA 25 8 A T L v B RO A D A RO R
(LED) PA K% #8006 — B2 8 (LD) %5 56 o 83 14 1Y) B8 48 44
B H R R GaN MRHE G S R A EEK S p
RLA5 J% I A R, B K M BR ) T GaN JE S8 v 4% 1 1 R
J&. B# 20 #4290 FAR, SRl B LR EFIE S hRE
SRR IR R 2 DA B AP A K ) A T R
GaN F @ e, I R T p BB 13 8, GaN 2
o FL 28 1 A T R GE R R 2014 AR AR = N R FE
GaN FE 5t LED o fifg ) i) 558 o7 ik 4% 32 7 i DUR P
WA S GaN % VCSEL FF4E B BRIl 7
X2 Wi FC A B TR R B SR A Ak 2 % [ Al AR A
Z 5P| B4 MU R, Al EERE H A, B HEA

K4 H SR SR 8] (2016 YFB0400803,2017YFE0131500) 5 [H %€ B AA R 4 36 4 (617041400 s R 22 HE 8 1F 81 (TZ2016003)

% Jii 155 {E # : bzhang@ xmu, edu. cn

S0 R BLAE AL KV L K OROT. GaN B I 16 I A G OGS A B S LD ] BT R A R CE SRR RO L 2021, 60(3)

472-483,

Citation; YING L Y. MEI Y.ZHANG B P. Progress of GaN based vertical cavity surface emitting lasers[]]. ] Xiamen Univ Nat

Sei,2021,6003) :472-483. (in Chinese)

~4 4 1 S W P v Y ~ ~
1P : XmMu. Xmu. edu. cn




w3

JBE 767 58 5« GaN Kkl B 100 R S 0% S 0 W 7T e © 473 .

Tk Bk S Ak R AR H D b R 88 7 ko
b ORI AR b FOU LR BU s Ao 88 A
AT R AL LS & 30 K 2 (NCTUD ™
MRS EE R B G FEE T REY (HITK
W7 GaN % VCSEL F A7 1% A 8L H A 5. A 3
Xt H BT C 4 R B R K GaAs 3 VCSEL B & &R
L ERR T GaN 3 VCSEL [ N 4k | % Jig 3R LA
FeBi A P& 2k, 9F 4 A B 7 IR 4 R GaN Xk 4%
VCSEL Bt 443 i — & 51 0 75 3k g . it J5 i ik 7 GaN
% VCSEL Jiy Tl 19 4 A Bk %

1 GaN 3t VCSEL [ )3 B 45 5

GaN 2 VCSEL ) & Y6 i & F B8 W] W e i B (K
WEAH BT IR 41 40 ik B i GaAs 3 VCSEL 45 #5 Sh 4% 1) i
R4, 3R A A 7 2 AR SO I8 B L RT DE A L
KPR oK R A BT R T R AR

fEWOC IR B 4%, 5 EEL #1 kL, VCSEL 9 fij i
T 5 B n) M O IR R 3 B B i s LR .
i S mi st B R ES CHLLT % m A
VCSEL % 75 1)y 2 11 3 B 4 e, SIUA R LED
il 4% 5 BB R M A, 5 Ah VCSEL Al 42 5 oA ot % 15—
HERE 5 A B OE L A EEL &R e Th %,

E W] W% 3 {5 77 1, B B 2 98 kL % 4F 75 570,650
A 780 nm A 9 AR 45 KE B 1, DAL O 3 4 O Bk B GaN
J& VCSEL ] Hl T ¥R e 2R3 15, H I A4 LED Bl
e EEL 53K () 8 il 417 96, 53 4h,470~540 nm 3% B
RNTER KPR WP E O HILES 65406
GaN 3t VCSEL 5 n] i I 6 2800 LA B K R 63 15
B, GaN & VCSEL £ 0] WOt {5 h 55 — A~ f 2
IS IS E I B IR i I IR A 3 S I A P N <
(LiIFD™ K LiFi &4 1 6. GaN % VCSEL #]
PUAFI L LED Y5 EEL B8 &g () 8 ) 5 &, (K s A7 3 96
) 38 5+ 1.

EHOLHE 5 B or B . GaN 3t VCSEL &
WK AT LA SE R i 40 G W = Ak, R i A A
) M DL R/ i A, IR AR RE ) T ORI S B
. BT, GaN JE VCSEL n L2 6 8 i
B, S B v A GRS MR R 2 S A K I 4
Jt VCSEL, B & #5006 5 406 VCSEL St i, # it |- 2k
AR DL o At g, eIl IR Y 4 0 B oR. B A,
GaN 2 VCSEL f# /)M B B B AR T FE th 2 4 3 58 b
MFa ik b i &mFI. EaFR. o

e R A 2 24 0 T 1 2 B 2 % o1
2  GaN %t VCSEL 1) & B IUIR 5 AR B 2k

GaN $ VCSEL [ #F 78 i 77 45 F 1995 45, K 5t
Tk k2 Honda 1Y %F GaN % VCSEL ff) [ {5 45
PEREAT 7 AR AT 5L 1996 4E, ATMI 24 #7548 1 8
M GaN % VCSEL ¥,

2008 4E,NCTU [ Lu S il 26 57 L5 — %
ik GaN 3 VCSEL.iZ 89l 7 77 K i g T iE
ORI R 462, 8 nm, B H R N
1.8 kA/em®. /G HW. #A F R JE g FH T K% E
VK% 28 3K 2 CHE & K 2% 55 WF 90 5 A 0 4 4k 4 i
TH AN GaN % VCSEL 1) % i & 8 3 . 2= 4,
GaN %k VCSEL T2 I8 55 7 M5 & 35 48k i o
T R T N 24 mWH L G H E 4 8k
W RThFR#IE 1 W R VCSEL BE5 .

