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Abstract The situation of vertical cavity surface emitting laser (VCSEL) operating at high temperature is analyzed
theoretically, and the gain-cavity mode detuning characteristics is employed to design the epitaxy structure of
VCSEL. The metal-organic chemical vapor deposition (MOCVD) growth and fabrication process are carried out. The
barrier height above 0.25 eV is used in the active region of VCSEL to reduce the carrier leakage at high temperature.
The designed structure employs the 11-nm gain-cavity mode deviation. The highest gain appeares at about 320 K, at
which the minimum threshold current of VCSEL appears. The reflectivity of distributed Bragg reflector (DBR)
within VCSEL is designed to obtain the low threshold current. The self-planar mesa structure is employed to fabricate
the VCSEL devices. VCSEL with oxide apertures of 7, 9, 13 pm are fabricated. The threshold currents are 1. 95,
2.53, 2.9 mA, respectively, and the corresponding maximum output powers are 0.31, 1.11, 1.04 mW at room
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temperature. The threshold current decreases first and then increased with the temperature increases. and the

minimum value appears at 320 ~ 330 K. The measured results consist well with the gain-cavity characteristics of

VCSEL.

Key words lasers; vertical cavity surface emitting lasers; high temperature operating; gain-cavity mode detuning;

self-planar mesa structure
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Fig.1 (a) Schematic diagram of VCSEL epitaxy structure; (b) schematic diagram self-planar mesa structure
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Table 1 Characteristic parameters of the laser and material

Parameters Value
Average internal loss o;/cm ! 20
Series resistance R,/Q 250

(0.06340.083x)m,
(0.51+0. 25x2)m,

Effective electron mass m./kg

Effective hole masses m, /kg

Junction voltage V,/V 1.55
Transpargency carrier density 9 6% 10
N, /cm

Carrier density N /em™® 5X10'*
Optical confinement factor I 0. 04

Volume per quantum

—13
well V /em?® 2x10
Gain coefficient g, /cm ™! 2000
Average refractive index 37
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Fig. 2 Variation of the carrier confinement factor of
quantum wells at different barrier values with

operating temperature
Hi &1 2 Al R0 B AR I RE A T v B PR
K24 TR, MR8 R IR TR R
22 R A RO BE S B0 1 i s JLAR G, AR
T B b A OIS B A S I SR TR YRR 3R

W A R A G i S s K T BN AR
R R | e P T S B e SR
JER T M N RE . B 2 rp e i B O W B0 1
PR ] 51— Bt R L BE B A8 AR /N . Y R
0.25 eV i}, 78 380 K N By 2R 3 + R 5+ 175 s £
FFRF 0%, MHBEER 0.2 eV I, 7
il A 320 K B/ F 90 %0 ASF F 45 44 1 = i T
fEo AR5 )3, & 7 PF 2 B, 3 42 2 i
FEAL B MR 6 R Y £ B RO R T
A B R 7 g BEAR 25 Bk E R, K
THA R DI e B3 22 5 B 22 7E 0. 25 eV BL R AR
TR & AH B PFE RN BE R

AlGaAs PPEMA F t1 T B AT KA A A% B AS . 5 /Y
P RE B T IROE R RO SR S5 L OF AL
S LM B VCSEL £ DBR i 455 1) 3 22 20 1
ML R AlGaAs BOEMSCA I3 X S 1 A Kl /2
FRORERR AR 5 | 1 b A% SR o TR SR T 42 AlGaAs {4
Rt VCSEL Z54y . 25 182 = i T AR iy 2w B
i8R R FH A B Al Gay,so As/ Al s Gag. o0 As 1
B HIE A IR R B e,

Ve 1B R M 2 R Y0 8 nm, Ff ALY
O I TR BT AR X 4508 A2 1k an 1&1 3 i
e ERHCR N AL Gay - As B RFHEE T 58 BE B R
JEM AR SC ZOR IR T ek 18], &l 3 R i (300 KO
TP TR XY a5 (K 779 nm, B IR
JE BT o PR 25 0 1) S i O 1 TR RS O HLI A5
WA (R B T A . 24 U B DA 300 K T 311350 K, 1 25
WA E X 10 1 HE S I LR R 22 2520, 27 nm/ C L 1] 1
T B AR 18 25 08 M 3000 em ! BRI ] 2000 em ™!,
W R X B A s AR K

