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DBR) , 424 il 25 A & 7 BF 45 A IR )2 450, Z J5 PRl 45 1 DBR. ML A VCSEL i 14 W) ik 45 A1 i) 25 b il
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1979 4F  7E 48 th VCSEL BE& WA J5 , 2 fd — (7 77 K B2 RS2 8L 1 4% — S LT A GalnAsP/InP
VCSEL (9 ik g 5675 1987 4F 3 X AE 77 K 523 T GaAs/AlGaAs VCSEL B Jik b i85 1989 4F S 3 T 28 1
T GaAs/AlGaAs VCSEL WY& 2300, BUA W Ji /b T 10 mA . A F L4 2096 GaAs 3 VCSEL [ il
K HA AR 1) GaN 1] Wt VCSEL AL F i S w e pr B, B R B2 . X F 2 F M i it GaN
WA K AR TSR AEY . 1989 4F , AMANO H %5 £ Mg 8 4% GaN 5] A B 7 F6E 5, 27 o Zh 52 3
TRGEM p-GaN H " . 1991 4F ,NAKAMURA S %5 % F#GE K 5 15 f# 2 T GaN i p 38 4% /9 [m) 251, Jf- 1)
HALHY T4 — 3 GaN VCSEL & 16 1996 4E ff REDWING T M £ 3 14 B A7 4> 4 4 25 44 1 56 22 1
GaN VCSEL, B {H A B i 5 ik 2.0 MW /em’,

216G DL K LT A B VCSEL F 2 ff F GaAs #OBHA £ |, i 650 nm 850 nm 980 nm i Bt 3= 2 i F 78 40
B2 G AE L 1.3 pm A1 155 pm % B R ZE N A K IE B AF i 5 o A, GaAs VCSEL fEA& K (B2 )7 41
SRR OIS R TS WA E S IZ N . 5 GaAs VCSEL AL, GaN VCSEL i &t K £
F AN G AT WG BE . AT AR 2 S AR O BB T W% (5 ORI R R DA R BT
B - A e A D T

i F VCSEL ot Jy ) 5 A1 E Fr 2% 11 5 B, 88 080k = %5 B 48 MR 5 ), RE A% 4 41k L BA A5 3 & S ok 3R
K KT P, o] W6 B GaN VCSEL i F 7% 2 o B MR IR G 8 H 3 6, a0 e Be A4 08 TR
FORELIT CCHLLAT ARG s R . AR ] WO A 1, B4kt GaN VCSEL 1 i H 4 BE 25 9 B} 41 38
{5 RIS IEEAR I A KK R G AE 4 . AR R T I, GaN VCSEL Al DLSE R 8 26 21 4 s = 2L 6, Rl HOG ol
SO B T 1) M R o LM T N T O R SBE B B VR B RBLPY XU S B . 3 4h, GaN
VCSEL BJ/IMEFLLL KAR D AETE RS 50 2 5150 45 v B Bl 185 ASCRI AL IR S 43¢ 52 2 R 26 Jy i tho s 2 #2 s B2 (0 R

GaN 24N LED 8 278 240 E AL B BRIE 7 4 bk IR R B 28 B BTG A AL R I 28 A3 15 25 7
Tz N . VCSEL A F LED HAT AR /N A T4 6 SRR R S50 050, %84 VCSEL g
R I FH i 5% o

UVA I Bt (320~400 nm) — & i T 54 E AL Bilan - WoR Bt i B7 AR ST A UV %7
Bk Jb K B R EAT R UV SRR AL 5 B R A2 S A7 i UV 3l 28 [ A 5 3 47 Mk 9 T
B UV B S KRBy 395 nm #1365 nm. H B # WL A 58 40 [ Ak G IR Ry ok kT AT 5E 40 LED, 5k ] UV
VCSELACE UV LED FISRLT , W AT BRIy Ty 30 %5 i v B 0 M 4, ml 150 8 o A 38 10 B A5 P 34

UVB I Bt (280~320 nm) 32 % i J1 76 BE 2% (294~310 nm) AR AE 7 (310 nm) IS e . fEBE2E 7
T, T LU T B2 Bk 1A 97 (310 nm) R RE VA YT (310 nm) {8 FE ffa S #2816 97 (310 nm) 2 A4 25 D2 4 1
(294~304 nm) A= AL ARG I 28 SEAG I LA K 2K 1R CDNA RN B TR0 2507 . H b i RO A T Y 3 B R B
JEFIF 310 nm 58 ST Bz Jik ) R BERIONE , i F2 R BT AR AR, B2 B Uk A A 4 g, DT A ROR T 2 ROl IR
PE R R, A0 s PR o 7 felt B R 4Tk , UV B Y %) BE S T DA 9 v G b 28 Ty BB L 1A TR AR | AR I i 45 5 [
BF, UVBGREME 3 A 4 A= 2 D, ', 35 K20 293 nm i UVB G i AR P9 77 48 4 A= 2 D, 19302 2 B G 9
2448 . TEARMY A P27 T, 32 FHAEAE Y IR BT (310 nm) KT 35 RS SIS B 4 310 nm UVB G
TR SRR 7SR R B 3 AT 7 A R b 0 A 2 ) G, 3k ) 55 T LA A K R AV A RE R I 9 9 1 R

HAT, KZ UVBIGHE R H 248 LED JF J& LR ®F 52 5 H 10 VCSEL BAT HOG A% 9 2 WURF o, i 4« 5 s
PGP ER W8S, AT DA — 2B SO IR T RICR L O A R TSR OR A K TR T R . ISR SR B AR A S 1) UVB
(310 nm) JEIEAH He 984 98 (19 UVB(280~320 nm) YU , X K2 R 19 ¥4 97 SR B 4F, B I 38 X 10 5 B2 k19 41
AE 009G 475 XL 57 B vy T AR 40 A N R R A AR, i UVB VCSELAE MBI, WK 5 5)
FEHIIRIT G, T2 B e R A 3 MR YT IS, D X T R B AL 45 47

UVC B (200~280 nm) EZH T ARAMIHTE EWHIG . BRHEUEFH UVC K 828 2N 2 R A Y il
P40 ) DNA 3% RNA 5T 250, i pl H AR 1 40 A sl F 2B M 40 B sE T, 38 B0 8 BT 5 R . iR i
X —4EE, UVC eI Tz W H B2 3 K IR R OR FIE & . 76 2019 B 2 1 b, iR i £ i uve
LED #0 H TBEY7 B4 o 1 UVC VCSEL AT DA AEAS Dy 3% BE &y R OG T A A F L, R 3 T 1 25 1Y
AWETHEERSR .
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1 I#HESRLY VCSELHRHE

GaN VCSEL i M & F 58 2 A 55 1, GaAs & VCSEL A 19+ £ 4F )5 , 4 H Bl GaN VCSEL 0y & 5% .
1989 4F , H AR Y Bl 22 K AMANO H %5 A= K i 3 5 A9 GaN B8 I fift e 1 p B 48 2% FN i 7 BiF A TR X A9 7]
i 2 5 A 5 GaN VCSEL B 58 PR % 48 64T . GaN VCSEL B #F 5 e R IT 46 T 19954F , AR 5t Tolk Ko
1 HONDA T %5 & Y6 Xf GaN VCSEL 09 {8 R P i 47 7 B iH 5B 0 8 — O % GaN VCSEL 1E
1996 4F H ATMI A ) 89 REDWING J M 2528, 22 J5 9 1996 £ 2007 4F , 78 50 K2 A k2™ (H
ARNTT 2w JE T RAES 68 K2R B i R TR 2= LA I I 5 /N A Ak 4T T B
AN DBRZ5# i) GaN VCSEL WG . B B Ay S F & AL 78 2008 45, T 24 5 F 5% 41 il 7%
T A SR — S A O GaN VCSEL , 3% 2 55 — OB ) SE B AL i A GaN VCSEL, Bl J= B R 1 2 (1 0F
FEN R AFHEIEA GaN VCSEL B & 2 .