GaN %t VCSEL ¥ 4 i it i s 5 88 T 40 AR &
53 A A 1 W 52 585 (DBR) 45 #4 F1 X 4> 57 DBR 45
1. ¥ & DBR 458 v 19 b 5 8 A i i DBR, F
585 R %4k ¥ DBR. 1 AUA i i DBR 45 8 H i) E R
S5 35 9 A B DBR. fE C 28 @ Ak (1 GaAs 3
VCSEL . FF # A &3 8t 4 % ok 4 4 K
AlAs/GaAs DBR. iX f& K 2 GaAs 5 AlAs & % It
fic 1l # o S 2R 5 SR R ALAs/GaAs DBR
B Gy 3k R S i i b S B R Mk Ak 1 o 2 R
AR PE GaN 32 SRR L R 4o b A L3R 3 58 %
DTS H 1] 5L A 4 5 26 22 10 6 b 2 5 R A R, IR it
A AT A R L RO M %1k DBR %
MM . Ik, GaN 3 VCSEL i % % Rl JR 4 DBR 4
Fey E 3 XA L I DBR 45 8.

2.1 JR% DBR Z51) GaN % VCSEL

H Al IE 76 3 17 # 7E N & & DBR 45 #) GaN 3t
VCSEL i 7¢ () B /N 240 32 A NCTU i F# T oK
LRI A UL R s PR H g A )L 2008 4 NCTU #)
T N GaN 2t VCSEL {8 52 HL 7 i 4 DBR
SERgUY R RO A AIN/GaN DBR. i1 T GaN 5
AIN Z [ 29 2. 4 % 1 & kg R b T2 DBR 1 35 4
A AIN/GaN #8 &g 2 347 B 4% & R Ih 4 K
WG 2L g HR S Rk 99. 4 % % 169 DBR, 1 |4
1 fr7R. 2012 4E, 38 S T K ¥l 7T HA 41,5 4
Al sIn,, N/GaN [ L 7E N & DBR 45§ GaN 3
VCSEL ™, i 2 fizs. 24 In 414024 0. 18 B, AlInN
5 GaN @i ICE, Mk g H A4 EEKZE

http .

jXmu. xmu. edu. cn



< AT74 . JEL YR 5 s A CE AR R 2 D

2021 #

100 nm

B 1 NCTU i #& i 36 Al 5% 19 AIN/GaN DBR
{1t 3 S5+ et 5
Fig. 1 Transmission electron microscope image of the AIN/GaN

DBR inserted with super lattice reported by NCTU™"

Al sIng : N/GaN il A~ 7= 4 2 &0 F1 Bk . M J5 2 T
AlInN/GaN i #& DBR &5 0 (1) GaN % VCSEL 1) #f
FEEEPELIAF S L PR A 88 A A, LR
DBR A1 4E A K 5% A1 o 44 30 R 2 s BT 5 36 4 ) e ik
99.9% 5 99. 4% LA L ) % % 5 £ % AllnN/GaN
DBR". 2016 4F 4 3 K 2: 408 1 2AT 40 3 Al g In, s N/
GaN {13 & DBR %5 #) GaN % VCSEL, Z J& fi fi1
HEAEARE TR AKX R S
AlInN/GaN [#1ii{+ DBR £5#y VCSEL"". 2018 4, 2
FER 88 A A 5 4 30K 2 78 2% 4 b 5l N B ) SiO,
FE ALK TR T E 6 mW, 2019
SF G i 389 0 R G RE S T A R G A M R A8
PR KR ERTE 22 mW B L, I B 28874 &
B CARRAEIES] 110 CH . [4E 8 B, Al X ARiE T
16X 16 ft) VCSEL B #"7, % B 1) f5 K 4 4 oh R ik 3
1.19 W, G B A R4 )0 FORE .

B 7 ME 45 i B Ak DBR 2z &b B S8 06 5 K

T 2019 FARIE T B A ZSLE T DBR 1) GaN 2
VCSEL"™ i 3 ff 7. #14 F DBR B & W 4 K 16

'/ B

lon implanted aperture

AllnN/GaN DBR

Ca) 207 5 7 77 52 G s 8 s () i 1 431 49 o 85 (SEMD
(o) 881 45 W o B .

B2 RSB TREMRIERS DBR £ GaN 3 VCSEL™
Fig. 2 GaN based VCSEL with hybrid DBR structure

reported by Polytechnic University of Lausanne™™

ARSI/ BB H GaN AME J=E 2 J5 0 R i Ak 2 05
ol 5 A AE E B A GaN o g K FLIR . oAb 7 3R 4h 4
A T T R AT A L LK I AT 5 % 2 A 1S A KR AL
i DBR B A5 8 %8 [ & RAF. 2020 4 BB K2R 4008 T
B SHEMLILE T DBR () GaN # VCSEL % i
i R B R DBR G i i 9 A 8% 1 )
Rtk 5 R 3 MR PR A AN RS, B8 1 R A I
42 kA/em® it Ih 2 0. 12 mW,

2.2 AT DBR 45 #) GaN %t VCSEL

XA BB DBR 45 1) VCSEL R4 3L % 7 XA
AR LR A FE S50, B 4 fros. B 4 (a) il ad # &
¥ 7 75 At 4% L pbFb 07 XA B R BRI A R IF K =
PR AT ¥R 1 T T2 A St (H R B 5 4
BEIF T A 2E A K E ALY DBR BT I A . B AT R
FA S B0 B £ ) BT 9 B0 R AT R R R LT

Pl 3 7 BF 5 BT IR 9 44 K AL DBR #5449 GaN %t VCSEL™™
Fig. 3 Nanoporous DBR based GaN VCSEL reported by University of New Mexico '™

http: // jxmu. xmu. edu. cn



w3

JBE 767 58 5« GaN Kkl B 100 R S 0% S 0 W 7T e

o 475 .

o2 NCTU, Jn ok 2 3 B E Hi a0 82, B 4(b) fil(e)
A3 50 R A5 R A ) A FE DA R 7 F RS D B o A BR T

Dielectric DB R —— —

(a) PR 7 Al

B4 WA DBR GaN % VCSEL &5 #7755 B
VCSELs with dual dielectric DBR

Fig. 4 Device structures of GaN based

2008 4F H AR IE 7 # — A~ WA i DBR 45 14
GaN %k VCSEL, W& 5 AR, EF B A 98555 )
M7 5 11,5 % SiO,/Nb,O; /1 i i DBR. i 5 ¥ &
414 nm, [# {f B % F 13, 9 kA/em”, fi i I %
0. 14 mW. 2 Jaf#i i GaN & 3% & 44 57 &2 L 281 10
RHIHRIBTFE 0.7 mWI2 3 2Bl 7 R KT
503 nm %3 VCSEL % i bk ph i . 2014 48, JF
FIRZE RS T AT R IG5 1 1 GaN 2 VCSEL, 2§
RN 422 nm, BRAE BIRE N1 2 kA/em®;
@i E H InGaN fit - 5 4F A 9 X JF B 13
Cu 4 B B0 3% 2t B, S T &% GaN & VCSEL