3000 —=—280 K gy

—e+—300K PN

—4+—310K A :
—v—320K a4 pabs

. / v | A%
330K K & 47 \ At
2000 F—+—340 K./ ././ P *,o( \ '\

350l /A7 AL
/' /'/ t/t =g \
v

Material gain /cm™
—
(=3
(=
(=]
LS \:\-
) ~
I
\‘\
?\’\
—

O A YK
v EXE s

Wavelength /nm

K 3 8 nm Al 11 Gag g9 As/8 nm Aly 35 Gag ¢ As 72T B
AR DX 3 £ 1 B R I AR A R
Fig. 3 Variation of the material gain spectra of 8 nm
Alp.11 Gag g0 As/8 nm Al 35 Ga, 5, As with operating

temperature

0502001-4



KRS AR AR R

1R A 2 R T A SR R O

Hy T3 DR 3 45 06 OF AN RE W e VCSEL 2
R0 GG T A A R TR g R OB
BN, MR AR MRS R TR T IR
LR 790 nm [ VCSEL $8 {4 52 5 33 bl 31 1%
B AR f AN 4 BroR . B VCSEL g8 404 5 X
6 2E RN 790 nm, T 14 VCSEL & 2 4
G AL E BT — A R R AR o 0 A B
AR/INER SR W 322 4 W s I A5 X I ) D16 2 I ED
VCSEL By R it VCSEL iy ot . m A
A AT A TAE R E N A A A R X R
K2l AlGaAs B4BHIT 5 232 Bl i BE % T 55 1 385 i . A
1M B U X &% DBR o B R S5 50, e & 5
 VCSEL S8R %%, th T AlGaAs #f
RHT S R B R AR AR AR /N (2. 67 X107/ C) L PRI
BELLT B R B A/, B 1T A9 VCSEL 8 14 i 5
LR AL N 0.056 nm/ C,

o
=)

Reflectivity
1=}
NS

755. I 765 I\)Vg\églerllgt?lz/?l HII .8I55 I 8I85 ‘

4 AFEET VCSEL #1451 5% K e Az 1k
Fig. 4 Reflection spectra and the cavity mode of the
VCSEL structure at different opterating temperatures

R A8 484 2 — R S T B o AR BB R R PR B
T € TAER) VCSEL £ 1 7 2 it 22 i B 3 7 0%
R T R B S R 45 4 . Bir B i 4% 11 7E % il
NS AR - A KB B O 11 nm, B E R T B
VCSEL #r PFERE T 790 nm, 1 B 4 2 395 06 (E €
KBiHH 779 nm. &5 s R Prisdit g VCSEL 45
A J 4S04 i 0 (L 9B A L B 5 R A AR DE TC 14 49 45 B
WEER AR fE . B & S al A, i T iR R B
34 5 VAR T AR P ISR EE RS T 11 nm, B A I A9 T
- BF 3 65 04 RS (L0 B R T 5 O B R
20, YR TR £ 350 K A2 A7 I i1 BER 45 0 9 K
5 I AR DC P o 17 b PR -5 J A5 R X O 114 3 45 (B (i
ZROTE 2000 em ' Zi Ay . B IR B AR 0 4 A BT
TAC o L s 5 iy X IO 14 384 2 20 & e KA. &1 5 o
55 JEAERH X IV A 39 i {ELAE 320~ 330 K Ik 2 5ok

HRAE (5) 3, 7 1% 18 BE X 38 1 3 A b R 3 25 2 R
S B /N B E LU . BE IR B T S e A X
IO 1) 1 25 0 52 B0 L 2 B o i B A 1 A8 A e # L B
(5 VCSEL & 14 1) 1 Fi i 25 52 B o JE B

(INERIIEDE:E
798 2600
796 /
794 | >' '4/ 2400
792 [ . % =
£ 790 |—" =0 >< 2200
< <
B 788 1 . / . 2000 =
<
g 786 | . ﬁ \ 1800 ©
3 784+t
B

i ./ —e— gain peak wavelength 11600
782 / —=— cavity mode
780 —=— gain at cavity mode \ 1400
778 . . . . . .

300 310 320 330 340 350 360 370
Temperature /K

K5 7B TR XA 25 14 I (FRER) AT I B (2120
DI K 5 Js WERR X 07 1 34 4 20 Bl AR R B i A2 Ak
Fig. 5 Temperature dependence of the gain spectrum

peak wavelength (black line), cavity mode (red

line) and the corresponding gain (blue line)

VCSEL #5144 5 IX 3 #5 M A5 ] DL it 1 4k
I VCSEL 11 [ {8 W 3t 7 M Kt % K 1 99
DBR ) 52 5% ) %t 25 £ A9 [ {0 fi 38 0 1R O T %
ELHERS R . N B E TR A e Sk BEAR A
IS 5% R (5) L (6) ST 1 I F A 1 1
H IR (W20 5 35 000 (R ) B W ) DBR )z
R LR A 6 FR.

