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Dyse gl 7 2 A i DBR 45 84 19 38 M M i (m i ) GaN
B VCSEL W 3% 823t . 31X — R 51 i iF 55 i SR R B 2
A M TS 5 BE 45 R B GaN 2 VCSEL &9 1 1 A 5
Gy )T .

2  GaN 3t VCSEL ) FH 7 5

5 GaAs % VCSEL Ml [t , GaN % VCSEL 7] L ##
HE N 8 A0 2 AT UL B BE & B DK, IR GaN 3k
VCSEL EBOGTTED SR BOG I BHOE BoR (& %
BE A G B KoK TR il AE A A b B A T R B R
JAE NG T

1E 0] WG B85, VCSEL & 55 096 o ] PR 452
5,30 T AR IR S CKE ST 5L B A
LR R . 54, VCSEL &) T 4/
HIVEE R, T g 6% 52 80 LE SR EEL 5 IS A fE FE R 1
B RGeS S, i T GaN £ VCSEL &
b K % 2wl B R B i 4 L R A BN L 1
GaN 3 VCSEL AL AT L 3G 5% 8 5% 10 F1 |, 36 B 3 2
B Fl . GaN 3 VCSEL 7E i /8 J5 11 AT 7 FH T 38 38
MELHE AR (AR) /BRI L AR (VR) (FKEEF B Ot
HL P A B . R 4 2 B R (RID) B /2 GaN 3
VCSEL 7 8 5 /R 4588k 1) — 4~ 8 220 . 2018 4F
QD Laser 28 ®J 4 T 8 33k F 806 00 I 8 4% 5% R
B RE IR 8% . 2T RID B9 % fiE IR 85 A AN fE % S B0 o
I AR T L 3 R I SRS R T SRR SR AR AT
DLA R 2 i B AR 5 VR RS ok it IR 36 A & 2% .
Ak, GaN 3t VCSEL i H A R BN AT FEAR 9 48 45
P 7 T SR B T A (U BB R A R B IR BT RN B
FRE )T b R EEEH

GaN 3 VCSEL 78 55 Ml g7 S sl h i A )iz 1y
MR o AR I B A K TR IR R AR AL B 1Y
M, P, #5065 406 GaN % VCSEL a] Ji 7 ¥ i i
o TR ERIN o AE BE 7 400, 5 (380 vT LU F 4k
BEFAR M AMEOETT LA TR RE i R GR T . fEEE
s Wl % K R 410 nm 590G S 9800, T L
FE S8 P G 0 A 0T ARG T R R R R BR
I Z Hh, GaN % VCSEL 36 0] AR FH F 0k 36 & %

48,
3 GaN 3 VCSEL 1y A 1% 2%

VCSEL /1 5% 776 I F DBR 2 8] )2 & 4 1% &
BB R . T ORI R I AR Y R R AR N
Ry A K B SR AR CRD 3G 25 K T AR ) L I PR I
i B9 DBR 5 247 99% L b /8 8 R LU > B
T EE . GaN % VCSEL 1Y i 98 s 45 79 1T 4% W 1R
4 DBR 454 F1 XA Ji I DBR 4509 , W& 1 fr s o Wil
O IR I B B B 2 AW 1R DBR ORI Ay R R R
B I DBR IR, J5 & 1 F R SB35 th A B DBR 44
B o TR A DBR iR I 25 4 45 o a7 5, (H & A0 I8 A=
1 S R E ALY DBR A T I 5 R AR . BT
A KA ALY DBR B W AR 6 3 5 %R M R GaN/
AIN GaN/AlGaN I 1E 7 75 8 KW & s R e, B i ob
FEAEK B EMAY DBR — S S B EME LR
SRR, KA S AL DBR W R R 45
m L E AR AR X . X FE 1(b) . (c) i
A BT DBR 2544 , 55 J 55 26 Fl 58 = B A 1 A i
S DBR 845 5 S8, fH )& 1L 28 VCSEL 88 F & 51 A
BN E & T, A I B RS 0 )
GhSE A IR AL, R M RE A XS A0 M XE UL S
FRAIE S
3.1 EA DBR&H GaNE VCSEL