(b) s 5N iy it i

DBR 1) 88 £F 25 ¥ 7 35 B H it & Je % H X 3§ Rp R
R4k,

Dielectric DBR =

(c) FH M 5 1 T DBR

(16 R0 1 = 3R O 8 A RO B K 4 Al TE 479, 6~
565.7 nm 2 [A], % 55 7 K 40 4ok i3 B U5 [
FE R A InGaN 5 BF o i 5 380 4 L JF B & 1% R i 4L
i, 7E 2018 4F AR 18 T R G K FE 493 nm [ ¢ %
VCSEL 3 iff 3% 42 3 4%, 2020 4 NCTU i 7 %
AN b RSB 9 A S Ok Bt A5 B I B N GaN Jk
VCSELY™™™ i & 6 ff 7=, 2% 1 F = 9 81 o 12 %t
Si0, / Ta,0; A1 i it DBR, & 52 5 85 i 4 2 94k TiO,
e R . K6 K N 405 nm, R B L, A
25 mA. J6 Mt b RSB 66 & 1 BOA R R D IR
k.

e L n-contact 0.03 nm
Current aperture I -
~1.1 pm ~—n-GaN FLLL, L
(~74)
-—MQW "
SR | -_8aN =3
1, L =
T ITO(50 nm) =l J
o =DBRE \\ + = Electrode -
& S =80
Bonding metal E
=041,
Sieubatts 410 412 414 416 418
=— Backside metal A/mm
(a) dRAF4HY (b) ZHHi
P 5 T BT 4RGE 0 A 5 R DBR &5 #) GaN % VCSEL™™

Fig. 5 Dual dielectric DBR based GaN VCSEL reported by Nichia'"’

BN K 25 26 BB i 43 K B AH DG F 98 B AR P TE
it 5 AN GaN AL 58 (e D InGaN &
TBEAT R AR B M (m D (&7 BE A 25 N R T
PR 1) 307 5 5 28 (QCSE) | B AR 1935 B #3741 LA
T O v B R, IR #S ER O B R D R 4
PECY. 2012 4EL A AITIRGE T 8 — AN JEW M GaN 2

VCSEL™ il 7 fizs. SbEA KN m (il GaN 41
e 1) 2 B S P PR A 2 S e 1 O SR AT IR B BRL TEZ
Ja i 2014—2018 4[], fil A1 3L 4H 4k ) 1 1 fw I £
1002677 L B AT B 19 N BRI PR A FL AR L B A Ok b
2 6 b 7 1 A 72 AT B R el 9 BRE ok L AR L LA B G
WY RSN WM aE B GaN B

http: / jxmu. xmu. edu. cn



o 476 -

BLTTR %240 A A RO

2021 #

MO, HEG
o . n-GaN
Si0; aperture  [TO p-GaN :

MOWS

+a, @ SO-DBRS

(a) BEIFZEH

==T™M 20 mA
—TM 70 mA
--TE 20 mA
—TE 70 mA

400 440
Alnm

(b) il

360 380 420

F4 6 NCTU Fifbis i B A7 b 45 E DBR #5004 7 B DBR GaN 4k VCSELM

Fig. 6 Dual dielectric DBR based GaN VCSEL wi

T0 P R 2 2 LB 40 B R T A AR M GaN 3k VCSEL™
Fig. 7 Nonpolar GaN based VCSEL reported by

7

University of California.Santa Barbara'**

VCSEL™ #2016 4 4th 41 % 56 2% 38 7 % GaN 2
VCSEL #E A7 e 1 1] 90K, 28 144 19 — 3 dB 77 98 ik 3]
1 GHz ™,

AT B REB IR EAMBELE. R
fE 2015 4F 55 2018 443 HIRIE 100 7] Sh ZEV, DA K AE
Ao JEE 00 ) 4% 3R 1] DBR™Y Sk i3t 47 4% 1F 1) 4% 189 77 3.
I A AE S 7 AR A T AR BT L S AE GaN A i
% B TEAL IO A 52 i DBR ., 2 5 3 ik 8 4% 4h 4 A4 K & 1
¥ DBR ¥ 7E GaN S E 2 o1, 4 & 8 B, {52 15
A 5 LR T ) B A R BLE R ) AR K A
T T A0 B % FEBOK. ELHRAE GaN #4351 1) % ith i

DBR
p-contact

p-GaN
n-GaN

DBR]

ITO
SiO,

~—QGalnN active layer

n-GaN substrate

=—n-contact

(a) ao R4
8

jXmu. xmu. edu. cn

th up grating mirror reported by NCTU"* ™"

A I I S S B B A A5 M i Bl 9 BT R W DBR 43 Bl T
p-GaN il 5 GaN #f &Ml , 8 bt A & Z 4 GaN # i€ £
B, B TR KB, 5 26 il i; DBR 3% 3% n BARE
) SR, /N AT S B RET . 2 JE O I R Ak PR ) L AR R
~H UL B W R I B, 2019 R JB X4 I SEEL T 48 1
RN T EL RGN L K% N 15 mW A
f i DBR 454t VCSEL™",
3 4% GaN %t VCSEL
GO =y — Rk g s VCSEL 75 4 i .
A o R 3G SR B 92 (AR LI 82 (VR) %5 47
BCA A AR B R S0t ik Bel b T R B AR B
T K AR ARORE 7 11, DRk ] DAL 1 98 ROk 47 1S
PABK R AT WGBS . Bh Ak, 4806 VCSEL fE4E ¥ K97
A AT AR A 1 R RS

B 5 3% % M4 5% GaN 3 VCSEL # Lt 4t
GaN % VCSEL Tifi Il # % K i) Pk ik 5 R #e. 76 4 % 3%
B R E E R EN InGaN & T EKEN
PR 26 7 B b (9 8 In 4140 26 InGaN &

(b) #E{FRRISEMEE H

8 A 30 i 3t 4 1 A 4E 7 ) & B9 XA R i DBR GaN % VCSEL™™
Fig. 8 GaN based VCSEL with dual dielectric DBR fabricated by epitaxial lateral overgrowth reported by Sony"'*



w3

JSE 5% 58 5« GaN Kk e 15 10 282 S 0% 4% 0 W 72 e + 477 »

p-side DBR

| . p metal
11 pairs of Ta,0,/Si0,

GalnN

s = | o

. Vs
HEW::‘A n metal n-GaN
/ 1:Gal e / 22.8 um

active layer

n-GaN substrate

n-side DBR

14 pairs of Ta,0/SiO, —

(a) a4t

Top side DBR

Curved mirror

Bottom side DBR

(b) 2 ERmISEME Fr

PO %R 4R () IS UL A il T 4 % B DBR (19 GaN 3¢ VCSELM™
Fig. 9 GaN based VCSEL with a curved bottom mirror dielectric DBR reported by Sony"**!