104
0a[™ ~oaaw
= ", —hi— S i 3
.. —sqws % 11 <
> P o\ 1102 B
£ 03| \ 10 g
g ot g
g \ =
op 0-2 1.0 S
= 7
= A101 &
= 0.1 E
= 0
0 il ik A e a2 1073
0.92 0.94 0.96 0.98 1.00

Reflectivity product R, * R,

Bl 6 KT BB VCSEL 5 4 1 139 (A H i
G20 B AR (R 5 DBR AT R K 56 &
Fig. 6 Threshold current (blue line) and the wallplug
efficiency  ( black
reflectivity product of the P-DBR and the N-DBR,

line ) dependency of the

with the different numbers of quantum wells
H1 & 6 AT AT 1 RS R A ) AR A
{1 HBL U D g 1) B 48 2803 BT i 9 DBR RS 588 5
XFF 3 AR TR IR X, 24 VCSEL #8814 71 iL

0502001-5



i

# ot

DBR B R (R, « R,)TE 98. 5% /& 47 B . 284
O TR (R g (AR VA S R G R R 2= e
F IR 5 R A ER B R B L 3 2 K RO X IR AR S
B ol AR, (1 PR O R B R R Y R e e R I
1175 25 F 1R TS S bR S 80 — & 2200

HEH] AlGaAs bR 790 nm P B 1 62 %
s R Al . Ga, o As/ Al Ga,., As 2 DBR J& 11
PERRHZ A R AR DBR 254 S i 35 42 5 | 2 1) &
6 FL L L B RHZ LR AL 20 nm #5748 20000 AR 4
5 54 B8 1 VCSEL 844 Wi N-DBR & P-
DBR Sz 1 R h 98. 5% iF, BT 75 19 N-DBR %} %t
F P-DBR X805 51k 47 %15 36 X .

4.2 B/HNRERKITE

HRAE 4.1 W R4S B3, R AT MOCVD b
SEA AT AR S5 R I AT T LA WIE . RIER B
WAL B A A A LR T BN 7.9.13 pm, HOE
FR/NR 3R 10.15,20 pm . 8878 78 %5 36 K Y £ BB
HLBH AT 9 R 79.5.56.1.33.1 Q. £ 2 fian HTEA
[] 3 B R U ) = F 404k 11 42 VCSEL #5419 T %
KR AR . AR 2 AT IR E R e & K
i 1 19 6 R U o D SRR AR . SR L TR S T Y
3T AT L 6 T Y g5 - R AR R B B ) VCSEL R
o AR H 3 O A B T BE 1 15 g e v

F 2 fHilfEM VCSEL #4HE R S 4L
Table 2 Measured device parameters of the fabricated VCSEL

) Threshold current /mA Power /mW Maximum power /mW
Oxide aperture /pm
300 K 340 K I1=21,, 300 K I1=21,, 340 K 300 K 340K
7 1.96 2.04 0.08 0.075 0.31 0.2
9 2.54 2.67 0. 26 0. 24 1.11 0. 87
13 2.9 3.25 0. 28 0. 26 1.04 0.8

W 2 AL HIE T 7.9.13 pm ZRE L D12
PR R I TRy 5 0.31,1.11,1. 04 mW,
MTAER B IR 3] 340 K, T i 4 09 0O & B K di
I N 0.2,0.87.0. 8 mW, F a6 T i RIhHA
PR RAR o AER 533 A 3 oA M U Y 2 A5 B, R
FHAE 340 K I 4t Zh 384752 300 KB 4 4t 2 32
[ 90 % LA |, L VCSEL #84F T4 H i — ik a2
TE 2~3 A5 1Y {8 L U DA DR IE A R A2 AR S B
RS R TR /ER) VCSEL 8 E B IR T A BT
10 Zh R

& 7 FF7n M AE 300,320,340 K iR & ) =
TR 6] 484k 1142 VCSEL #% 14 19 2 - it (P-1) 4%