1.1 A3 VCSEL

GaN VCSEL J& [l A ALYk 2ROt P AR Z —  In,Ga, [N & —Fh L8 (4 I -N G AR 4 86 &R
gy, HASAF SE AR 0.7~3.4 eV B N B Sl 8, I, B | InGaN 4kl DU 35 436 n] Woe i BE . Hui %
2% 9K 3 F1 5 In 20 43 InGaN SME F)3 51, GaN VCSEL FE 8 E R EE SO B . i & & GaN 6 fstok
VCSEL M Bk i 7E S 8 A K 5 25 0 15 3y

TR g8 b 15 2RO I BE GaN VCSEL i 55 £ o 1999 4F , & 2 1 Bl 24 B¢ i KRESTNIKOV T L % 5L
LT — W56 GaN VCSEL™  [H4F, & 5 K489 SOMEYA T 2438 14— 2 OLIR & W DBR 454 1
GaN VCSEL™, iX & bk 54 52 M 19 #% 8 VCSEL 78 GaN # B 2 b sz 0 . 2 )5, % 280 ik Bt GaN
VCSEL R A5 7 & 6, iF 55 A B3 3l o i 0L/ 5t DBR R IR A DBR 45 4 ok 25 45 5 i i 1 (QE)
P IR R s, 8 v A B

VT, 7E B 561 Be GaN VCSEL A58 i Lu 8 A AR RV A ML A 45 < A B K 2% L5 2838 K% H A
Al LJE TR IR T A R A S BT, LA T S T K2R Y T SR R ST 4L T 2008 A 1l
T8 — R E A GaN VCSEL™ R0 T oL A GaN VCSEL [y 5eif . H W28 7l 18 2008 4E 52 B T i
KA AT 3K 700 pW B GBI GaN VCSEL™ . H TR 22 AR F 52 = T 2014 456l T Q1ME
3K 3 570 B R AR R 0.93 mA B & it VCSEL . 20154F, R 2 A Fld GaN VCSEL #i th U= i ks ) 7
2R, WA, HARZ MK E A F LA K S BT @ f i AlInN/GaN DBR 924 £, DL h S
FE 2018 A T 1% S H 3 6 mW, B (B HL 0 2 B 9 kA /em” (RO BIME LI 4.5 mA) L, BERALF 0.87 W/A,
KA 5. U VCSEL™ AR HGE T K R 42, 22 0% 1.8 mW L il 2r HUBH 90 Q 19 5% VCSEL,
HH I L GaAs K R 0 i 45 M 9 R3E A GaN R R VCSEL™, 2019 4%, {0 3 L A A 3 FHEA
SO, 48 1] Y6 BR H1 H2 A, R FH AL IR 4549 SEHE T 441.7 nm BB FE 5 8K GaN VCSEL™ , B #8535 30 % 1Y 22 43
AR (15.8 mW I i D RO 2,87 28 R HIA B ) AR TR HL A RN JE A Y S 4y I AE R
Kyt By /) 18 1 H 3 A O T S TS8Rk . 2020 4, H3H L AUA FR I T 5 GaN VCSEL i
— R AL 2K B AR T TR S Hh T SR R O B 6 R Dy T AR B TR 1] Ol 2 24 ORI S 0 i b MR
2020 4, Jin F 48 JE R 22 1) KEARNS T A S84 3 A 20 % 18 %5 (Buried Tunnel Junction, BTJT) iy H 7 2 i P
GaN VCSEL 7% 78 3 /NG FE RN 855 1 ASCR I R A AR Kl . S8 38 K219 CHANG T C 455 —
UOBE TiO, =5 I 8 R 22 6 M (High-index—contrast Grating, HCG) 5| A HL 3K 8 GaN VCSEL , Jf a 31 38 5+ .
20204, B 1T R 2 ik AR - 8538 a5 1 R 1) 2 B a0 AT VR B AL, B AR T A U X I R O 1 R
B, SEHLT GaN VCSEL 341 A [ {5 F 3 A 8 A dn s ol s )47 BB K22 ELAFANDY R T 4843l T
— Pl 90K Z2 5L GaN 5 GaN &2 8 B S B DBR B9 856 VCSEL™ H B 85 I K 0y 434 nm, [ {f H 9 2%
JER 42 KA/ em®, S KOG 23R 0.17 mW

FELRO GaN VCSEL J7 I, i T 8 FR il Stark 2500 F1 /&5 25 B2 615G AL B L 2006 & 9 InGaN/GaN #FPf
1 TR AR R R G BR, 2008 4F , CAT L E 283 14 4k InGaN/GaN & FBEm 24E K, i
WAL T OB T ¥ 48t GaN VCSEL 3Gt , & IR T 3 0k K o 498.8 nm , 2 %64 0.15 nm .

AR JE TR 2E R R A 98 B AE 4606 VCSEL Jy i iU 4 2 ik B, 2016 4F , WENG G %5 15 K 52 8
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TR AL GaN VOSEL B ¥ 2238 51, % GaN VCSEL #4457 i InGaN & T S /E W 25 A I, 55 i 4
W K 560.4 nm, JF H B A 0.61 mA BARHL B . 2017 45, MEL'Y 48 “*fili H InGaN &t s /E 8 A 5
DX, 3 3 R B R i A A 1 K AN 491.8 nm (S 4% €5) 4R R B 565.7 nm (F Lk ) B 36 T KR4 1 k)
7. [HAFE, XU R B2 ol i & 1 BF A R O 1) 7 A (QD-in-QW ), SEBE T HLEE AT [H B & S Ok
MLk GaN VCSEL , i #5111 e 7E 29 2 p A 1 B HL 0 A 335 5, & 969 0 Ko 545 nm i 480 | Bl & L 3 19
BN, 7E 430 nm Ak B — AN O g BIE 29N 5 mA . 20184F , XU R B %l 1K 55 1% 85 6 InGaN/
GaN & T BF5 s tH 25 &, S 7 38 F & F P 5 S 4806 VCSEL, i 38R 18 5500, 5 s #8E 3E 4R 14 )7
S B OER A B2 A RCR KRR T AR R T AR T 4806 (493 nm) 15 8 8 E BT S g . DL RS
NE6 VCSEL )5 22 & SR $ it 1 21 S i

2020 4%, R JE A Al I IE S N RARGE T 3T 220 TR 486 VCSEL™, 76 2 M GaN A ik 1 1
K420 pm, IE# DBR A £ )2 45 #h /v B I (Ta,0./Si0,) B4sH . HTH DBR 5 p-GaN J2 Z a4 A — )2
30 nm 9 ITO 2, BIE 3K 1.8 mA Cf R [ {8l 30 %5 B R 14.4 kA /em®) , 35K 515.2 nm .,
1.2 #4%M VCSEL