GaN 22 [ (1 &5 B 2k P 389 K . ads 42 0 110 B 44 35 BE LA B
BOR R Ay, [REE, 2006 7 B Ab 28 A4 K 7 2 SR IR
JIE o o A R B AR IR T B b A0 G B 2 18 R0
T A48 5 5 A e K L BT TR R T R R Ak HL 3
22 K QCSE, BRAK KOG E. InGaN &1 Bk 7E 48 6 ik
BB O R E BRAR, 3X B FR R &k Ok A BT 2010
B HE S — R TR 6 B R s B TE A
GaN 3 VCSEL", fH 2 3L R Y63 K AU A 503 nm, 2%
P HURE AR LR K o N SR T EL B A R B
3.1 &% InGaN & 1 /1 VCSEL

B X 43 GaN & VCSEL b i i il 19 /A, 2017
AT R2E BB 5 /N 4R — Fo 09 05 2K R i 4 4k
ot GaN %k VCSEL™"" R Al InGaN # 7 g R & # 7
BFPE A U X, 9F HAE R g Cu 4 i o0 25 4 1 1
PRV IR A RIS T 46 GaN 2 VCSEL 1K (R
B SR E WU SRS H SRy B 10 Bk,

i Bl B 1 U D A R X RE 98 AT 280 B 1% Ok 4%

(a)

MR REREET . RSP R TFRY
Jik v R HSCUR (1 40 37 1) 75 B E o0 A L TRt LA LG AR A )
A T 7 B O e 0 B0 08 AL e A SRR T M R A
B R N T R B S L A AR S R
RAME R, Ik 7 s 7 — € FE FE T RE 0% S BB fE R
FETUO B 7 T BT A AE AN HE A A R PO 2 LA
KA A ) S-K (Stranski-Krastanow) 5204 K. A
W8T A A A R A A R R TG, P B s R
g5 QCSE &M k55, Ry fg it — 20
BTt

3T InGaN &7 i il % 1) GaN % VCSEL &t
ek DA R - R T B A ] 11 R, 3 AN A
[7 F) 25 1 8 AS [R] 38 K Ak Je B0 HE 22 A8 B o B R s
WK G5 480~560 nm U SR HE B B 12 N E
TR 486 InGaN & 7 5 VCSEL 5 [# Fr 3L fih #F 5%
ANLIE E 45 B LG A InGaN &7 05 il 4% A 16
£k B L B fE KA GaN % VCSEL.

Ca) Z5PFEE 1 s (o) B3 AF AT B 5 CoO R 1R PR B TR 1

10 JE TR S 40 09 48 9% InGaN &7 & VCSELY"
Fig. 10 Green InGaN guantum dot based VCSEL reported by Xiamen University""

http: // jxmu. xmu. edu. cn



. 478 Bk 2 2 0 AR 2 D 2021 4
(c) 560.4 nm
,M
559.8 560.4 561.0

Afnm 1.96 }"h

near /,,

091, S 097, 08217,

480 510 540 570 480 500 520 540 560 580 600 500 520 540 560 580 600
Anm Anm Alnm
6 6 10
ol @ o gl g ()] N 7
°o® 15 .—{b\._,c‘ 15 gl .-'.'" 16
(=

2 6f '4:>f: Z 6} o NE. o " 5%
= 8 g 138 = 1" 8
S4t & 34t = 3 &
= = 13 =
I 128 74 L2
2 Q 2 Palis 5 1=« =
41 | - o

1,=0.52 mA =065imA]} ) [,=0.61 mA 1y

i ; i , 10 ; i AT 0 - A i i
0 02 04 06 08 1.0 12 0 02 04 06 08 1.0 1.2 14 0 03 06 09 12 15 LE

Current/mA

Current/mA

Current/mA

B 11 485¢ InGaN &1 £ VCSEL it it 8UR % 6 88 (a0 Je 3t B (1 ot 1 -+ 1 e T 28 4 1 il 28 (d~ DY

Fig. 11 Electroluminescence spectrum (a-c) and corresponding current-voltage-optical power

characteristic curves (&) of green InGaN quantum dot based VCSEL*"

o < - Nichi
£ 100E gy @ NCTU
*’ v vee™ ]
z ¥ ® L EpL
= | | » Sony
R $ it
> 1 ‘|lan
3 10f .z? , 3 UM
E é - » A Yale
'é :7 Quantum dot
= . VCSELs
= .
= A
400 420 440 460 480 500 520 540 560
Amm
12 e htT 4 VCSEL 881045tk 5 4t 1 1t

VCSEL 35 45 i fry B i 3¢ 1
Fig. 12 Comparation of device performance between quantum

dot based VCSELs and quantum well based VCSELs "

3.2 AT REAEMSE GaN ik VCSEL

2018 4R, )R % AR 7 26 T W6 & 7 Bk b 5
A 46 GaN 3k VCSEL % i i 28 0 U L 824k [H)
FE N RUA R DBR 45 4, 88 ¢F £ fig i B 13 Fros. #84F
RPN EE A AGAE 493 nm, BAE HLAE DN 32 mAL BR
B i DY A2 180 pW. SR 2 X3 AOG K AE 460 nm
35 56 Tng s Gag o N/GaN(2, 5 nm/6 nm) & TP N

http: / jxmu. xmu. edu. cn

BB EFH R E In FERA, IS8 IR B A
RESEIL T 4% ik BUOp . Xk Fhoy s 7 A K S In 4
ST B 1) B, A4 GaN 3E VCSEL i) %% 32 44t
3.3 cEttEZEt GaN % VCSEL

2020 4F 3 T2 4t InGaN & 7 [ 4k, 28 th
FIREHRIE T 4% GaN JE VCSEL [ % 5% 2 0 .
fibfi14E {2021} i (4 2 #E GaN # i EAMEAEK T 4
%f InGaN #tFBFE A X . 3 H 2 4F F DBR N 14
X T4 1 Aof JEE N ) 4% 1) i 1T Ta,0;/Si0, DBR. 2 # 1
InGaN it 7P QCSE 45 & 3% 3k 55 . HL fig 6% 52 B % n
BI511 In 4043 40 16,

A1 R L R 9L - T S Th AR B RO Ok i
B 14 Fiow . BE I 1.8 mA U I K 515 nm. il id
ffi 485t VCSEL B & W6 M40 VCSEL, flfi1 2 &
WS T 4 VCSEL P24 11 5.