Lu %" F 2008 4F i3 T4 — 4~ H AR A DBR
45 My L TE A GaN 3t VCSEL, H R = 5t 85 29 %
AIN/GaN DBR, 76 77 K F 523 1 3 K 4 462.8 nm
Y 3% 22 o 2010 4F , At A T38 2 K 30 nm )& A 48016 4
BATO)Z S5 EB 20 p A InGaN 42 fillJ2 A1 45 4 />
THPFE  EER TR T R K 412 nm IR G
DBR 458 GaN %k VCSEL 1Y % 22 i 50, B {f B i %
JE M 12.4 kA/em’. 1T AIN/GaN DBR H #) K A9 B
371 S 0 R ME A% DC . AIInNN/GaN DBR % #f % 31|
T AN . Cosendey 2577 F 2012 4E )i T GaN
W EAETE 41.5 %F Al yIn,.N/GaN T DBR Y GaN %
VCSEL, JF 88 T & G K 4 420 nm (4 HL 7 A Bk
Pt o 2 In 9 I 200 B0k 0.18 ), AlInN 5 GaN i
S I VS I A I RS U S A i AP Ol = il
Al In, sN/GaN DBR, 2016 4F , Matsui &R IE T &
A 40 X} Alygln, sN/GaN F DBR ) GaN % VCSEL,
Z A I IR XCR R A 0 B 2R A5 R (PGS R T
AIRX 5 Z G . 2R HE T —%
B4 DBR 458 VCSEL , iZ 45 #) VCSEL % ] %6 &
BIF A U5 X B A S B Al eIng  N/GaN
2018—2024 4F , JF 5 & 3 2k A Wi ol 32 25 14 09 45 i 1 1
DL Rl 4 T2 42 T T &% A AllnN/GaN F DBR
WV A 45 GaN 5 VCSEL By PERE . [b i 5% ] #5 11
SiO, H it B il J22 52 A 1] O 37 BR i, A% 238 24 %2 AT 3k )
0.87 W/A Gk T 6 mW 5 il 1 14 Al 4 i K

0501011-2



‘ /jledrode

ITO

#5205 F5H1/2025 £ 3 B/ E#N:

Bl 1 GaN 3 VCSEL fy % Fh A [ 45 #4952 87 L (a) 1R & DBR 454 VCSEL; (b) 3 1 48 5 5% 3% J7 38 il 4 59 B4 5 5 DBR 45 19
VCSEL; ()i i il 1] A1 4E 75 21 4 19 XA B DBR 454 VCSEL

Fig. 1 Schematic diagrams of two different structures of GaN-based VCSELs"". (a) VCSEL with hybrid DBR structure; (b) VCSEL

with double dielectric DBR structure fabricated by substrate transfer technique; (¢c) VCSEL with double dielectric DBR structure

fabricated by epitaxial lateral overgrowth technique

JE A g A IR BE L B R DR TR ) 15.7 mW
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H IR B, P N o K TR SE W RRECR . B
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GaN DBR & Bt 4% 7 3 K ik J& |, {H & AlInN F1 GaN
WA 22 8] B T 5 3R 22 HL /N (U 9%0) . X F 3 DBR
TR TE LR AR . A T Ak B A A R B R W T R
AN FE A K40 XF DL DBR 454 . 4R, Al wIn, (N
AL In 420 0odE 45 ), FL A8 AR K A,
AR M e A K B AL DBRYY . UK AR
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40 Xt AlInN/GaN DBR # 75 448 12 h'' o A4 K %
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! ! 210 §
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Light
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Fig. 2 GaN-based VCSEL with NCW structure”™. (a) Device structure; (b) current-power and current-voltage characteristic curves of