H T, #7440 VCSEL BB E 22 AlGaN & &k & . EZ LD A8 AIN GaN . InN K& H 4
G 2P S RES B B B SR DU PO o h e e e SR AL A O P AL
A3 0] DLE A ALGa, N AR S0 8 137 3.4 eV 5] 6.0 eV 2Z ] #2228 4™, 35 % i & B T3 22 40 (320~
400 nm) . H % 4h (280~320 nm) 2 I 48 4k (200~280 nm) B 2 G 4K #O% #% (Laser Diode, LD) &t &
(Light Emitting Diode, LED)FI%HL 4RI &% (Photodetector, PD) 45

2RO B2 ARG A G I g OGRS R R A RS T OGS R S O M T
RSO, VCSEL 1 58 A Be i 3 e WA XS 2842 . 199548, A it Tl K41 HONDA T 45 5 Y6 75 584
W BT AlGaN VCSEL 9 B {55 v 04T 7 BT B MR 52", 1996 4F ,REDWING J M 2550 B T O 22 35t (1)
AN VCSELM 3T 304E38 , 56 5% (BRI BEiY VOSEL #RS BE 1 6 22 W A 2 v i, (B 2 A
2 hM L % VCSEL AR .
1.2.1 UVA (320~400 nm) VCSEL

1996 4F , 35 [# Jo #E A #1 B> 7] (Advanced Technology Materials, Inc.) B REDWING J M 45 5 J) 52 B
T 451363 nm H R VCSEL Wt A5/ RUR R & D3 R i 6 an & 1. b O F DBR ¥ 304~ &
19 Al Gag N (39.7 nm) /Al 1,Ga, e N(37.2 nm) ¥ B, A P28 10 pm 9 GaN, 5 3K b 363.5 nm , B4 3

20

GaN-AIGaN VCSEL
1,=2.0 MW/cm®
Apump=337 nm(JY)

Laser B 7=300 K
emission 12 -

GaN-AlIGaN vertical cavity surface
emitting laser 16 |-

Lon=1.11,

n ] -
e TERl i m

AIN buffer (15 nm) 4 I =0.65 1,
. . —— pump: & th

IS NN
. ' P

15w v,

= AIGaN reflector (2.3 um)

=2 AlGaN reflector (2.3 um) sl
e
Pum < 4
GaN active (10 pm) lighF %‘
Z2 -
Lm éO AN EENE NI NN NS NN
z
k=
E
m

v
oo i

~ . A ‘.z . ’
~ i NN
< <Sapphire substrate-

T R R

0
355 360 365 370 375 380
Wavelength/nm

(a) Structure of the VCSEL (b) Surface emission spectra of the VCSEL

1 363nm VCSEL #y %4 5 & £ ki
Fig. 1 Structure and emission spectra of the 363 nm VCSEL "%
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i} 2 MW /cm?,

2000 4F , 1 W K2 (Brown University) 9 ZHOU H L %5 il # 1 T 383 nm Y6 ¥ 4 #9 VCSEL™ | [ {8 )
030 mW, 258/ T 0.1 nm, &M K 2, A I X K 20 X In,,Ga, ;N (4 nm)/GaN (6 nm) i + B, I
DBR & HIO,/SiO,, F DBR 4 60 X%f GaN/Al,,:Ga,--No X FE A DBR 454 M1t T 22 LY DBRZ5 1, 3%
THT 9 A 52 B DBR il 2% T 25 M7 B S S 6 v EL g B 14 98 B 5

20104F, g V2 T K2 19 CHEN R %5 R JH 44 K 2k %) (Nanosphere Lithography , NSL) il 45 T -3 H 42
259 500 nm PR A, ST R AlLGa, N/ALGa, N DBR . Ti# 4 SiO,/HfO, DBR £ A 1) 44 K 4 [
G5 VCSEL . 4544 Al LLAR AL O8 5 (9 06 A BR A, R AR O B {8, an &1 39T/ o % A A AE 343.7 nm Ab i

HfO,/Si0, DBR

100 nm Al,,Ga, ;N

60xGaN/Al, ,Ga, -;N DBR

20 nm AIN

| e |

(a) Structure of the VCSEL

[ Tk P.=132P, 7=300 K

3 T

St I

& z

Sat

£ e AZ<0.1 nm g

o & r

LS} =

é 1

- @]
5
_ A
1 1 1 1 1 0 1 1 1 1 1
360 370 380 390 400 410 0 20 40 60 80 100
Wavelength/nm Input power/mW
(b) Emission spectrum at 1.32 P, (c) The dependence of the output power
on the input power
B2 383nm VCSEL % & ok 5 8 i o & b &
Fig. 2 Structure, emission spectrum and output power of the 383 nm VCSEL ™
E o
5 [Pir0.52 MW/em®
~| &
=138
S| E
=1
§ T 0 030609 12
= Excitation density/ 7
i (MW-cm?) . /.00,/7
0 )Q&)&) o
0 9 .
0% B " e‘}%

0 %5 0

320 330 340 350 360 370 2307 by
Wavelength/nm ©F @I\

the nitride sample (b) The emission spectra under different excitation density for the

nanopillar sample. Figure in the inset shows the dependence of

the integrated PL intensity on the laser excitation density

B 3 343.7nm VCSEL #9357 & 4t 4 o F 8 4 | f # PL kg™
Fig. 3 FESEM image and PL spectra of the 343.7 nm VCSEL"™"
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P

B, P BRE 8 0.52 MW /em®,

20154F  FRIA W T 22 BE LIU Y S 5145 T IngsGa, s N/ Al 1;Gag oo N 1 7 BE 1 45 4F VCSEL™  Ho 4544 4n
Kl 4(a), BT K 367.5 nm, 6584 1.4 nm, BI{E R 1 MW /em?, J& 24 iF 4008 B e R B . %28 0F R0 TIRA
DBR %5 1 , B AL 17 3 F DBR, HIO,/SiO, fF |- DBR. 2016 45 , i% i 85 41 SR fk T 28 {0145 9 1 4% 4b
VCSEL™, HZ5 M & 4(c) o % VCSEL 4 8F # K 4 374.9 nm, R{E N 1.64 MW /cm®, P32 VCSEL 4 56
HeiEanE 4(b) L (d) .