4 GaN & VCSEL Ji 1 Il (1935 AR 3k ik
4.1 R SRR ALY DBR [AMNE 4K

AR 5 VA S T R AL 8% 4 2 T AlInN/GaN i
4 DBR £5 #) () GaN 3t VCSEL o & 2 HU 43 ¢ K it



salN Bk 3fi T ) vl A S At 4% 0 0F 70 0 R

. 479 »

,' o 1180
| woot”/ iso
> 8 -/ 03
5 . /o 5
in“ﬁ- 4 Jo0 ?é.
; 4F . ‘ —
7 ._- 160 g‘
2+ Zf =
. o L=32mA 30 ©
(1] T i .: d0
400 450 500 0 10 20 30 40 50
Afnm Current/mA
(a) aRfF il 5 & el (b) i HLi- L FE-h S ik
B 13 TR ARG ) R A 4% VCSEL iy R etk
Fig. 13 Emission characteristic of green VCSEL based on localization states
100 20
.. 80 16
Z
= e
g 60 12 ?n :
2 5| 8§ mA
= 40 8 = A J
© 2 4 - il —
oo 0mA
0 L L L / nl
0 2 4 6 510 515 520
Current/mA Amm
() St U - Dy SR (b) 25 FEi

14

Fig. 14 Emission characteristic of semi-polar green GaN based VCSEL reported by Sony "™

J&. {8 /£ AlInN/GaN DBR ) #b ZE 4= & 475 48 1 Il 45 5%
Kk, X & F A AIN 5 InN #4638 4 KRB A RS
EMAHFEE KRER AIN WEEEKERE - KE
1 300 °C LA _F .7 InN 0 /~F- 700 °C s AIN [l &3 4 &
JE38#5 10 kPa, ifi InN 24 100 kPa, AlInN /& AIN
5 InN 0 & &6k B G5 1 242 K 5% 1 B w5 &1
BAKEGORAEY. 5 —J5 i, AlInN ) 4 K ¥ 5 5%
B BAEWAWM KSR S Ce A KHE
FRFAET 0.5 pm/h {HA K 40 #F AlInN/GaN
DBR {57 2 10 h BA b A 7= lOARE K. 5341 Al g Ing s N
M AFRIEFAC, RELD 4.3 W/ mK' L iX £ 8 K
S e % R 5 Ah — AN TR AR Ui 1) R R R
164 DBR (195 1. o8 s S E %4k 4 DBR #E LA
1) 88 o 0 SR M P R ik e e 5 R S R N L U R
i F DBR. (X 2 it pk BI04 B R0 5 o 4% 1
BE. SRR E BB RO T ELN T RAS
B AlInN/GaN &4 DBR 45 #/) VCSEL % iR i%
S ERE S T DBR A% 1 VCSEL H L, ¥ 6
fE—E R LA P %, U] 3 it & k) DBR ik

FEARIE Y BePE SR e GaN 2k VCSEL BB FF £

A AR K A4 2 M),
4.2 D63 A 1 PR i

GaAs $ VCSEL w1 B 17 56 3% PR 1 2 38 i %
AlAs HEAT EALTE i ALO, FLA%2 R S B0, {H 23X Fh 1k
TEAE GaN FebP kA 5 bl 52 30, 35 B4 1 1) 25 1
Bk LR & T2 R X e it ir Bim R . Bife#
(F fiidi R AE p-GaN I i) 4 JF A /1L 3 HE 2 SiO, B
TR AR A IR RN, &4 TIER SO, %52
T2 Y 3 N faf BT R R 35 3% 23 I J HR G LE p
GaN [ B8 17 47 1 B2 e A 951X 00 A5 280 250 2020
O, RPFR LR AL IR S TR Dy T SR 1 R )
DR ) 25 R U0 Al AT A R el OB A SRS T AR %) bl
(ICP) ¥ p-GaN ZI|tH F.47 5 nm i () [ 4 & & i . ICP
Z) 0t (1) p-GaN X I & e 7 s PR A& 6 48 4% )=
Sk ik 47 B AT PR ). ™2 Y p-GaN [ FE & T ik SE O 3
(1 485 1) PR 1) 48 12 45 0 B 15 T . At A 38 Rk b R
X33 7 HA GaN i VCSEL i [y 845 4 1
# 24 mWGE Sl LIk 3 ) 2884 i 176 % 52 7t
£ 140 °C. H #y B ¥ & 18 0 e LA it — Al



- 480 - B 1 25 2 2 C 1 SRR 2 1D

2021 4

A LIS B AT B 5 16 R 1 D' 3 BR #1) 2ECR

INNESCASpp Ak JEPN AT

—_— : 25 18
——— Nb,O, /Si0, E
Nb,O; spacer E:;]/ DBR i 207 ] 16
ITF) —__\E_:_ /~ p-clectrode = 20 _ 40T 14
p-GaN ™ | | £ E
GalnN active layers ——— N  — n-clectrode 23'5 sk 1 12 >
) : ! z f H10 &
n-GaN ——  Region Il i Region I} Region I = 1, =
' ' 2 10 P e
. =] L
AlINN/GaN g2 | e 16
DBR ff’ § E 120 T 14
GaN substrate — B 140°C b
AR coating — A ) . . 1o
~EL 0 10 20 30 40 50
Light Current/mA
(a) B4 (b) P HL - HUE- D S

P 15 sk b AL 2% T 4HLGE 1 40 K v R TR ™ & BRI 45 B VOSEL Je 28 1 i 1
Fig. 15 GaN based VCSELs with nano-height cylindrical waveguide reported by Stanley™ '™