device
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F#1 RA DBREZH GaN % VCSEL 1 fig s 44
Table 1 Performance summary of GaN-based VCSELSs with hybrid DBR structures
) .. Aperture / Wavelength /I, / I/ P../ SE/ WPE/
Ref. B DBR Top DBR ) " o e
e ottom op Operation condition um om mA  (KA/em?) W (W/A) y
) Al saN X Ta,0./Si10, X K, 1 <
(18] N/GaN a,0,/Si0, 77 K, continuous 10 462.8 14 18
29 8 wave
LN 0./Si0, X i ,
(48] AIN/GaN Ta,0./Si0, Room‘lcmpcralurc 10 412 9.7 12.4
29 10 continuous wave
AlygIn, .N/ Ti0,/SiO,X Room temperature,
[27] GaNXx41.5 7 pulsed laser 8 420 70 140
AlygIn, <N/ Nb,O./Si0O, X Room temperature,
/4.C
[49] GaN X 40 8 continuous wave 8 409.9 8.3 16.5
[30] AlInN/GaN X Nb,0./SiO,X Room ‘temperature, g 4135 75 0.045
40 8 continuous wave
Al, g In, 13N/
raN X ,0,/S10, X ,
[50] GaN X 46 Nb,O./SiO, Room'temperature 8 405.1 96 55
(n-type 8 continuous wave
conducting)
AlInN/GaN X  Nb,O./SiO,X Room temperature 0.87
[51] P O emp ’ 8 441 3 6 6 (pulsed
42 10.5 continuous wave
laser)
. From 20 °C to room
All GaN X  Nb,0./Si0O, X
[52] “Nil anN ’ f(/) ; ’ temperature , 8 440.1 4.5 9.0 157  0.87 8.9
" continuous wave
- . . From 20 °C to room
[53] AlNN/GaNX  Nb,O5/SiOX "\ o ture, 6 447 140 1190 4.2
41 10.5 .
continuous wave
. From 20 °C to room
P X U5 9><
[54] A”nNig’aN Nb~()i’éséo- temperature, 7/3 450 8.2/1.4 23.7/5 1.2/0.7 10/9.9
" continuous wave
-
[57] AlL.In,N/GaN  Nb,O,/Si0, Room temperature, o U235 us s2/1as 2 13.6/13.7
continuous wave 514.9 >1.5
3 X ./S10, X s .
[56] AlInN/GaN Nb,O./SiO, Room.temperature 8/5 4177 5/2.5 13.1/ 15/21.3
40 10 continuous wave >12

3.2 WA EFEDBR 4 # GaN & VCSEL

2008 4F , H W48 T 55—~ HLE AW LB DBR
458 GaN 3 VCSEL"" JFE =R T8 T &b K
414 nm W 7 22, BIE HL % O 13.9 kA /em’,
B TR R 014 mW . B T8 1R AME RIS N 35 5 A
PR I A #8 F aoh R vl 8 R A B B ST S P A
JiE b, ISR FH O #0810 5 W8 AR IR S BR .
J& , 22 BT e R4 SR FH A S i 7% O 2R 2 T 3 o
DBR #5#) GaN 3 VCSEL., #JE# 8 U mR & —
JERR B LI VCSEL il % T2 B9 & 2= 1, (H J2 o ik
FE T ME LA K i e A DBR B R, 2009 4F, H
WK A GaN #of JiE 2E 47 A1 4E A K DL B3 A1 4E R A i 1R
YRR R R DR T2 0.8 mW, JF HAEE
W52 T oK o 503 nm Y GaN 3 VCSEL Jik wi i
S 2012 4F N R 6 B R/ (UCSB) R E T
55—~ m TH AU/ I DBR 45 0 GaN 3 VCSEL, #§ 4

