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Fig. 3 Reflectivity of TE-HCG varying with wavelength and incident angle. (a) Reflectivity of TE-HCG varying with wavelength
(grating parameters: A=781 nm, H,=166 nm, H,=189 nm, H,=170 nm, and the upper duty and lower duty of the grating

ridge are f,,.=25. 4% and f,,..==30. 4%); (b) reflectivity of TE-HCG varying with incident angle for TE mode

370 nm GaAs

I 220 nm AlAs

GaAs

Bl 4 HCG SMEZ5 1 il s BB SEM S . (a) HCG SMEZ5H ) SEM EHS ; (b) B F S B E 19 SEM &
Fig. 4 SEM images of HCG epitaxial structure and electron beam lithography. (a) SEM image of HCG epitaxial structure; (b) SEM

image of electron beam lithography

(EBL) H1E N A8 A 55 B T 14 (ICP) ZI) 1t 52 38 5% #f 19
il E

I R VR Z0 ok i IO R 3 AR SRR IR A
WO T HE AT 20 bk, 20 hFE R BT IR A 5 °C Y UKOK TR
AW AT, 210 3R R 1098 nm/s. il i Wk Z)
MY &1, 115 AlAs 22 8 1ok, JF i o8 ik A ik
AlAs 3R A1O, . E Ak 72 0l LLAE & 1 20§l 5 7 1 )
YEAT, P ek SR A AR v R S A 4R T AR
DA AR A5 35 5 R 0 1 IR 3 3, AR ARG i 1 4L Ak 5, DA
b b ) Atk o R . Rk R | AR E A
420 °C, K IR IRE ] 90 °C, K~ 1.5 L/min, H &4
TR 1 AL R 2 R 1. 01 pm/min, iR &5 &
X3 5¢ 4 Ak

B TR G T 240 HCG By & 52 AR K, 23521
ITE RS B, BR300 0 o 25 Lo A RS 6 5, a0 o 2 i) 2R
m R R VCSEL 4. PR S 2R
W R A LR SR I RN AR LR Y B O S B AR
il 25 T2 Mg SR a2 o 20 2 RS2 00 DL K X L 4
Br, A5 20 4 (b) Bif 7R 1 45 3, 7 OB 50 R
160 pC/cm’, T BB M 400 pA . &8 R85k

M9 R 760 nm, 545 B SR 26. 32 % .

SR B A S B TR (ICP) Z0 B R A7
A A 220 ol S 6 3 g A ) 22 el s ] R AR I A bR
AR PR . SEER SRR CL VAT BCLI i i 2
R 20:5:5, Fodn ICP IR T 3 2y 400 W, 5451 i e ) 252
g 50 W45 2 i R g 13 nm /s, IS S 1T %)
Tl A R AR, AN BE Y FLBE B R A, eI
BB ZN o4 . 4 TE-HCG 194 W 2 50 8 SEM il
A e & 5 TR, Hoh A=750 nm, [ %5 /=
28% ,H,=170 nm, H,=—200 nm, H,=200 nm, % % %k
BIAbF 25 22 EN .

4 AR HHE

S K 42 7 T Fourier Transform 4% AR, 5T &
FOF & B ARM A 3 635 AU HCG i i 258 #E 47
o A2 M A% BIR ], X LA 2 A S R A IS A S s
F 5 23 PR, A ST 8 4 4 B S 3R Ol W HC G 3R
THT T L A S RLSEBR SEM IR HCG 281
SRy LAy, XS 6 R AT X A AL A3 B AN 1] 6
froR 25 5 th TE, . TM, .\ TE, fil TM, {1t £ #4125

0105002-3



210 nm

540
‘1 llTﬂnm ‘ l’)—nm’H

I 200 nm
_1 200nm_

GaAs
AlIO,

K5 HCG#if i SEM
Fig. 5 SEM of HCG cross section
R TECTM, 3Rt th e A S A9 B8 (E , TE, .
TM, 7R 0t th Gt 2 A G i B9 BOR A , TE, \ TM, 3R

