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Fig. 1. Lasing wavelength under different quantum well
widths and barrier widths.
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Fig. 2. Material gain spectra at different temperatures.
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Fig. 3. Valence-band diagram of DBR under different gradi-
ent layer thickness.
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Fig. 4. DBR reflection spectrum under different gradient
layer thickness.
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Fig. 5. Reflection spectrum and phase shift spectrum of P-
DBR and N-DBR.
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Fig. 7. Current distribution and light field distribution.
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PC-VCSEL i i3 4 {0 FR il FL &5 ) Fn — 41
Al AL R4 43 ] S B B T A AR, R LATE
BRAFLAR T LRI SR . FRATTE
2% PC-VCSEL "ol iRz AL E R i 7
TR, WA B s VR AT T it
W nE 8 iR, BT PC-VOSEL A[a] i
B AT, #4204 PSR FH B T e A ok
B A B BFE, TR Es F i R
5 pm, 255 ALEAEN 2.5 pm. & 8(a) & PC-VCSEL
FERERL AR oA, T DL SR B, LR AR
7 b RR ) 76T b AR 2 KA 1) Bl DX 3, 08 A i
FERPET A AL, HXFR KA 937.26 nm;
K 8(b) A 8(c) J& PC-VCSEL 75 B f 455 Ay A 3,
A3, BB AR — o A BIDE T i iR <AL
rh, A R B R AR A AT B R — 0 43, DA 3
T R BB U B, — BB R — A REASE iy Xef
I I 91K 936.85 nm A1 936.14 nm, H T4
[ (R [ AT AR R A e K AN AR [, 9T LA B8 3
TR BERE S B G SR T2 75 Ay SRR AR . DA
B2 RSk B | PC-VCSEL H &R 30 46 &
BAE AT R R B X, RIS 2 ik as <AL
R %7 SN e s R N T =1 Ui e
ZIEPZ N B iy i = R B SN 1 AR WS TR U T 2N
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Bl 8 PC-VOSL AR (a) LA, BRI R 937.25 nm; (b) — B, IEIRIE K N 936.84 nm; (c) B, iR K
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Fig. 8. Different modes of PC-VCSEL: (a) The fundamental transverse mode with resonant wavelength of 937.25 nm; (b) the first

order transverse mode with resonant wavelength of 936.84 nm; (c) the second order transverse mode with resonant wavelength of

936.14 nm.

23 S LGS FFETCE, (75 5 B R A A T8 e 8 {1
K, MM SE IR R R . o T — 515
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) VCSEL #1 PC-VCSEL i = B R A 1) 5 5 R+
Q, X T4 AL BRI VCSEL 25 ko0 i3, HIm R Kz
Hofl =5 A=A B R L — AR, DR AR X S
SEREA T Y X T PC-VCSEL 2514 8 13, % v 2
PR RN G2 BRI A7 43 s, R iR s <
FLXT R [ RS S e — 25 A g il (75 LR AR 1Y)
BT Q W ik T A 3 B =X, 15 P g B A A
RO BERE AR B S 5 B L T 45 5 BB L
P, (AR R SR ASAR S oA ) T = AR, DA T
SEPR— AR 10 FE AR 1

. N TE T ol s S WO AR DS

Table 1.  The quality factor of each mode under different

structure.
JEREBE Bkl — B
PC-VCSEL 6238 2646 1373
VCSEL 10614 10612 10602

3 B &5 6K
3.1 VCSEL BER4mH&E

Sz Hh i ] AIXTRON 23 A f) AIX200 %!
MOCVD AME#E £, FMELEREKAE 3 in (1 in =
2.54 cm) GaAs #JiE L, # AR M B R 4°. 1819
i VCSEL AME B EUE S (EL) 351 6
i, [ 9(a) o EL 3%, W {3 £5 9% 935.5 nm,
K E A% FWHM N 2.9 nm; & 9(b) 4 VCSEL
1A, R (DIP) K4 944.2 nm. 5