4.3 p-GaN Il ) LY R

5 GaAs B A AE . p-GaN 48 H A 8 k0
R HLBH. D9 T 4F WO RE 2 503 N PR il FL AR L 0 JIAE p
GaN F1H & By R L. B s #0528 TR
BEAATO) % B 5 2, 80# oh & 4 K B 45 ok
BEATHLIRYT . H L TTO J2 47 8K 06 Wl . #1 kA
SGWIEE A KBES W2 ETZERE
% o TR 38 75 34 58 D 11 S 20 s LT e O 5K
4.4 W EAFERXPIMNEA K

B H AT GaN 3£ VCSEL & 2 B3 5K 04
T 2 B P il B T 1 28 48 75 1 FH GaN 8 i 4 JiS Sk 3k
1740 3 A A DA /S it AR B B % B2 . H AT GaN B 4 iR
ISR R B B, o 4 2% 1 1 2% 10 3 2 i AL Ak iE
TSR A A ZE T2, DATE R AN (0 4 i A B
SR B T A 0 AT U X MR
5 B 4

1A 2008 55 — 32 i N %% 4 4 aR 2h 1) 4% DA oK,
GaN 3 VCSEL &M 7 E KRR, HArE %50
(#9400 nm) P Bt 1 06 (£ 450 nm) 3 B DL & 43 06
(500~560 nm) 3 B &F 4 S0 Bl 7 % I L. s
A F i K A S R C 405 ] 24 mW, VCSEL
FEF g Dh B S22k 3] 1 W BL B Mt 2 26 R it i
J¢ GaN %t VCSEL H #if & 2838 3 s FH b K F. 8%,
GaN J& VCSEL {5 [ I % & 2 Pk AR , 5 35 Bl A 1 5
RN G IEAE 8% ) fif Ve 0 5 B L 8% AR A L AR P AR
DA B s [68]  THI RS B4 50 ik 45 1) . 3% 4 4 R ) L AR TR 2
Jei »GaN 3 VCSEL 04 300 ok i sk Ak B2 th 34 0 23 45

http: / jxmu. xmu. edu. cn

BUU <R ) B b [ R 2 B 5 M AR BR S 9K )
BIE 58 B X - B FE B3 46 44 4 A0 SE J5 1T 1 3 4.

2 2% R

[1]7 IGA K. Forty years ol verticalcavity surface-emitting
laser; invention and innovation[ ] ]. Japanese Journal of
Applied Physics,2018,57(8S2) :08PAO1.

[2] IGA K. Vertical-cavity surface-emitting laser: its conception
and evolution[ ] ]. Japanese Journal of Applied Physics.
2008.,47(1) . 1-10,

[3] SODA H. IGA K. KITAHARA C, et al. GalnAsP/InP
surface emitting injection lasers[]]. Japanese Journal of
Applied Physics,1979,18(12) ;2329-2330.

[4] 1GA K.KINOSHITA S,KOYAMA F. Microcavity GalaAs/
GaAs surface-emitting laser with I,, =6 mA[]]. Electronics
Letters,1987.23(3) : 134-136.

[5] KOYAMA F.KINOSHITA S.1GA K. Room-temperature
continuous wave lasing characteristics of a GaAs vertical
cavity surface-emitting laser[]]. Applied Physics Letters,
1989,55(3) .221-222.

[6] RUTERANA P,ALBRECHT M,NEUGEBAUER ]. Nitride
semiconductors: handbook on materials and devices[ M.
Weinheim: Wiley, 2003,

[7] Bl W W.KUO H C.KU P C.et al. Handbook of GaN
semiconductor materials and devices| M. Boca Raton: Taylor
&. Francis,CRC Press, 2017,

[8] FUJITA S. Wide-bandgap semiconductor materials: for
their full bloom[]]. Japanese Journal of Applied Physics.
2015.54(3):030101,

[9]7 HANADA T. Basic properties of Zn(), GaN, and related

materials [ M ] // Oxide and nitride semiconductors.



w3

Vi A A s GaN Bk afi S T R SR O 3% 04 0F 7T 0k R

« 481 -

Heidelberg : Springer. 2009,

[10]

(11l

(12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

(20]

HIGUCHI Y, OMAE K., MATSUMURA H. et al. Room-
temperature CW lasing of a GaN-based vertical-cavity
surface-emitting laser by current injection[]], Applied
Physics Express.2008,1(12):121102,

KASAHARA D.MORITA D.KOSUGI T.et al. Demon-
stration of blue and green GaN-based vertical-cavity
surface-emitting lasers by current injection at room
temperature| ] ]. Applied Physics Express,2011,4(7).
072103.

OMAE K, HIGUCHI Y., NAKAGAWA K, et al,
Improvement in lasing characteristics of GaN-based
vertical-cavity surface-emitting lasers fabricated using a
GaN substrate[]]. Applied Physics Express,2009,2(5);
052101,

ONISHI T, IMAFUJI O, NAGAMATSU K.,et al, Conti
nuous wave operation of GaN vertical cavity surface emitting
lasers at room temperature[ ] |. IEEE Journal of Quantum
Electronics.2012.48(9);1107-1112,

HAMAGUCHI T.FUUTAGAWA N.,IZUMI S, et al.
Continuous wave operation of high power GaN-based
blue vertical-cavity surface-emitting lasers using epitaxial
lateral overgrowth[ C] // Gallium Nitride Materials and
Devices X|. San Francisco:SPIE,2016.974817.
HAMAGUCHI T.NAKAJIMA H,TANAKA M,et al.
Sub-milliampere-threshold continuous wave operation of
GaN-based vertical-cavity surface-emitting laser with
lateral optical confinement by curved mirror[ ] ]. Applied
Physics Express.2019,12(4) 044004,

IZUMI S.FUUTAGAWA N. HAMAGUCHI T.et al.
Roonrtemperature continuous-wave operation ol GaN-
based vertical-cavity surface-emitting lasers [abricated
using epitaxial lateral overgrowth[]]. Applied Physics
Express.2015.8(6) 062702,

KURAMOTO M, KOBAYASHI S, AKAGI T. et al.
Watt-class vertical-cavity surface-emitting laser
arrays [ ] |. Applied Physics Express. 2019, 12 (9).
091004,

KURAMOTO M, KOBAYASHI S, AKAGI T. et al

blue

Enhancement of slope efficiency and output power in
GaN-based vertical-cavity surlace-emitting lasers with a
SiO,-buried lateral index guide [ J]. Applied Physics
Letters,2018,112(11):111104.