A3 E18/2023 £ 1 B/FER
7~ 6 H G DA S B R DKM . NE 6 AT RLE
S B 45 J2 TR B 0 AR Ak K o 7S T AE SRR BB X HCG
W R BT ERE A — o i sg ), B BLA5 R TE, 5 & 2
O TEA LG, BERBEIA 2K T 99. 500 MY S 2 fH Ay
WKL 13 nm, & S 56 8 80 nm, I /N T 17 nm.,
S 5 TE i 1% O 1 B it e e e A 810 84. 9%, 5 )
SRR T 1A IS A 22 R K, X 02 R SEBR A4
He AL T80T HCG I R R R FEAL, K] 6 Hh 45
BT RLSEBR ARG Ty 5 AR B0 TE 4k HCG 1Y
S RGO, 0 LUE B A RS 7 ) B R S A5 R
Mg R Y G . REATLLE WK TM i Ik
He B R RALF 40% . 51 S B i 51 2 AL
R ZEBE T A GG T7 m gh 0 v fifi 9 2 3R 6 AR HE
S SE A Y IE A — A R 3 A G IR Y
AR S g L R SRR

(b) 100

90

80

70

Reflectivity /%

60

Y

Wavelength /um

K6 TE-HCG M RIHFMHE . (a) TEAGE; (b) TM AG L
Fig. 6 Reflectivity spectra of TE-HCG. (a) TE incident light; (b) TM incident light

(a) 100
90
8
E» 801
D
& T0F
[}
~
60 F 1\
50 = *
0.6 0.7 0.8 0.9 1.0 1.1
Wavelength /um
:l: N
o én 1w

SR ™S A A U BRI B SE T — BB T 940 nm
GaAs 3£ VCSEL 19 TE-HCG Jz 5145, )2 95485 1 GaAs
FALIO, MBI, S 8% 5 VCSEL N R R R R, X
ANASEE T AN TR R A R i 7 AR I I g [ R i L
S5 A6 T LLGE i — WAME A KA 28R A A R A 2
fai A 7 ELESE T 6 DO & 2 B A 554 T 1 %
% TE-HCG H A ik 97 nm B L 4 96 (AA/A,=
10. 3%) , P 2514 F TE i 6 i = 3R K F99. 5%,
TM i 48 6 B9 B 53RN T 90% o ARG 5 2 50k
S A M, O 4 B I R Y B 5 S 56 I i {E
FEXF B o T I 45 1 55 DR 3R A s e, S 50 9 3K
B W6 AEK T B (L, LB 38 &5 S 0 S 56 ) 3k 45 21 ) I S
LA AT — b X I E T ES O R A B L BT
B HCG Al U T #18 VCSEL £ M i) p 8 £ )2 DBR,
WA R B ARTIAE , it VCSEL e . il
SRR Z0ph R B e R 2 25 K A H 5 VCSEL
FAERCE NG 5y o [RIEE, G X A f i % i fil 42
WHCG By VCSEL HA R 47 1Y 58 TAEREE .

2 £ x #t

(1] By, i, e, 45 5 T 905 0 Wk i 4 UM Bl 2

T 5 A 19 A T U8 B (7] OSSR AR, 2022, 42(14):
1405003.
Liao S S, Bao H, Feng Y T, et al. Ultra-broadband tunable
filter based on cascaded chirped subwavelength grating assisted
contra-directional coupler[J]. Acta Optica Sinica, 2022, 42(14):
1405003.

(2] JBUA, BeWehd, BN, &5 . 56T 740 W KOG A G 4k A

USRS R R BRI BT Ot 50t TR, 2017, 54
(3): 032301.
Zhou G R, Duan X F, Huang Y Q, et al. Design of polarization-
insensitive broadband spectrum high-reflectivity mirror based on
2D subwavelength grating[J]. Laser &
Progress, 2017, 54(3): 032301.

[3] Zhang J L, Shi S K, Jiao H F, et al. Ultra-broadband reflector
using  double-layer subwavelength  gratings[J].  Photonics
Research, 2020, 8(3): 426-429.

[4] Zhao J T, Zhao D H, Liu W C, et al. A high-performance
subwavelength polarizer using “sandwich” structured substrates
[J]. Applied Optics, 2022, 61(23): 6744-6751.

(5] 4R, ARKNI, TL4E, 4F . 3R DK OEHE MEMS VCSELs

9 8 I R 3 R (. 7P RO 2016, 43(7): 0701009.
Tian K, Zou Y G, Jiang X W, et al. Wavelength tuning range
of inter cavity subwavelength grating MEMS VCSELs[J].
Chinese Journal of Lasers, 2016, 43(7): 0701009.