121 —300K

—320K 13 um

7 pm
0O 2 4 6 8 10 12 14 16
Injected current /mA

7 A A TR A4 VCSEL #4448
AR Ty 8- I
Fig. 7 Continuous working power-current characteristics

of self-planar VCSEL with different oxide apertures

PERh L. i 7 AT BfE AR IR A T R
Ry 1 D) A AR L 1R 7 A i 1 2 SR AR A B 4 B
ot PR A PR AL A )N SR e T AR e
(19 283 1 FR A 7 R BT i sy . BT AR A e
TR e A A AL AR A 85 19 i R AR ri JRBEK
X T A AR R DA XA R TR S A [R)
TEA LT A U IXC A FL AL 4 R A/ A G AR
b DRI o A1 AR I 0 3B 2 /0 20001 PR I
ARAE/IN e AR PRI P-1 R4k il 4] R0 45 1 BBOR 3k
B FAARL R, LR A R U K 52 1 0 g ) A ek 2
ARATY IR BA W /) XA AT B B O SR T il
9 1 A% 42 S DT 845 1 A D58 IXC ) 28 BR i
A BTt

P 7 v g X 5 R 3R T O A 4 O 1 B R
U BEAT AR5 3 1) TG A S5 O A R AR B 2 114 T i
T A R T A il AR B Y PR A
FHAE 3 AR A B 110 38 i - J A5 2K I5C P2 A9 4
I A ] A 10 A i P 1 19 P 9 B A 3 ) 5
AW 8 s,

Hi & 8 mI Il J il A5 ) =28 VCSEL 2= 1 11 1Y
{ELHL L Rl I A AR A — B, IR0 4. 1 AR YR
V5 T T 4 1 e Pl O A2 A B A — 4 . i VCSEL
or U R A0S 7 9 396 i 56 388 o P00 o AT S 2 1
1 i P O I 9L € %) T e B B A S v/ 178 R B
oo WS R R LAY M A B R (R AR A il

0502001-6



TRAAE . B AR TR ARG W AL R R AR I R T A R RO AR
34 - optoelectronics field[J]. IEEE J. Selected Topics in Quantum
39l ——7 pm Electronics, 2000, 6(6): 1201~1213
——9 um . . . . L
23.0 [ ——13um 2 Zhang Lisen, Ning Yongqiang, Zhang Xing e al.. Optimization
- of n~DBR in high power vertical-cavity surface-emitting laser
g 2871 under a short pulsed operation[J]. Chinese J. Lasers, 2012,
§2'6 I \/ 39(5): 0502003
%2-4 r TRALAR . TOKER, Bk R AR R AR Dk b I O R ST RO #
<22} n-DBR SR R EALLT]. P Bk, 2012, 39(5): 0502003
é—’. 2.0} .\.\./ 3 Jia Baohui, Liu Chao, Fu Liet al.. Effect of the combined use of
&= 18l transmyocardial laser revascularization and implantation of
endothelial progenitor cells on canine ischemic heart[ J]. Chinese

300 310 320 330 340 350 360
Temperature /K
B8 IR AL VCSEL # - 7E R il TARIRE T
F147 L P 3 4
Fig. 8 Threshold current characteristics of self-planar

VCSEL at different operating temperatures

320 K247 Hi B0 107 FE 8 ot 48 0 4 {0 s 00 66 2504
BLA0 T FF 6L HE L 7E 320 K BRI 3 J2 o1 F o 7E
520 K I L 28 PR 0 2 40 T B0 B 728 b R K
2 7)o 0 MR TR A 1 P 0 TR
Al A DT 5 ) 2% 5 6 0 4 2 2 o
GRVTE IR I G 2 N 5 L AR
SO 2SR 340 KB L 55 (4 B (1 H 0 0
ik T 300 K Ay B . T 5 R oA
70 KB OB 64 BG83 300 K i 20
AL B TR RN 340 K AL R T 4 35
IKHI R 3 g0 AR b B0 T BRI Tt 1 2 A
P TAHCK 3 BRIt 5) ST A1 B 2
P 3 7 A 2 1 O A 1

5 4% g7
3 5 4 BT R B X VCSEL 8 14 Vi X 2 7 7 R
il B 63 25 L AR DA R g 4 80 P O 46 AR P 1) 2
Wi BT MG fE - R B 11 nm ) VCSEL g%
&5 JRHIE T HA Bk S iy r) VCSEL
gl P 3 BT R WL BE B TR RE A 1 i, 1 55 e A
KECAY VCSEL 25 14 1 18 25 1% 5 16 45232 ¥ DT e , 1
55 I ASRE T 7 4 1 45 (8 2% B0 S S 3 I v 1
f} FES PRI b AR 2 T fy b5 R Y A R O Bl
T BE SE U/ JE M AR KA B, 302 B R T 3 5 -
1;%9%@6 B E . HIVE TSR L AR [ OF
b T A A o 7 e D 3 A U R BRAE TR
320~330 K B B (A H 3 d /N - % 45 SR 5 B A B I
Y g — TR 25 e — B0 .