KURAMOTO M., KOBAYASHI S, AKAGI T, et al.
High-output-power and high-temperature operation of
blue GaN-based wvertical-cavity surface-emitting laser
(1. Applied Physics Express,2018,11(11).112101.
HSIEH D H, TZOU A J.KAO T S, et al. Improved

(22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

carrier injection in GaN-based VCSEL via AlGaN/GaN
multiple quantum barrier electron blocking layer [ ] .
Optics Express.2015.23(21):27145-27151.

LIN B C,CHANG Y A.CHEN K J.et al, Design and
fabrication of a InGaN wvertical-cavity surface-emitting
laser with a composition-graded electron-blocking layer
[J]. Laser Physics Letters,2014.,11(8) 085002,

LU T C,CHEN ] R.CHEN S W.et al. Development of
GaN-based vertical-cavity surface-emitting lasers [ ] .
IEEE Journal of Selected Topics in Quantum Electronics,
2009,15(3) :850-860,

LU T C,CHEN S W.WU T T.et al. Continuous wave
operation of current injected GaN wvertical cavity surface
emitting lasers at room temperature[ ] ]. Applied Physics
Letters.2010.,97(7) 071114,

LUT C, KAO C C, KUO H C,et al. CW lasing of
current injection hlue GaN-based vertical cavity surface
emitting laser[]]. Applied Physics Letters, 2008, 92
(14) 141102,

FORMAN C A.LEE S.YOUNG E C.et al. Continuous-
wave operation of mrplane GaN-based vertical-cavity
surface-emitting lasers with a tunnel junction intracavity
contact[ J]. Applied Physics Letters, 2018, 112 (11);
111106.

FORMAN C A,JOHN T L,ERIN C Y.et al. Nonpolar
GaN-based vertical-cavity surface-emitting lasers[ C] //
2016 International
(ISLC), Piscataway: IEEE.2016;1-2,

HOLDER C O,LEONARD J T.FARRELL R M.et al.

Nonpolar

Semiconductor Laser Conference

[l -nitride vertical-cavity surface emitting
lasers with a polarization ratio of 100% fabricated using
etching [ ] ]. Applied Physics
Letters,2014.,105(3) :031111.

HOLDER C,SPECK J S,DENBAARS S P, et al. Demon-

stration of nonpolar GaN-based vertical-cavity surface

photoelectrochemical

emitting lasers[]]. Applied Physics Express,2012,5(9),
092104,

LEONARD ] T.COHEN D A, YONKEE B P.et al.
Nonpolar [[[-nitride vertical-cavity surface-emitting lasers
incorporating an ion implanted aperture[]]. Applied
Physics Letters,2015.107(1) 011102,

LEONARD J T, YONKEE B P,COHEN D A, et al
Nonpolar [[[-nitride vertical-cavity surface-emitting laser
with a photoelectrochemically etched air-gap aperture
[J]. Applied Physics Letters,2016.108(3):031111.
LEONARD ] T.YOUNG E C.YONKEE B P.et al.
Demonstration of a [[-nitride vertical-cavity surface-

emitting laser with a [[[-nitride tunnel junction intracavity

http: // jxmu. xmu. edu. cn



. 482 .

TR % 240 O R B KD

[33]

[34]

[35]

[36]

[37]

[38]

[39]

L40]

L41]

contact| ] ]. Applied Physics Letters, 2015, 107 (9);
091105.

COSENDEY G.CASTIGLIA A,ROSSBACH G.et al.
Blue monolithic AllnN-based vertical cavity surface
emitting laser diode on free-standing GaN substrate[ ] ].
Applied Physics Letters.2012,101(15):151113.

LIUW J.HU X L.YING L Y.et al. Room temperature
continuous wave lasing of electrically injected GaN-based
vertical cavity surface emitting lasers[ ] ]. Applied Physics
Letters,2014,104(25) ;251116.

MEI Y. WENG G E.ZHANG B P.et al, Quantum dot
vertical-cavity surface-emitting lasers covering the «green
gap'[ 1], Light: Science & Applications, 2017, 6 (1)
el6199,

WENG G E. MEI Y. LIU ] P,et al. Low threshold
continuous-wave lasing of vellow-green InGaN-QD vertical
cavity surface-emitting lasers[]]. Optics Express., 2016,
24(14):15546-15553.

FURUTA T.MATSUI K, HORIKAWA K.et al. Roonr
temperature CW operation of a nitride-based vertical-
cavity surface-emitting laser using thick GalnN quantum
wells[ J]. Japanese Journal of Applied Physics, 2016, 55
(55):05FJ11.

IKEYAMA K,KOZUKA Y, MATSUI K, et al. Room-
temperature continuous-wave operation of GaN-based
vertical-cavity  surface-emitting  lasers  with  mtype
condueting AlInN/GaN distributed Bragg reflectors[]].
Applied Physics Express,2016,9(10):102101.
MATSUI K, KOZUKA Y.IKEYAMA K.,et al. GaN-
based wvertical cavity surface emitting lasers with
periodic gain structures[ ] ], Japanese Journal of Applied
Physics,2016,55(58) . 05F]J08.

TAKEUCHI T, KAMIYAMA S, IWAYA M, et al.
GaN-based vertical-cavity surface-emitting lasers with
AlInN/GaN distributed Bragg reflectors[ ]]. Reports on
Progress in Physics,2019,82(1),012502,

ELAFANDY R T, KANG |J H. LI B ], et al. Room
temperature operation of cplane GaN vertical cavity
surface emitting laser on conductive nanoporous distributed
Bragg reflector[ ] ]. Applied Physics Letters, 2020, 117
(1):011101.

CHIOU S W, LEE Y C,CHIH-SUNG C, et al. High-
speed red RCLEDs and VCSELs for plastic optical fiber
application [ C] /' Light-emitting diodes: research,
manufacturing, and applications [X. San Jose: SPIE,
2005:129-133.

LIC Y.LU H H,TSAI W S,et al. A 5 m/25 ghps

underwater wireless optical communication system/[]].