ok o R o 411.9 nm™ . m i F AR K 8 InGaN &
T BF R & B TR O iR R OF HLEA T R Y
4 25 A /N - BRI TR SO . FEZ S Y 2014—
20184, JE TR 2F B Sl i T 5 550 I B iy F v AL
A BB DBR 45 #4 GaN 3 VCSEL B % i % 223 5
2 )5 a3l InGaN $2 F 5 1E S A VR KO (8 4
SR A AT RS B S OV RETY L B T R 2R A Sk I A Y
P BN SR P SE 80 T B BR B AN 20t GaN 2 VCSEL /)
T T S WO, A RO R K TE 479.6~565.7 nm X
] 3@ i A InGaN &7 B b 89 Jey 025 9 it & i
o I 0, AT e S B T &6 B 493 nm (SR
VCSEL % 2206 ™ . 2023 4 A AT 14 InGaN &
T AR TR X, F A (~ 42, o A RO
52 5 SR A R T4 0 0.094, I REAR T G EE .
BEAN B E o] A TR AIN JZ A o v R 2 DL AR s
TF B BRECR FE IR BT &G K o 524 nm )
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T O B (E A AU ~52 A/em”®, X & H AT R
T A f AR BB L T B AR A R S S R
3VAPITR o ARG XA T DBR 25 89 AN [] , 2020 4F
Chang %" IE T 45— A L K588 R A IR 6 i 45 #
B HL T A GaN 3 VCSEL, #3445 5t th &2 40 ok
TiO, S G A, M b 5 568 455 0 45 28 40 LA 8 55 14 i
PR AR VE , 255 0 5 I K o 405 nm, B4 HL I M 25 mA
F 2 B T AR SR WA I DBR 4584 GaN 2 VCSEL
1) 2 PEVERE S 80, Horh HOG b 35 37 569 38 %0 L B 6l
XA B DBR 254 VCSEL — i 5% %) i #% # 12 i
&, BARRETT T AME A KA L ¥ DBR BT I (9 B 0
EEm I T am s T AME R, SELY
DBR A L, BUA B DBR B9 BRI 3 22, Si0, 19 #4

FIB-Cross Section

SR A 1.5 W-mK """ VCSEL %A% 9 Bl R 2
it &5 132 A7 B PRI T L S O TR X 2R R R
6 BIE T = S ], PR, 0] A e XA 5 B DBR 45
F4 /) GaN & VCSEL 1y # #4 ] A5 & — R o I
A, A IR DBR 45 #) GaN 3% VCSEL — ik %
AR, T 5 3 A 20E A K 118 1R 5 3 o 4 25 L BRI T
VCSEL gy it — 2 &7+ . GaN 3 VCSEL 1Y i# #ig
WK HR R P, BT DA R I s K RS B o . T
XA B DBR 25 #) GaN % VCSEL #l % i3 ft h £ &
K AL ML OE (CMP) T2 5 6 B, {(H )& CMP
TZMELLRUE VCSEL IE K ¥ 5 1. I, AU i
i DBR %5 ¥ GaN 3 VCSEL (1 77\l Ak & J& A7 1 i %%
KR A

Si0,/TiO, DBR

K3 HEA InGaN iz F A XM GaN 2 VCSEL 45

Inner-Cavity Outside-Cavity AIN
ITO
Cr/Au
Si04/Ti0; DBR
Cr/Au
Copper

9 () B PELER 7R B IEL5 (b) 380 1 B

Fig. 3 Structure of GaN-based VCSEL with InGaN quantum dot active region'”. (a) Device structure diagram; (b) cross section image

of device

@ 524.0nm — 150 A S 10F 4 524.0nm o o Intensity
_ —40pA i‘; ‘ ~ | s
:: 24 pA 2 0.8} = y
8 —12pA @ | 1ou —— S%m] & k4
2 206t 2! )
7 £ ¥ o
5 D04 o
= 576.5 nm = 0.4r z1 & e
a 2 3 24 uLJI‘/_\/Q - o ,
m <5 SN _;_N- 0.2} l\m T3l J,=51.97 Alem?