45 T T T T T
' a0 £  —— 588 kW/en?
HfO,/Si0, ; :1-3587-6 " —— 703 kW/cm? ]
£ 35 [ OP-VCSEL with G 769 kWiem? 4
i ] — 890 kW/cm?
) % 30 f40xAlGaN/GaN DBR 1055 kW/em?
120 nm Aluuooau«uN E i )upu,,]p=193 nm 2
Eoos e — 1215 kW/cm? ]
z Ny —— 1370 kW/cm?
g 20 [ FWHM~1.41nm — 1517 kW/cm? 1
§ 15 .
120 nm Al ,.Ga, 4N B0} ..
2 sk ‘
40%GaN/Al, ;,Ga, N n-DBR oL " R . R
340 350 360 370 380 390 400

Wavelength/nm

f th : EL -
(2) Structure of the 367.5 nm VCS (b) Emission spectra of the 367.5 nm VCSEL

_ phogsio, 3s ——————
—~ OP-VCSEL cm’
= n?xﬁ,}g%ga“ o 5 30F ;. o & ——409 kWiem® -
21 120 nm Al o, Gago,N g | e f\r' ki nr 1
pics 200 = 25F P=164MW/em® @] ——745kW/em® A
< : ——1066 kW/cm? 1
— 2 20F ——1583 kW/em?
40.5xAl,,GaN/GaN 7#-DBR é 1 ——1845 kW/cm? 1
= 15F —2220 kW/cm? 4
o = L ——2310 kW/em? |
- —— v
n-GaN buftfer g 10 | %g%g t%;gﬁz ]
£ 5t .
Sapphire substrate 3
0 A A
320 340 360 380 400 420
(c) Structure of the 374.9 nm VCSEL Wavelength/nm

(d) Emission spectra of the 374.9 nm VCSEL

M 4 367.5nm A7 374.9 nm VCSEL #y £ # Fn % o o 3
Fig. 4 Structure and emission spectra for the 367.5 nm and the 374.9 nm VCSELSs, respectively ™™’

2018 4F , 5 15 223 K 2% 1 CHANG T C %5% J] TiO, 5 % e 6 (High-Contrast Grating, HCG) fE 4
0038 52 5 B L il 45 T 4R AM % VCSEL™ . H S 0 K 4 369.1 nm, HAT 0.69 MW /em® i B {8, 4 3 4% 2 10
PS5, HCG B A B 8 B 58 L I FR 0T 9 DL RO 3R B KRG T S0 4, E S K WK GaAs &9
VCSEL W45 8| 77z i 58 B H il 1 T 2R 52 2%, i R if A SEBR o .

20194F , FRIA W TR 2% A PARK Y J45 5] A% B DBRORHE K DBR W b HT 58 22 se gl 17 B
A R F DBR, E 10 A FH 85 04 52 B0 T B {8 ) 23 %5 B I % 270 kW /em® 19 375 nm 35T, H A5 W 6.

2021 4F , JE TR £ IR AT 5 20 7E UVA S BeSC B T 376~409 nm FYE T B ek | 7 5 . R
i 1 EAT XA 5 DBR FUR FH ARG 5% 8% 1 AR 4 i BT s, AT SE B T #A8 fs K o 7 InGaN/GaN Z 7 1 A
TR DXCR P A 30D P 300 35 45 4 L 3 T IR S TR )2 Z MR A o PO B R R D IR, 78 B4 VCSEL
AR AN ) A S BET AN ) 0 R A R R O o R TRDIB T B9 B S T 2 4% Ol 383~466 kW /em®, Horf
20 AN 3 1) ) (L 5 9 ) R 4 A A
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i F 369.1 nm — 0.789 MW/cm’
L . — 0.828 MW/cm’
E 5 — 0.840 MW/cm®
S 8
5 5
zr z
o o
& =9
=3 =
o o
| D S —
0 02 04 06 08 360 370 380 390 400 410 420
Excitation power density/(MW-cm?) Wavelength/nm
(a) Spectrally-integrated optical power (b) Emission spectra for different excitation
as a function of excitation power density power densities

B 5 HCG VCSEL #y iy 4™
Fig. 5 Output characteristics of the HCG VCSEL™”

KrF 248 nm

(-4
m
@)
)
| Sxu-A NQB|  Snm
5x Iny o Gag N QW
| uAl, | sam
=4
m
= 5% u-Aly sGagosN 103.6 nm
<
oy 5x Air-GaP 277 nm
® u-Al sGag N 300 nm
u-Al ,GagosN 600 nm

c-plane sapphire substrate

(a) Structure of the VCSEL

100000 T T T — — 100000 . . .
| 4-1936-3D OPVCSEL § Optical exciation 4-1936-3D OPVCSEL
with airgap o power density/ with airgap
~ 80000 - o (kW-cm™) I —~ 80000 F ]
5 o =
= —101 Z
= L — 141 4 < i A
' %x 60000 219 é‘ 60000
5 — 366 g
E 40000 =i E 40000 1
O — 583 3
= RT A
20000 F  7,.,=248 nm 20000 ~270 kW-cm? .
0 N . . R 0 L L L
300 320 340 360 380 400 420 440 0 200 400 600 800
Wavelength/nm Optical excitation power density/(kW-cm™)
(b) PL spectra (c) PL intensity as a function of excitation power density

B 6 375nm VCSEL th &4, & ot b foddy o oy 7Y

Fig. 6 Structure, emission spectrum and output characteristic of the 375 nm VCSEL'"
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S L T [ s
= e s
w o '5 [
E - 2|
£ f G =
o 1 /j -
0.1 03 0507 09 370 380 390 400 410
Pump energy/(mJ-cm?) Wavelength/nm
(a) Output intensity of VCSEL as a (b) Normalized lasing spectra of five points on a
function of excitation energy single VCSEL chip

B 7 %% KK UVA VCSEL 8 & 8 618 fn o &
Fig. 7 Emission spectrum and output characteristic of the graded cavity length VCSEL"™

1.2.2 UVB(280~320 nm)VCSEL

20204 ,HJORT F 4543 T 310 nm (967 VCSEL RSB . #1FME 2 R IEIE S5 A AR S5 48 an P 8(a) .
HME R MOCVD A4, 538 i H A2 8 ik iy 75 1 25 Bl I8, 76 300 °C .50 MPa & 1 F i i 28 AR 50
BIHH R Ti/AvE S EERK B AIEN AlGaN & FBF, | F DBR¥ HfOZ/SiOZ DBR. Ti#DBRAY
18 B 0 320 nm, WA T SR 99 %6 . IS HS R S BE A A I DBR A48 ALBRAL A . R ALR ST,
DBR7EBUH A B S 55 A58 T3 MO 10 MW /em? 2247, Z698 0 3 nm, JG3% anf&l 8<b) (PR,

42 nm Al Gao N
— 15 1m Al s0Gao N
UVB emission 3 %2 nm AlGaN QW
5.um Aly50GaosoN barriers
40 nm Al 56Gay 50N
) B -
j H}i},[sloz DBR=Se= ﬂ
A\GaN cavity and Z’ = 218 1m AloesGato 6N
- ' 1i0,/i0: DBR
or ——
fngmes . AL o
TilAu bms‘?‘c:gmef i —] il uh/n-AlosGloa
1 100 nm n-Al, ngaosuN
. [Si] =2 10" cm?
15 nm 15 nm 200 nm n-AlyGag N
[Si] = 0.5 x 108 cm™
AlgssGaosN pseudo-substrate
[Si] = 2-3 10" cm®
AlIN/sapphire template
0 nm = 0 nm

(a) The 310 nm VCSEL structure, surface topography, and epitaxial structure

Pump pulse energy/nJ
10° T 1.0 12 2.9 h ; > -
—25 NI\V/CIII2 5100 Single peak . "' a ’," L
_ — 8.8 MW/em’ 0 .{-"i P
= 18 MW/cn? 308w J o @ !
<10° — 35 MW/em” | < |z e
£ 20650 =2 s » b
é 2 30 P U, -
o 15 Pump power density/(MW-cm?), P
g g 0 4+ i 4 ',’i -
§ 1074 ; Single peak ,.' ’,.'
2 a o
o o 02 i ’i Full spectrum T
l
l
—6 1 ‘i ’ - .I ol = 1 1 1
10 300 310 320 330 340 00 10 20 30 40
Wavelength/nm Pump power density/(MW-cm?)
(b) Logarithmic-scale PL emission spectra for different (c) Optical emission intensity at room temperature as a
pump power densities function of pump power density and energy per pulse