BAUZE AR LE, EL A DIP DL K FOG RO g i
BB % sh, XA RERE T MOCVD i f2
WAL A B L AR s A5 RN, B 1B
AIX AL DBR HVEEZ BRI IS A 2R il N A
e, BETT 225 AR 25 18 A1 FDERC g 182
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Fig. 9. (a) EL spectrum and (b) white light reflection spec-
trum of VCSEL epitaxial structure.
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Fig. 10. PC-VCSEL process flow.
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sEALEE S AR (plasma enhanced chemical vapor
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TR K LA R B B H R IR i i £ P AL AP
R FE IR AR DL S [ A iERE X Ti/Pt/Au
()R A 35/35/270 nm, 1T HIHL TR 28 & TR
(1) AR T U B P 3 e e 22, D R i i B
TEEEATE L, B 5 — MUY 5 T 20 ph 2548 B AR
G IRGE . LTS MRS RALZ AT, B HME R
SR, Horh—e ] Tl 4 VOSEL, 75—
Tl % PC-VCSEL, XA 0] LR UERT LA T 244
FHF], P KRR RS T T e iR2E. T
O i AR 220 o R B A, LA DG 20 AR

ICP Zf i HEE, Ferb e T R i R R 5 pm

ZSALEAN 2.5 pm ., ZITEREE R 2 pm. )
I EH AR A I E] 120 pm, SR)5FERH R T
e AuGeNi ¥ T HL K, HJE A 300 nm, /o
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Fig. 11. Microscope images of (a) VCSEL and (b) PC-VC-
SEL.
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Fig. 13. PC-VCSEL: (a) L-I-V test curves; (b) spectrum test results.
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Abstract

As a key part of vertical cavity surface emitting laser (VCSEL), active region will seriously affect the
threshold and efficiency of the device. To obtain the appropriate laser wavelength and material gain, the design
of Ing ;3Gag goAs strain compensated quantum well is optimized. The relationship between the lasing wavelength
of multiple quantum wells (MQWSs) and the thickness is calculated. Considering the influence between the
active region temperature and the lasing wavelength, the thickness of the quantum well is chosen as 6 nm, and
the quantum barrier thickness is chosen as 8 nm, corresponding to the lasing wavelength of 929 nm. The
material gain characteristics of the MQWs at different temperatures are simulated by Rsoft. The material gain
exceeds 3300/cm at 300 K, and the temperature drift coefficient of the peak wavelength is 0.3 nm/K. In this
work, Aly9GaggAs and Ay g9Gagy1As are chosen as the high- and the low-refractive index material of
distributed Bragg reflector (DBR), and 20 nm graded layer is inserted between two types of materials. The
influence of the graded layer thickness of DBR on the valence band barrier and reflection spectrum are
calculated and analyzed. The increase of graded layer thickness can lead the band barrier peak and the
reflection spectrum bandwidth to decrease. The reflection spectrum and phase spectrum of P-DBR and N-DBR
are calculated by the transmission matrix mode (TMM): the reflectance of DBR is over 99% and the phase shift
is zero at 940 nm. The optical field distribution of the whole VCSEL structure is simulated, in which the
standing wave peak overlaps with the active region, and the maximum gain can be obtained. Using the finite
element method (FEM), the effect of oxidation confined layer on the injection current is simulated. The current
in the active region is effectively limited to the position corresponding to the oxidation confined hole, and its
current density is stronger and more uniform. The optical field distributions in different modes of photonic
crystal-vertical cavity surface emitting laser (PC-VCSEL) are simulated, and different modes have different
resonant wavelengths. The values of quality factor Q in different modes of VCSEL and PC-VCSEL are
calculated, Q of the fundamental mode is higher than that of higher transverse mode. It is demonstrated that
the photonic crystal air hole structure can realize the output of basic transverse mode by increasing the loss of
high order transverse mode. The VCSEL and PC-VCSEL with oxidation hole size of 22 um are successfully
fabricated, in which the photonic crystal period is 5 pm, the air pore diameter is 2.5 pm, and the etching depth
is 2 pm. Under continuous current test, the maximum slope efficiency of VCSEL is 0.66 mW/mA, the output
power is 9.3 mW at 22 mA, and the lasing wavelength is 948.64 nm at 20 mA injection current. Multiple
wavelengths and large spectrum width are observed in the spectrum of VSCEL, which is an obvious multi-
transverse mode. The maximum fundamental transverse mode output of PC-VCSEL reaches 2.55 mW, the side
mode suppression ratio (SMSR) is more than 25 dB, and the spectrum width is less than 0.2 nm, indicating that
the photonic crystal air hole has a strong control effect on the transverse mode, and the laser wavelength is
946.4 nm at 17 mA.

Keywords: vertical cavity surface emitting laser, photonic crystal-vertical cavity surface emitting laser,

fundamental transverse mode, high power

PACS: 42.55.Px, 42.55.Tv, DOI: 10.7498 /aps.72.20230297
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