Txs0 S e T A E 12 A o pi - o

00 55 550 55 S 00— 35 50 575 0 20 40 60 80 100
Wavelength (nm) Wavelength (nm) I (nA)
F 4 HA InGaN & 7 A XA GaN 3 VCSEL 3 PEAE " o (a) 80 & 6081 5 (b) 5 — 10 i o1 850 2 Y63 5 (o) s 80RO o i

il FEL 3L 1 2 1 o

Fig. 4 Laser emission performance of GaN-based VCSEL with InGaN quantum dot active region””. (a) Electroluminescence spectra;

(b) normalized electroluminescence spectra; (¢) electroluminescence intensity versus current

“hy 3k B i) A i A BT B AT RS A R T B O R
BB AL =IO SR 4 T2, HARREAFIF K
T A AE (ELO) T2 F GaN %t VCSEL 9 il 7% .
38 38 [ A0 HE B AR, At AT AR AR A IE B Bl A o e
DBR#EMAE n-GaN 1, 20154F, RJe A A I H ELO
ARAEn A GaN e JiE L D il & 755 — > B AU T
JIE DBR 45 ) GaN %t VCSEL, % i T i3 5 i K
446 nm, VEHNETIE K 0.9 mW L, 201648 AT R A &

T AL BR LA K G DR TR 1.1 mW
JL A% 1 245 4 T R R A 1T 99 R W BB (SEMD) R
WE SR . ELO 8 AR 2 AU AL T 2% 4 6 /E T
2RI GaN o IS 19 = T S8 el T g Ok i HCHVRE
PR IS IR I8 K Al o] 1 A JE AT BORS A $S  . (HUE ELO
R T BLAEH A I AME A K AR 5 & IF B
lia) S 32E P G 1 S T A A7 A8 8 FE AR . BT AR B R i
281 GaN % VCSEL I 47 ok ff A it — 2 il .
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5 188

LRk

F2 WA DBR 45 GaN 3 VCSEL Ay 1

fiE 4k

Table 2 Performance summary of GaN-based VCSELs with double dielectric DBR structures

) .. Aperture / Wavelength / I,/ T/ P,../ SE/ WPE/
Ref B DBR Top DBR ) " e e
e 3ottom DB op Operation condition um om mA  (KAJem®)  mW  (W/A) o
[61] Si0,/Nb,0. X Si0,/Nb,O. X Room ‘temperature, 8 14 7 13.9 0.14
11.5 7 continuous wave
[31] Si0,/Nb,0; X Si0,/Nb,O, X< Room‘temperature, g 120 g 0.62
11.5 7 continuous wave
. . Room temperature,
, ,0O, X O, ,0, X .
[62] S'Oz/gb;( X S )Z/I\;bfo" continuous wave/  8/10 451/503  1.5/22 328  0.7/0.8
v pulsed laser
[63] Si0,/Ta,0,X  Si0,/Ta,0;X Room temperature, 10 411.9 80 0.0195
13 10 pulsed laser
[26] 7r0,/Si0, < 7r0,/Si0, X Room‘temperature, 10 192 0.93 1.2
17.5 14 continuous wave
[64] Ti0O,/Si0, X Ti0,/Si0, X Room‘lemperalure, 10 560.4 061 0.78
12.5 11.5 continuous wave
. . . . 0.52/
[65] TiO,/Si0, X Ti0,/Si0, X Room temperature, 10 491.8/565.7/ 0.65/ 0.66/0.83/ 6.2/7.64/
N 12.5 11.5 continuous wave 560.4 O 601 0.78 11.82
[66] Ti,0./Si0, X  Ti,0,/Si0, X Room.temperature, 15 193 39 18 0178
13.5 11 continuous wave
[68] Si0,/Ta,0, X< TI0,-HCG Room temperature, 10 100 95 318
12 pulsed laser
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Fig. 5 Fabrication of double dielectric DBR GaN-based VCSEL by epitaxial lateral overgrowth technique” . (a) Device structure

diagram; (b) cross-section SEM image of device

4 A R S8R GaN 3 VCSEL

GaN#: VCSEL W AR E 2l THE Rt =
EEV PR DBR 454 GaN 3 VCSEL A il — 24
ARMESS . GTRA DBR &5 GaN 3 VCSEL /£ 7E AN E A=
K ALY DBR HME Az K R] Bl = 46 ] 1805 XA
5 B DBR 4544 GaN 3t VCSEL T il 1 4 T 25 8 4% 5+
JoTAE AR B 2 RS TR B K A M 2 UL R A