B 8 310nm VCSEL #y £ # Kk 4 Kbk Aot 41
Fig. 8 Structure, surface topography, emission spectrum and output characteristic of the 310 nm VCSEL""
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1.2.3 UVC(200~280 nm) VCSEL

MK — 2 4 5 B UVC I BERE, VOSEL 5 L 3T 58 1 i o 48 40 5 in PR, 35 2202 P DBR KA TR
XA G2 BRE B A T2k . I, TR 2 ik AR I S AL AR TR 4 A VCSEL 7 IS T — R4 8K
i . 20184F ,ZHENG Z % HE 4 70 B T AlGaN P-4l G s w0 SE B 6 , T T iAE T 56 F AlGaN & F & f
JE 2 1 T DBR YN HIO,/SIO M B . 2l 15, ZHENG Z %50k 6 22 45 FE 1 38 2200 U5 5 1m S
PFE | AT LA 3 /N 0 0 i 17 3 T RELARE B LA B O SRR BT 5 PN O B U ) IR T EE A R AR I A T R
SHRFE. 2021 4F ,ZHENG Z 45 s S2 8L T WA I DBR £5 M9 59 UVC VCSEL B G5 B, #8145 44 1
B 9Ca) . A F 2R T O R R R R F 80 5 A+, e bl T2 M DBR BT, i il & T 44 it
JE DBR 45 ¥ #9 VCSEL . X 124 F F4— 2 UVC 3 B VCSEL B, 2 B F - 1k 3 K 5 58 19 41
VCSEL., ZA W IX 5% Al,Ga,,N(2 nm)/Al;Ga,;N(6 nm) Z & T Hf 2, - DBR & 7.5 %f HfO,/Si0O,, F
DBR 4 15.5 %t HIO,/SiO,, 4t i K 4 275.9 nm, £k 55 0.78 nm, B{E IR % B 1.21 MW /em®, 28 1 & %
ek & 9(b) () Fir R .

EDBR

‘FDBR

Glass substrate

(a) Structure of the 275.9 nm VCSEL

—0.167 W
275.91 nm — 033
— 04 W
— 041
— 0.5
— 055w
— 0.74 pJ
—— 0.8
— 0.9 W
— 095 ]
—— 115w
240 260 280 300 320 340 360 0 0.5 1.0 1.5
Wavelength/nm Excitation energy/pJ

(b) Laser emission spectra for the AlGaN VCSEL (c) Light output intensity as a function of

with increasing pumping energy at room temperature excitation energy at room temperature

5

Apump=240 nm
Py=121 MW/cm®

Intensity/(a.u.)
Intensity/(a.u.)

0.74 W

9 275.9nm VCSEL #y &4, & % big 5 sy i i &1

Fig. 9 Structure, emission spectrum and output characteristic of the 275.9 nm VCSEL™’

2 ESNVCSEL RIS MR X

A AR T HoAh I BE A VCSEL, 540 I BE Y VCSEL & J& %2 2118 22 Bk i, It H 2 I 48 4h % B (<<280 nm)
VCSEL. S35 A0 B VCSEL M it % 6346 /&5 0 it AR 19 345 (DBR A9 #5325 DL K T 3% 1R RS
JE B 4 ) e, X T L A 2R Ah VOSEL , ¥ 75 2 5C E HL i 4 R RN 48t 7 T A ROR 55 In) A
2.1 }*ZEVCSEL

il 55 Y6 A 5K A VOSEL 1 JC il o] BUAL 5 1) B 48 = ALAL 43 19 AlGaN AME | {H AL 43k =7, A1 48
T6 P 5 v e AT 2R I 2 1 1 B8 PR XE 2 5 B0 AR B B ALGaN AMEE RS 25 B i 45 2) i TR 48 4 DBR
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il & RME , 04k P DBR FE7E fi 46 2K i B2 K 32 500K BE T8 PN 20 40 AN 359 50 IR AT 9 o8 25 46 R 2, R b sk LA A
B AA m RO A DBR 5 3) 41 B DBR 5 2851 B AF IS #Y T 20 0 IS 5% B W A7 12 1% 22 IR M, W] I 40 B2 I DBR
FE R 5R A B AW AEAE 43 WO ) f
211 ZHdhARREAIGaNshaE | o9 £ K

AlGaN B8}, R 51 = ALAL S AlGaN b RF Y 8 38 28 K AR A7 FEAR 220 5, R A LR LA 1) iy F ik
Z A A RS, 38 R 5 AT IS A AE AIGaN BB, I - 35 5 A SIC I SiAT IR AE . ik 64t I 4 kL5 AlGaN #
RHE TR BRI P K R AR R 22 5, DR, ALG aN JHEJIEE v 77 78 88 R 1 PN 3 5 I8 1, 25 5 S OIS 1
o B AL AR R R e R R T A R A AR M, T B AR T ALGaN (1 A A RDE 2
fig s 2) SN AE rh A L 5 R 45 0 B LA BRI AR L A R T R N B R A K AT Gali T,
ALJE - BLAT R T 2 80K R0 26 1 1T 78 AR B0 5 o5, ME LT RS 2 & B sl F L 45 4 o R AlGaN & 5 B i = 4k
SR A KA, M T A D B8 T 43 A A0 I R X ST R Bl 2 AN SE A KR, R A TR Ty . ik T S
S it R ROSE R B, I L A 9 RS ) e T A . R ) Sk e AR, T R B 5K N ) i
i A 7 A Bt 2 0y 2R AT B T A A E ALGaN AR H SR AR B A s R M b g R RE
K10 # iR T AlGaN £ & 7 BF N & 7 %K (Internal Quantum Efficiency, IQE) 5 & T BF I {7 4% % &
(Dislocation Density, DD) [ 3¢ &, 7] LA 1, BE & DD (934 K, IQE 32 # &A% ; 3) /£ MOCVD 4 K AlGaN
FERL R AL G JE A LT L H 4 T A5 FLUR Ak 2% P 0T 3 O, TMAL AT NHL 78 = T T A7 6™ 8/ TRONE , 7™ A=
/IR FEAT RS b, 23 5 B0 i 7= Az TR] s 25 A B V5 R 50O R R . DR, Ol T 2B K i e AL
43 A1GaN B R}, 20400 5 IR S5 05 A0 AiE i 46 2% T K A 485 285 R L AL 1 3 1T R RS SRR AIG AT 2B R ik B 46 i)
B X ENAERK T L B3 Rk

100
—— Theoletical line
| 230 nm
80 ® 250nm
I A 300 nm
* 350 nm
= 60
I L
o
= 40
20
0
107 10° 10° 10" 10"
DDs/cm *

B 10 AlGaN % B ¥ B v B 780 % (IQE) M B F Br A48 % £ (DD) #y & 46"
Fig. 10 Variation of internal quantum efficiency of AIGaN multiple quantum wells with dislocation density in quantum wells"®