2 % x M

1 K. Iga. Surface-emitting laser-its birth and generation of new

J. Lasers, 2010, 37(6): 1654~1658
TR, X OB, AT AT . OB LIS ARSI P A
A RS MR T B O ME RS (D] F B k. 2010, 37(6):
1654~1658

4 R. Rossbach, T. Ballmann., R. Butendeich ez al.. Red VCSEL
for high-temperature applications[J]. J. Crystal Growth. 2004,
272(1-4) : 549~554

5 1. A. Derebezov, V. A. Haisler, A. K. Bakarovet al..

mode vertical-cavity surface-emitting lasers for atomic clocks[]].

Single-

Optoelectronics s Instrumentation and Data Processing, 2009,
45(4) . 361~366

6 A. Al-Samanch, M. B. Sanayeh, S. Renz et al..
control and dynamic properties of VCSELs for MEMS atomic

Polarization

clock applications [[J ]. Photonics Technology Letters, 2011.
23(15); 1049~1051

7 E. Soderberg, P. Modh, J. S. Gustavsson et al.. High speed,
high temperature operation of 1. 28 pm singlemode InGaAs
VCSELs[J]. Electronics Letters, 2006, 42(17); 978~979

8 K. Johnson, M. Hibbs-Brenner, W. Hogan et al.. Record high
temperature, high output power red VCSELs[ C]. SPIE, 2011,
7952. 795208

9 S. Mogg. N. Chitica, U. Christiansson et al.. Temperature
sensitivity of the threshold current of long-wavelength InGaAs-
GaAs VCSELs with large gain-cavity detuning[J]. J. Quantum
Electronics, 2004, 40(5) ; 453~461

10 J. Wu, W. Xiao., Y. M. Lu

dependence of gain and threshold current detuning with cavity

Temperature and wavelength

resonance in vertical-cavity surface-emitting lasers [ J]. IET
Optoelectron. , 2007, 1(5): 206~210

11 Shi Jingjing, Tian Zhenhua, Qin Li et al..
vertical-cavity surface-emitting lasers[J]. J. Optoelectronics and
laser , 2010, 21(10): 1445~1448
Sfh s, FIRAE, 2 F 45 850 nm KT KR B K AT O SR
[J]. k& F - %k, 2010, 21(10): 1445~1448

12 Du Baoxun. Semiconductor Laser Theory [ M ]. 2nd edition
Beijing: The Publish of Enginery Industry, 2004, 137~174
FEF . 2 FABOEEE LML 5 2 At st S gm Tl B AL
2004, 137~174

13 P. M. Enders. Enhancement and spectral shift of optical gain in

850 nm high power

semiconductors from non-Markovian intraband relaxation[ J]. J.
Quantum Eelctronics» 1997, 33(4) . 580~588

14 Y. M. Deng. Gallium Arsenide Based Semiconductor Laser
Design and Growth by Metal-Organic Chemical Vapor Deposition
[D]. California; The Graduate School University of Southern
California, 2006. 9~12

15S. F. Yu. Analysis and Design of Vertical Cavity Surface
Emitting Lasers [ M ].
75~717

16 Wang Xiaodong, Wu Xuming, Wang Qing e al..

Wiley Interscience publication, 2003.

Optical
characteristics of DBR with inhomogeneous graded interfaces[J].
Acta Physia Sinica, 2006, 55(10): 4983~4986

EAK, R, £ F. BRAIER WL R DBR o6
B L], 3SR, 2006, 55(10); 4983~4986

17 P. P. Baveja, B. Kogel, P. Westbergh e a/.. Impact of device

0502001-7



H |

# ot

parameters on thermal performance of high-speed oxide-confined
850 nm VCSELs[J]. J. Quantum Electronics, 2012, 48 (1):
17~26

18 Y. A. Chang, J. R. Chen, H. C. Kuo et al.. Theoretical and
experimental analysis on InAlGaAs/AlGaAs active region of 850
nm vertical-cavity surface-emitting lasers [ J]. J. Lightwauve
Technology, 2006, 24(1): 536~542

19 M. Hong, J. P. Mannaerts. A simple way to reduce series
resistance in p-doped semiconductor distributed Bragg reflectors
[J1. J. Grystal Growth, 1991, 111(1): 1071~1075

20 T. Li, Y. Q. Ning, E. J. Haoet al.. Design and optimization of
DBR in 980 nm bottom-emitting VCSEL [ J]. Science in China
Series F . Information Sciences, 2009, 52(7). 1266~1271

=EHRE: kK B

0502001-8