MERT . EFXF R R, 2018 4F Hmaguchi %57 42 H T 38
A A A T R 55 9 GaN 2 VCSEL, %8 1 45 ¥ a0
K6 FITR o g 25 0 i A1 FE A KA GaN #t e, Herp
AT 25 44 1 A SIS 1 DBR A3 F p-GaN ], # 1 25 #4 14 4
B DBR A F 0 5 19 GaN A M o 25 4 il 25 g
— B T K GaN #of i A9 JE JE ek 2 20~50 pm T A
TEHHRFE . B TR REAS TS GaN# K, H
Ji K B K FAE G 45 ) GaN 3£ VCSEL, it #1515

0501011-6



#5205 F5H1/2025 £ 3 B/ E#N:

17 (4 i T DBR EL A R4 19 5 1] o' 37 B 1 6E g, W] 00 6l
KEKW RS ML, 5IEA DBR 4 GaN J
VCSEL M Lt , il 1 S 51 5% GaN 3 VCSEL &5 4 38 4 1
oAy DL K AR 5 & 1 AR DBR M E A K 3 A
548 55 WA SR DBR 45 49 GaN 2% VCSEL #f e, il ifi
K45 GaN JE VCSEL 5 M) A7 B2 22 (AT IR A% % T
20, GaN F e IS 1 9 [ B A0 A A K (AR A IR DX B
B, XN FARBE AR O SR F E X EE . BRI
A% (F-P) I GaN 3 VCSEL i s K g, —

@

p-side DBR P metal

11 pairs of Ta,04/SiO,
ITO
El'.""_ T ey N metal
e IIIII n-GaN | -
GainN
active layer
n-GaN substrate

n-side DBRN, —

14 pairs of Ta,04/SiO, ———

Fe R 1~2 g IR R AR Bl 2 (o o 1 U 0 I e A
BORIAZEAL . AT, il S 8 58 GaN 2 VCSEL 1Y
- VRS S i 45 AL LA R ARG B AT SR ARG AT I G IR
KJE (20~50 pm) /T LR, I H 4G 1 A A 1 1 2 1t
P2 Bl A 22 X0 4 05 1 RE T ST R B AR T GaN 2
VCSEL M3 e PFPERE R 1 — 1k o Ak KR 951
AFEAR T GaN Fb Jie i 56 0 ol i ME 1L, o ml {8 3% 2 T 4%
PR ERE . DL L T DBR 45 K 2544 1 33k 26 4 # il
4+ GaN J& VCSEL f" AL BAT RAF 5

Top side DBR
S

S4700 15.0kV

16.7mm x2.00k SE(U) 2019/01/16

Pel6 il ied 2 558 GaN 3 VOSEL ™. (a) #8445 #7572 181 5 (b) B4R B 1T SEM IR
Fig. 6 Curved mirror GaN-based VCSEL"". (a) Device structure diagram; (b) cross-sectional SEM image of device
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P 7l R ST GaN 3 VOSEL ™o (a) A HL 3 -4 tH 3R B 28 5 (b) s AL 35 (R i TEAFLAE N 6 pm)

Fig. 7 Curved mirror GaN-based VCSEL". (a) Injection current-output intensity curves; (b) current injection spectra (current injection

aperture of 6 pm)
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Fig. 8 Curved mirror GaN-based VCSEL with current injection aperture of 6 pm™”. (a) Near-field pattern when injection current is
1. 11,; (b)(c) near-field mode distributions
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9 i S A BESS A GaN 3 VOSEL™ (AL AFLAR 3 pm ) o (a) L JEIE AR (39 H 30 - H T HL 3 - 2 SR 1 285 () 0.3 mA LI
TEATT By 2510 15144
Fig. 9 GaN-based VCSEL with curved mirror structure ™ (current injection aperture of 3 um). (a) Current-voltage and current-power