S ALGaN W R AR < 5 i rh A A TROME L (E T L5 A0 00 FH A 5%, 5 BT A 19 AIGaN B4R AR K IR 2 2
R WIS TIFZ R . 8 Tl i 50+ IR B AIGaN JZ /YRy, 74 3 & B it AlGaN ShEJZ= , i 5
AR 25 P A JZ AR B AIN AR 5 B2 77, 301k 2807 . KAMIYAMA S fil AMANO H 2™ 4
B AR IR AIN A AIGaN i A JZ H AR R4 T B0 AlGaN SMEJZ o HUR 3k F 5 2 th TR IR 16 AR
9 ot e A A, 2 T BUR 2289 AlGaN SME JZ B 19 45 46, T 2 JZ AR 22 vh J2 B3 A 22 THRE i e, 5 3L
2 (AR D AR A A X R 7 R B RCR AT T T A, BYKHOVSKI A D %7 AT ZHANG J P 457
73R T GaN/AIN BLE GaN/AlGaN i dh 4 4544 ok 2 A 5K W 1 o AINBERHE Ak 35 20/ T AlGaN /Y & ks
TR U TEWE F A FOR A AINBAR A K AIGaN B BHE , AlGaN 23 32 8 JE W 7 1A B f %2, 91 H AIN #9747 Bt
B0 B KA T 200 nm K Y SEAMEE A E B o Rl AINBPRHECA 0 R i3S R RE FAATE E M. TR 4
SRR T, AIN ARl LA T 040 W A h (A o o, 6 A 0 5 4 B2 o I L, g o i 9 AN RS Al ml DL 6 g
AlGaN JFit , T F 5 T S A PR RO VERE o SR, ply T o T8 547 R AN 22 [ 59 T8 1A ot A 2 TOC 18 15 1306, A
L TMALHNH, 22 [0 4775 53 Z0 A SO TSN, AIN R AR 1AL T I 3 7 02 ) P o

B Ah, H AR E ST 2r bk XSt R T — FR 0 9] ) 4E (Epitaxial Lateral Overgrowth, ELO) K, 4
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AlGaN B L il 25 Si0, ZOR HE B, I 0F — 25 00 1] 41 4E A1GaN A F, B3R A3 T ALZL 43 3k 30 %0 Y 8 ikt i
TRE AIGaNAME o (FAE 3 1 =02 3XFP 7 ik 6 T AL4L e 19 A1GaN # kA — 2 19 )= BR M, AT4 5y
AN, ERAR30%., W HELO TP & 44, @ %ot 2 1 ik 21 bl DL K Jm 22 R ok 45
VENNEGUES P 44t 8 £, GaN 4 |24 K 11 5 i (High Temperature, HT ) AIN 4 A JZ 8 43 Ji V 5
SRS A SO RN T o PR T MOCVD J5 575 5 i i GaN il 2 b LHT-AIN i A ERK T
# AL 5r ALGa, N(0.33<<2<<0.79)SMEF L . A58 & I, HT-AIN 46 AJZ i (19 V B 25 F9 %5 AlGaN 4 E
J2 1 AR K RE % 1S B I SR RS 1) AR SE (ELO) AR, T HL AIN 48 A 2 B8 98 47 24 3 22/ A1GaN 15 i 1 47, MK
AR A5 5 T i TE AU AIGaN I . 5 ELO A K Iy ik A H % 07 i B AR AR K T ) S 2540 a5

B T LA bW 5% R 2Ok £ = ALGaN # AR K0, B AT IS A AR LA B R 1) AL A i AR 1
AlGaN 2z #h )22 5 2) B A4 % 45 T Br okt A1GaN i B8 1 &b (A0 S5 ik 5 3) 2R 181 7% M 77 TMIn i B A= 4, 15 5 5 Al
4153 A1GaN 2 T8 W B B 1) 1 8% S5 ok B AR Bl g 285 5 4) 2B A Rk 0 sl = AR Kk A . DL U Oy
AT DLAE— B R B LR AlGaN f A i i
2.1.2 DBR## &

TEil 4 VCSEL i}, DBR 25 #4 () B #5305 A =M 07 20 2 A L) DBR 4544 (IR & DBR 45 14 F1 4 /i o1 [l
DBR&5# . Xt F &k DBR&5H VCSEL, Bl E |\ F DBR #48 #8 %€ 4= K A9 ALY, T 415 DBR A9 4
RACY) Z RIAEAE S kg O T K B0 Hr 39 28 25/ A3 35 M L) DBR Y (& SO 9825 RO R AR AR M RHZ R0
K AR MEFS 3w BT Y DBR.

R4 DBREH, BT DBR A AMNEA K 19 & 46 DBR, | DBR M A (2 246 ) DBR , 3 Fh 45 #9475
SRELTNIG & 5 4 E L) DBR A [A] (9 S 4E R XfE . 44 BT DBR 4544 , B F T DBR ¥ ¢ 4 57 5 Gl % 28 4 Ak
YRR . W B DBR #8HA Si0, . HIO,, Ti,0,. Ta,0;. TiO, . ZrO, % . 3 F H 4 3& i # K, 4 Si0,/
Ti0,.Si0,/Ta,0, HfO,/Si0, . Si0,/ZrO, %5 8 LA E /N X B S B 99 %6 DL i 53R ol T4 Joa A L i 26
Z PR, Hilil g TZ2RAR B, &) T A5 5048 58 5 RO 219 DBR. [HAE 284U HJE R 55 I B
Vi 2 S ALY R REAEAE A SR B A O . TRl S1O, R HIO, 78 584 6 B B B AR T 06 R 40, 1T LA 200 b sk
B X 58 A6 I W, 38 5 >R A S10,4E 2 DBR AR 3T 565 6 4Rk, T s 47 569 S5 04 B B HIO, . & Fh S8 Ak W 7
300 nm &b B 47T 55 2 5 OE R BN KR 1R o

K1 BEMBHESLWEI0mm EERTHESE RS

Table 1 Refractive indes and extinction coefficients for various transparent oxides around 300 nm

Material Refractive index Extinction coefficient Reference
SiO, 1.5 0 [78]
HIO, 1.98 7.67X10°° Ours
Ti,0; 2.3 0.2 [79]
Ta,0; 2.4 0.2 [78]
TiO, 2.8 1 [80]

2.1.3 Atk A9

A BB DBR 4548 5 AR S8 08 | R B A A0 L B R i R R A A AR A9 IR A IS O A
40 e e 7% 30 A S AT B LADEAR | DBR. X i 45 07 X 1 & A TR 24k . 2008 4 H
WA 2 4RI T 5 — T 20 I DBR 45 H9 1) GaN VCSEL 1 % i 7% S0t ™ o 2% 4R M E 6 i 1 h
PP, Z JE AR B G B T SIS R b IR0 FH OGBS 10 7 Bk 85 S AR R 5Bk

AlGaN FME Fr 5 BB I Sk 6 58 A0 AT IS 2 — i B R AR 9 B R b kL . i B A kIR
T AT = OB # B (Laser Lifted Off, LLO)™™ 36 £ 47 B (19 5% B fk 2% J85 il (Bandgap Selected Photo-
electrochemistry Etching, BGS-PECE)"™™ Fl & 4 [l (1) 4% [n] 5 1 #4J8 ok (Hydrogen-environment Anisotropic
Thermal Etching, HEATE)"™ "', BGS-PECE XJ 44k )72 (1 #) P .5 v 285 T 047 Bl 149 56 B2 #8828 5K , Ga itk
I p AU G BB R 23 {45 4 P )2 X DA B 1k, O ELA R S A R TR A A E S AL P e /N o R )
O3 e ¥y S AR A, ) T ks S BRI 5 A S 2 Y R T AR B X S PR R AR BR A T iR . HEATE Jr i
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P