XmMu. Xmu. €

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[51]

[52]

[53]

[54]

IEEE Photonies Journal,2018,10(3) ;1-9.

HAAS H. High-speed wireless networking using visible
light J]. SPIE Newsroom. 2013. doi: 10. 1117/2. 1201304.
004773,

HONDA T,KATSUBE A,SAKAGUCHI T,et al. Threshold
estimation of GaN-based surface emitting lasers operating in
ultraviolet spectral region[ ]]. Japanese Journal of Applied
Physics, 1995,34:3527-3532.

REDWING ] M,LOEBER D A S,ANDERSON N G.et
al. An optically pumped GaN-AlGaN wvertical cavity
surface emitting laser [ ] |, Applied Physics Letters,
1996.69(1):1-3.

KURAMOTO M, KOBAYASHI S, AKAGI T, et al.
Nano-height cylindrical waveguide in GaN-based vertical
cavity surface-emitting lasers[ ] ]. Applied Physics Express,
2020,13(8) ; 082005,

MISHKAT -UL-MASABIH S M. ARAGON A A, MONA-
VARIAN M. et al. Electrically injected nonpolar GaN-
based VCSELs with lattice-matched nanoporous distributed
Bragg reflector mirrors[ ] ]. Applied Physics Express.
2019,12(3) :036504.

XU R B.MEI Y, XU H,et al. Green vertical-cavity surface-
emitting lasers based on combination of blue-emitting
quantum wells and cavity-enhanced recombination[ ] ].
IEEE Transactions on Electron Devices, 2018, 65(10)
4401-4406.

CHANG T C,HASHEMI E.HONG K B.et al. Electrically
injected GaN-hased vertical-cavity surface-emitting lasers
with TiQ), high-index-contrast grating reflectors [ ] .
ACS Photonics.2020,7(4) . 861-866.

CHANG T C,KUO S Y,HASHEMI E.et al, GaN vertical-
cavity surface-emitting laser with a high-contrast grating
refllector[ C] // High Contrast Metastructures \[. San
Francisco;SPIE,2018.105420T.

SCHWARZ U T, KNEISSL. M. Nitride emitters go
nonpolar ] . Physica Status Solidi ( RRL)-Rapid Research
Letters,2007,1(3) : Ad4-A46.

SHEN C. LEONARD J T, YOUNG E C.et al. GHz
modulation bandwidth from single-longitudinal mode
violet-blue VCSEL using nonpolar InGaN/GaN QWs
[C] // Conference on Lasers and Electro-Optics. San
Jose:OSA,2016.SThlL. 2.

NAKAJIMA H. MITOMO J. FUJII K. et al. Recent
progress in GaN-based vertical-cavity surface-emitting
lasers having dielectric distributed Bragg reflectors[ C ] //
Conference on Lasers and Electro-Optics. San Jose;
OSA.2019:109181].

NAKAJIMA H.HAMAGUCHI T. TANAKA M.et al,



w3

W % 5 45 GalN ik kBl i A2 S 0Ok 2% 1 0T 5T R - 483 -

[56]

[58]

[59]

Single transverse mode operation of GaN-based vertical-
cavity surface-emitting laser with monolithically incorporated
curved mirror[]]. Applied Physies Express., 2019, 12
(8):084003.

XU H.MEI Y.XU R B.et al. Green VCSELs based on
nitride semiconductors[]]. Japanese Journal of Applied
Physics,2020,59(S0) : SO0803,

LANGER T.KRUSE A.KETZER F A.ect al. Origin of
the " green gap  :increasing nonradiative recombination
in indium-rich GalnN/GaN quantum well structures[ J .
Physica Status Solidi (¢},2011.8(7/8).:2170-2172.

MEI Y,XU R B. YING L Y.et al. Room temperature
continuous wave lasing of GaN-based green wvertical
cavity surface-emitting lasers [ C] // Gallium Nitride
Materials and Devices XIV. San Francisco: SPIE, 2019.
109181 H.

ARAKAWA Y,SAKAKI H. Multidimensional quantum
well laser and temperature dependence of its threshold
current] ]. Applied Physics Letters, 1982,40(11):939-
941,

ARAKAWA Y. Progress in GaN-based quantum dots

[60]

[61]

[62]

[63]

for optoelectronics applications [ J ]. IEEE Journal of
Selected Topics in Quantum Electronies, 2002, 8 (4) .
823-832.

DAMILANO B, VEZIAN S, GRANDIEAN N, et al..
Strong carrier localization in GalnN/GaN quantum dots
grown by molecular beam epitaxy []]. JIAP 1999, 38
(12A) . L1357-1.1359.

HAMAGUCHI T. HOSHINA Y, HAYASHI K.et al,
Roomrtemperature continuous-wave operation of green
vertical-cavity surface-emitting lasers with a curved
mirror fabricated on {2021} semi-polar GaN[]]. Applied
Physics Express,2020,13(4),041002,

MEI Y. XU R B, XU H.et al. A comparative study of
thermal characteristics of GaN-based VCSELs with

three different typical structures[J]. Semiconductor
Science and Technology.2018.33(1) 015016,

GAO Y B,ZHANG Y H,CHU C S, et al. Effectively
confining the lateral current within the aperture for GaN
based VCSELs by using a reverse biased NP junction
[J1. IEEE Journal of Quantum Electronies,2020,56(4)

1-7.

Progress of GaN based vertical cavity surface emitting lasers

YING Leiying. MEI Yang.ZHANG Baoping™

(School of Electronie Science and Engineering, Xiamen University, Xiamen 361005, China)

Abstract: As a type of semiconductor lasers with the beam propagating vertically to the device top surface.GaN based vertical cavity

surface emitting laser (VCSELs) can emit wavelengths that cover the full visible spectrum, GaN based VCSELs are Characterised

with single longitudinal mode operation, low threshold current, circular beam profile, high coupling efficiency with optical fiber,and

the capable of high density two dimensional array. Therefore, they are considered as the ideal light source for the next generation

in GaN based VCSELs and the commercialization is just around the corner. In this paper,comparing with the already commercialized

GaAs based VCSELs.we review application fields. the current status,and the technical route of GaN based VCSELs, In addition,

recent progresses in green VCSELs are emphasized and challenges faced by GaN based VCSELs are discussed.

Keywords: GaN;vertical cavity surface emitting laser;green light