curves under current injection; (b) emission spectrum at current injection of 0.3 mA
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Fig. 10 Curved lens fabricated based on GaN"". (a) Laser confocal scanning image of curved lens; (b) cross-sectional profiles of curved

lens in different directions
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PR AN 1) A il S A LR AR R I Ll v v R
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Fig. 11  White light formed by overlap of red, blue, and green beams based on VCSEL"
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Fig. 12 GaN-based VCSEL with top-side curved mirror structure™”. (a) Device structure diagram; (b) cross-section SEM image of
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%3 TR SR SE A GaN £ VCSEL 2% :VE Rk a4

Table 3 Performance summary of GaN-based VCSEL devices with curved mirror structures
. . Radius of Crystal
Bottom Operation Aperture /  Cavity adius 0 Wavelength/  J,/ Puo./ . S WpE /
Ref. Top DBR .. curvature / 2 orientation
DBR condition um  length/pm nm (kA/cm’) mW %
of GaN
Ta,0./ Ta,0./ Room temperature,
Y6 2 o 2 Bl — 5 -
[39] Si0,% 14 Si0,x11.5 pulsed laser 8/6 28.3 74 441-445 141/139 1000-11}
_ Ta,0,/ Ta,0;/  Room temperature, - _
[71] Si0, X 14 Si0O,X11.5  continuous wave 3 256 29.1 445.3 35 =03 {000-1f
From 20 °C to room
Ta,0./ Ta,0./ ) 7.1/ 0
[72] SIO,X14  Si0,%7 terpperature, 4/8 51/82 443.2 15.4 {000-11  9.2%
continuous wave
. Ta0./ Ta,0,/  Room temperature,
[76] Si0, X 14 Si0, X 11 continuous wave 4 o 1.8 5 1000-14
. Ta,0./ Ta,0s/  Room temperature, 41.3/
[73] SiO, X 14 Si0,X11.5  continuous wave 4 18.6 42.4 o152 144 t20-214  <0.1
Ta, 0,/ Ta,0./ Room temperature, _
[74] Si0, X 14 Si0,X 7.5 continuous wave 3 33.5 4421 7.6 1000-1 134
Room temperature
Ta,0./ TpETatTe. 0.29/
[40] NP DBR Si0,% 16 pu'lsed laser/ 9 60.54 31 411 6.6/7.3 013 {10-10}
continuous wave
[75] NPDBR @07/ Room temperature, 651 120 404.5 14 037 {10-10}
Si10,X 16 continuous wave
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Fig. 13 Simulated beam waist size in curved mirror versus cavity length and curvature radius”™. (a) Resonant cavity length;

(b) curvature radius of curved mirror
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Fig. 14 Simulated longitudinal mode spacing versus resonant
cavity length (A=445 nm, dn/dA=-0.001, n=2.45)"
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Fig. 15 Process of fabricating curved mirror
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Fig. 16 Curved lens fabricated based on GaN"". (a) Laser confocal microscope image; (b) cross-sectional profile image; (c) atomic force

microscope image of top curved surface; (d) cross-sectional transmission electron microscope image
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Gallium nitride (GaN)-based vertical cavity surface-emitting lasers (VCSELSs) exhibit luminescence wavelengths that
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span the entire visible spectrum. They present several advantages, including a reduced threshold current, narrower divergence angle,
single longitudinal mode operation, and a circularly symmetric output beam. GaN-based VCSELs have the potential to supersede
conventional light-emitting diodes (LEDs) and edge-emitting lasers (EELs) as optimal light sources for applications such as
semiconductor laser illumination, laser displays, high-density optical storage, optical interconnects, and underwater communications.
Over the past two decades, significant advancements in technology have positioned they as a focal point of research for next-

generation semiconductor lasers.