PR A 1) 43 ik AR AR AR TR AN ] 1 A B e 0 O T R R

FHEEZ R LLO S F 0 98 BB ), G D B2 SR SO 3 o i Ak B, T 2 8 ) % i 0k B 1 e A TR
W 3 I OIS W A R R A 2, 2 A B B, AR 2 R A W A A B L A
F A JES RIS AR o (HZ M HE T GaN A RE, AlGaN B4 BB S 37 56 B K, Wl R 800N, 40 e T8 BE v, (45 30
BB AlGaN FME 28 Hpk ik . 8%, B3 AlGaN A E )2 75 2% 58 DL R LA [ A3

1) # AlGaNAME 24 K 7E GaN Bidz )2 b, W 25 S BUE A AlGaN SME 2 #5231 T 8 KW 5k I A1, i 7E
WO B A S R 7 AR A IR B v R A AR SR E— A, TR . ERCR IR B R T, & S BORE A
AlGaNAMEZ W% o BT LA, R T 358 58 58 1 OGRS RO, A 3m 1 B AR B e 2

2) # AlGaNSMEZAH T AIN SR ZE , W — 8 o 40 AR KT AIN 2 B AIGaN 28 52 34 I i) #
B X T A O B B i e B L 9T B AIGaN 2 X Z O B il . ZHENG 7 2851 451
UVC VCSEL g2 H 73X F oy .

3) T OGRS 5 1 AE R 2R T A RLRE 2 23 B R b 52 ) i 9 SRR DA 52 ) s ) T R T KR
HR, A RO AR K . RIS, KB O Rt K o T LA, 7R TR SR A1 I B, A 0 R — AR
RO RE IO B B S T B AlGaN 2 m JE 17 4, 1 dn Ak 2% HL A G % (Chemical Mechanical Polishing,
CMP).,

2.2 HEVCSEL

B T H A VCSEL MG VCSEL 9 #0ii + 1 A LR [A], Ir AL 2 VCSEL 7R 454 F 2 ot R i
e RMETT 22 . 1) Z ALY R 45 0 LA ) A U5 AR 4 RO A e VAR B R T, 8 R RSB L TR L
Frek iyt ot . Fre P BER A2 VCSEL W LY 8 2, 75 22 6] i i e i i i iz DG Pk . 2) Rl RE &
BB T AR . W T K R IR A By VCSEL, )2 5 81 17 BH$% 2 A9 47 By S8 /0N, o 7 0 i 5% 5
R BT LA A B RS2 (EBL) .

221 WHRYEE

16 GaAs 5 VCSEL ', & i S R 1 GaAs/AlGaAs DBRE A 5 SE 9 . Rt , B # — AR #B 37T A7 DBR %
17, LU 28 3 DBR YA AR I, AR 7= A 13% , an &l 11(a) iR ™, {HA7E GaN VCSEL H A4 K i i 3R 1)
BALY DBR 20 WM, 5 H 2 p Ml DBR. Pt GaN VCSEL 0 5 A8 5 3547 1 10 Al 06 25 1) 45 M P4 422 fi el
e, ff H R S5 5 DBR I ASIR I, W& 11 () IR ™0 B T T 28 B A4 A, 6 P 42 ik e A% 205 440 the 25 5
TP G A R G B DA R B R R I A R . AT p-GaN IR L 5 R A FE LR & R S
p-GaN Z [a] il & FL 4 8 2, 38 5 802 2 DT U A 8 (1TO) J2 83 A K % T8 45 LA 52 30 BRI 4% ok 5 P 9
PR,

ITO transparent InGaN/GaN MQW
contact MQW

NN

(a) Schematic diagram of innagavity contact (b) Schematic diagram of intracavity contact
structure of GaAs VCSEL™ structure of GaN VCSEL!

B 11 VCSEL i ples
Fig. 11 Intracavity contact of VCSEL™*’

ITO 2 FE787 Bt i WA L, LA B 3.5~4.3 eVo 1 T ITO [R] i B A7 R 45 #Y 5: d M AL SL A, i LA AR
Al LG VCSEL & 15 88 2 1 i . (B TTO Xt 58 40 i Be B A R # 5 i W I R 80, N 6 0 T 58 4
VCSEL. H A 7y Bl H B i 45 (Tunnel-junction, TJ) 5 & #5205 o bR 00 1 2806 5 E MR Y R )2
DL /INE B FE  $e THAR FMERE . it — 28 AlGaN JERR B Z5 9 i FH 7 ik B 17 W H P EE A UV VCSEL
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B H KW 7 BRIEZS , BRI A A B 28 200, — MO F 4B 24 19 p X (ZROKR BR L HE A Ml ) 1 H il vl % 2 31
AHAR A E B 4% 0 n X (FROK BE Gt A S5 ) B9 7ty , DTG S0 5 L D i
20154F , Hit 1% 2T T 22 B2 1 MALINVERNI M "8 420448 A 319 % 18 ?S(Burled Tunnel Junction, BTJ)
ity A GaN 8 LED H o 858 4l 12, 5% Fl 43 F A SE A= K GaN BRI 45 , 78 1 32 32 ik FE 4538 10" em
BN L R SE BT B R R S T BE A pn 4, AT S B ARG A 1] g 2 ﬁt%:ﬁ,nf%%ﬁwljazﬂn—p—n%
¥4 ,10 V I i R B /AN T 51077 A em* AL IR HL 300 %% B o T AE IE ) 3.3 V4.8 VI HEL i
BREST 5 20 Avem PR12 000 Arem 7L AE+5 VISR B A SR A9 L AR B BH O 3.7 <10 'Qrem’®, AT BR
LM AR A LED 520 T R AF A9 A It FR i 5 240 50 A s v AL, [m] I o ik W T 6% 38 45 45+ e 7 11l % A Ak
Yyrh sz B, LA LA AL B2 35 BH 5 B S 4k ( Transparent Conducting Oxide, TCO)JZ .

Sapphire

W12 AR R fn/n%'fg—@%

Fig. 12 Schematic diagram of the buried tunnel junction"*’

2016 4, in A 45 JE W K22 LEONARD J T #5817 405 nm VCSEL ") TTO 8 )2 FlE% 18 45 95 Fh 45 ¥4 16
FEAFAR AR BB D AR =0 T B X AR TR 13 F 22 2 TT O T A 4 5 2R R A 2R K A
TTO 3 JI5 7 42 % I B i 22 80 L 76 405 nm VCSEL H ITO & B A4 56 o5 8 P 3 506 19 L 191 24 74/
(~30cem ") o BT n BVE ALY 7R 4G K O HIZ 550 IR R BUN T ITO, It AL T BR 1 TIE &, ifi
HLR T DL o 1 K TS B i 8, L3 T AR i #E . 7E LEONARD T T 8955 — 3¢ T T WF5E
e sE g ) TTRE 85K VCSEL YR 400 0 (A A 25 3 25 MR B 29 14 em ', I B S 9 << 5 em ™A L FE
T TIZS KX T 5O AR S VCSEL 75 B0 HL R 3 HIOR /N 5348 P A4 Ty 1 A o 24

230 = 1x10°
C Multi-layer ITO E
25 °C layer thickness: ~4.4 nm TE
. 2.20 1 400 °C layer thickness: ~39.8 nm I 1X104 )
S
é Resistivity: 5.7x10 * Q-cm ] %.
2210 T1x10° 8
2 «— : 8
£ 3 2
1y &
& 200 £ \ $1x10* §
E 8
3 <
MSE 7 39
1.90 4 i 4 TEENEEE N TR L lxl()l
350 400 450 500 550 600 650 700 750

Wavelength/nm

B 13 % 2 ITO 38 oy 45 5 25 fn ok 2 2k 4 A7 8100100

Fig. 13 Refractive index and absorption coefficient dispersion for multi-layer ITO films'*'* !