Progress The resonant cavity structures of GaN-based VCSELs are primarily classified into two types: hybrid distributed Bragg
reflector (DBR) and dual-dielectric film DBR structures. In the hybrid DBR configuration, the upper reflector comprises a dielectric-
film DBR, whereas the lower reflector consists of a nitride DBR. In contrast, the dual-dielectric-film DBR structure utilizes dielectric-
film DBRs for both the upper and lower reflectors. Despite the significant advancements in the prevalent DBR configurations of GaN-
based VCSELSs, several technical challenges persist. For instance, the hybrid DBR structure faces issues such as complex epitaxial
growth of the nitride DBR, extended growth durations, and high costs. Conversely, the dual-dielectric film DBR structure encounters
issues such as elaborate fabrication processes, suboptimal quality of heteroepitaxial crystals, insufficient uniformity of cavity length,
and challenges in mass production. To address these challenges, Hmaguchi ez a/. (2018) introduced an innovative GaN-based VCSEL
featuring a curved mirror, marking the first instance of room-temperature pulsed lasing with electrically injected curved-mirror GaN-
based VCSELs. This design mitigates the need for the demanding and expensive nitride DBR epitaxial growth process prevalent in
hybrid DBR structures. Additionally, curved-mirror GaN-based VCSELSs eliminate the complex substrate transfer process associated
with dual-dielectric film DBR structures, facilitating homoepitaxial growth on GaN single-crystal substrates. This advancement
yields high-quality active regions, which are crucial for high-performance laser devices. The planar-concave stable cavity structure
of the curved mirror GaN-based VCSELs demonstrates extremely low diffraction loss, accommodating an extended cavity length
(20-50 pm). This characteristic not only simplifies GaN substrate polishing and thinning, but also significantly enhances the thermal
performance of the devices. The advantages of the curved-mirror structure suggest a promising trajectory for the commercialization of
GaN-based VCSELs. In 2019, the same research group achieved the inaugural room-temperature continuous lasing of a GaN-based
VCSEL with a curved DBR structure, achieving a threshold current of only 0.25 mA. Concurrently, Nakajima ez al. increased the
output power to 7.1 mW by optimizing the curvature radius of the curved DBR. In 2020, Hamaguchi ez al. demonstrated room-
temperature continuous lasing of a green VCSEL with a curved mirror on semi-polar GaN substrates and pioneered preliminary white-
light display systems using blue and green VCSELs with curved mirrors, alongside GaAs-based red VCSELs. In 2023, Ito et al.
further enhanced the wall-plug efficiency (WPE) of a curved GaN-based VCSEL to 13.4% while maintaining consistent performance
across all devices in the VCSEL array. Palmquist ez al. achieved continuous room-temperature lasing of a GaN-based VCSEL with a
curved DBR structure incorporating a top-surface lens, thus eliminating the need for a curved mirror support process. The following
year, they fabricated an m-plane GaN-based VCSEL with a S10, curved top lens, achieving a maximum side-mode suppression ratio
of 30 dB.

Conclusions and Prospects The GaN-based VCSEL with a curved-mirror structure, while exhibiting commendable attributes
such as high stability, uniformity, low threshold, and substantial output power, is nonetheless confronted with several technical
challenges: 1) the extended cavity length of the device, which results in a very narrow longitudinal mode spacing, complicates the
attainment of single longitudinal mode operation and induces mode hopping in the emission spectrum with variations in injection
current; 2) the substrate employed for the epitaxial growth of the device is Si-doped GaN, where the optical absorption loss is directly
proportional to the doping level. Consequently, precise control of the doping level in the GaN substrate is essential for minimizing
internal losses within the resonator cavity; 3) the high mechanical hardness and pronounced chemical inertness of GaN crystals render
conventional chemical-mechanical polishing techniques challenging. Consequently, achieving the required substrate thickness without
inflicting damage remains a significant processing challenge ; 4) despite the robust lateral optical confinement provided by the curved-
mirror structure, the laser divergence angle tends to be large due to the extended cavity length. Notwithstanding these technical
challenges, the development of curved-mirror GaN-based VCSELSs is promising. Addressing these issues is expected to facilitate the

eventual commercialization of GaN-based VCSELs.
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