25 T %A p M4 2R R S AR R B A BRE 45 S5 40 1) VCSEL 250 W&l 14 TR, 45 &
& 3 ME 14 7] LIAS 2], E ALY W ECARE 1 m AR R TIEAR TTO ol DAAT 800035 Bt . i F p-GaN
X 58 A B i WU T n-GaN, T AXE T T, AT LA/ p-GaN JE B L 2= B FE A 28 7+ VCSEL i
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fEo 76 12 um BIFLAE F , TJ VCSEL #y I 5 D) 3R 2 24 550 pW, B {E fE I % & 298 3.5 kA/cm?, 1 ITO
VCSEL I IR 20 80 uW , BI{H B 2 N 7 kA/em”. 45 R, TIZM A5 AL T VCSEL 4
o) P O 2 L v TR E TR

£2 BE14FXNAFEDBR VCSEL W pMIE oM RS R

Table 2 Typical thermal conductivities for some of the materials on the p-side of the VCSEL in Fig. 18 at
room-temperature

Material Thermal conductivities/(Wecm ™ '+K) Reference
GaN 1.3 [106]
ITO 0.05 [103]

Ta,0, 0.004 5 [104]
SiO, 0.007 [105]

.
12P n-DBR n GaN

(Fa:05(5i02) 1-Aly Gy N

SiN,
~ 7QW(A3 nm, BI nm)

p-Aly2Gay sN(EBL)

p-GaN

Al ion implant

Tunnel junction
Ti/Au

Cu block

H14 AAMHELZ(THEMN VCSEL &4 7 & E"™
Fig. 14 Schematic diagram of a VCSEL with TJ""

222 BATENZE(RATEE pHE)
2221 wFraiE

XF T AlGaN % VCSEL, T AlGaN ) p BU42 2% 03 hn I A, 5 SO0 36 7 5 0 A A IR X0 1% o)™ 5,
FLF AT U5 DX 5 3 p X B ™ DR, T B O Y PP 2 (EBL) SR B IR P it 6% .t T4
HF VCSEL L HJ& PR 4 AP B, T34 22 2 5 2 5 1 7 BF b i) 22 208 A R0 -7 B, M4 ) ] S 64
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Development and Challenges of Nitride Vertical-cavity Surface-emitting

Lasers (Invited)

WANG Yukun, ZHENG Zhongming, LONG Hao, MEI Yang, ZHANG Baoping
(School of Electronic Science and Engineering (National Model Microelectronics College) , Xiamen University,
Xiamen 361005, China)

Abstract: There are many kinds of semiconductor lasers, such as Distributed Feedback Laser Diode

(DFB-LD), Edge Emitting Laser (EEL) and Vertical Cavity Surface Emitting Laser (VCSEL). Among

them, VCSEL has many advantages such as large—scale two—dimensional integration, circular far—field

spot, single longitudinal mode output, low power consumption, on-wafer testing, low threshold, small

divergence angle, high modulation rate and so on. Hence, VCSEL has attracted the attention of many

researchers.

VCSEL has a history for more than 40 years. It was proposed firstly by Kenichi Iga of the University

of Tokyo in 1977. After more than 40 years of research by scientists, applications and development of
GaN-based VCSELs have been in the fast lane, including lighting, communication, projection display,
optical storage, medical treatment, micro atomic clock and sensor.

Nitride is an ideal material for manufacturing optoelectronic devices in ultraviolet to near infrared.

Wherein, Aluminum Gallium Nitride (AlGaN) is one of the important materials for nitride
semiconductors. Its bandgap is continuously adjustable from 3.4 (GaN) to 6.2 eV (AIN), corresponding
365 to 200 nm. It is an ideal material for fabricating ultraviolet VCSEL from near ultraviolet to deep

ultraviolet. After nearly 20 years of rapid development, AlGaN-based VCSELs have become the research

hotspots of semiconductor lasers.

Recently, violet to yellow green VCSELs have been demonstrated with electrical pumping, while

there are only a few reports about ultraviolet (UV) VCSELs with optically pumping. Comparing with the

visible nitride VCSELs, the development of UV VCSELs faces many challenges, especially in deep

ultraviolet (DUV) range (< 280 nm) , including obtaining high crystalline quality AlGaN epilayer, DBR

fabrication, sapphire substrate removal, reducing surface roughness, current spreading structure, high
carrier injection efficiency, high doping level of p~AlGaN, and ohmic contact with p~AlGaN layer. Firstly,

AlGaN epilayer with higher Al component is desired. However, with the increase of Al composition, the

growth of AlGaN epilayer become more difficult, because of high growth temperature, and low surface
migration speed of Al element. Secondly, it is difficult to prepare high—quality nitride DBR with high

reflectivity in UV range, which is results from the lattice mismatch, thermal expansion coefficient

mismatch, uneven in—plane components and small refractive index difference. Thirdly, dielectric DBR is
easy to fabricate, however, it requires substrate removal, which is hard to realize. It also absorbs light in
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DUV. For electrically pumped AlGaN-based VCSELs, the fabrication is more complex and difficult than
that of optically pumped, and more challenges need to be overcome. Firstly, high p doping level AlGaN is
difficult to obtain, because Mg element is hard to dissolve in AlGaN material, and the activation energy
increases with Al component (~200 meV in GaN, ~630 meV in AIN). As a consequence, the
conductivity of p~AlGaN is low. Secondly, the current spreading structure is required to provide sufficient
and stable carriers into the active region, so as to achieve population inversion, and form a continuous
output laser. The current spreading layer in VCSEL should be of high conductivity and low optical
absorption, which is obstructed by the p doing problem. Thirdly, carrier injection efficiency is often
reduced by electron overflowing from active region and low hole injection into active region. For short
wavelength VCSELs, especially in DUV, electron leakage is more serious, and hole concentration in p—
AlGaN is much lower. Therefore, reasonable design of Electron Barrier Layer (EBL) should be
considered, and increasing p doping level is desired.

Although there are many technical difficulties, the prospect of AlGaN-based UV VCSEL is still full
of opportunities. As the ultraviolet devices, especially in DUV, have great demand in many applications,
such as medical diagnosis, biochemical medicine and prevention, atomic capture, spectroscopy, laser
lithography, laser high density storage and other important fields, it will be a key component essential to
supporting the information society in the future.

In this paper, the history of GaN-based VCSELs was reviewed, and its main applications were briefly
introduced. Then, the research progress of blue, green and ultraviolet VCSELs was also introduced.
Finally, the challenges and difficulties in the development of optically pumped and electrically pumped
ultraviolet VCSELs were analyzed, and the improvement and optimization methods were briefly
introduced.
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