[6] Almuneau G, Condé M, Gauthier-Lafaye O, et al. High

Optoelectronics

0105002-4



F 435 F18/2023 F£1 A/XZFZHR

reflectivity monolithic sub-wavelength diffraction grating with [11] Inoue S, Kashino J, Matsutani A, et al. Highly angular
GaAs/AlO, stack[J]. Journal of Optics, 2011, 13(1): 015505. dependent high-contrast grating mirror and its application for
[7] Laaroussi Y, Chevallier C, Genty F, et al. Oxide confinement transverse-mode control of VCSELs[J]. Japanese Journal of
and high contrast grating mirrors for mid-infrared VCSELs[J]. Applied Physics, 2014, 53(9): 090306.
Optical Materials Express, 2013, 3(10): 1576-1585. [12] Hong K B, Chang T C, Hjort F, et al. Monolithic high-index
[8] Qi Y X, Wei L, Liu S P, et al. Comprehensive design and contrast grating mirror for a GaN-based vertical-cavity surface-
simulation of a composite reflector for mode control and thermal emitting laser[J]. Photonics Research, 2021, 9(11): 2214-2221.
management of a high-power VCSEL[J]. Journal of the Optical [13] Laaroussi Y, Chevallier C, Genty F, et al. Oxide confinement
Society of America B, 2020, 37(11): 3487-3495. and high contrast grating mirrors for mid-infrared VCSELs[J].
[9] Zhang J, Hao C X, Zheng W H, et al. Demonstration of Optical Materials Express, 2013, 3(10): 1576-1585.
electrically injected vertical-cavity surface-emitting lasers with [14] B WF, MkT, 2K . 940 nm VCSEL & 47 5 3R X5 B W ik
post-supported high-contrast gratings[J]. Photonics Research, O M ST B B [T 2080 5 =K P A R L 2021, 40(6):
2022, 10(5): 1170-1176. 834-839.
[10] Bisaillon E, Tan D, Faraji B, et al. High reflectivity air-bridge Luo Y, Hao Y Q, Yan C L. Design of high refractive index

subwavelength grating reflector and Fabry-Perot cavity in
AlGaAs/GaAs[J]. Optics Express, 2006, 14(7): 2573-2582.

contrast subwavelength grating reflector for 940 nm VCSEL[J].
Journal of Infrared and Millimeter Waves, 2021, 40(6): 834-839.

Design and Fabrication of GaAs/AlO, High-Index-Contrast
Sub-Wavelength Grating Reflector for VCSEL

Luo Yan, Hao Yongqin, Zou Yonggang
National Key Laboratory of High Power Semiconductor Laser, Changchun University of Science and Technology,
Changchun 130022, Jilin, China

Abstract

Objective  The traditional vertical-cavity surface-emitting laser (VCSEL) uses distributed Bragg reflectors (DBRs) to
provide high reflectivity to conform to the lasing standard. However, due to the relatively small refractive index contrast of
lattice-matching material systems, many pairs of DBRs are needed to achieve high reflection, which brings difficulties and
limitations to the manufacturing of VCSELs. In addition, multilayer DBRs can cause problems such as high impedance
and low conversion efficiency. To improve the performance of VCSELs, researchers introduce the high-index-contrast sub-
wavelength grating (HCG) as a reflector in the VCSEL. By the adjustment of grating parameters, it can have extremely
high reflectivity and can replace the traditional DBRs in VCSEL. Hence, VCSELs with the HCG will not suffer from the
problems of high resistance and serious light absorption caused by DBRs.

In this paper, the HCG reflector for VCSELSs is studied and fabricated. On the basis of the rigorous coupled wave
analysis (RCWA), the polarization and reflection characteristics of a GaAs/AlO, HCG reflector are analyzed. A TE-
polarized HCG is designed to have the highest reflectivity of close to 1 near 940 nm when the incident light is perpendicular
to the substrate. Moreover, the influences of topography error and the incident angle on reflectivity are investigated.
Then, the device is prepared by mental-organic chemical vapor deposition technology, electron beam lithography (EBL),
inductively coupled plasma (ICP) etching, wet etching, and wet oxidation. Since the GaAs/AlO, HCG has the same
material system as the half-VCSEL, it can be integrated with the VCSEL through one-time epitaxial technology, which is
of great significance for obtaining high-quality wafers. Furthermore, the low stress between the HCG and half-VCSEL is

crucial to keep the long-term stability of the device.

Methods
sub-layer H, which are directly grown on the GaAs substrate. The HCG is composed of GaAs and AlO,, where the latter

Fig. 1 shows the structure of the HCG, including the grating layer H,, stress buffer layer H,, and low index

is obtained from AlAs by oxidation. The large index difference between the AlO, (refractive index n,2=1.6) and GaAs
(refractive index n,23. 538) grating layers is conducive to increasing the width of the reflection band. As the thickness of
AlAs shrinks after oxidation, the GaAs grating layer is not completely etched to form a stress buffer layer to prevent
delamination and fracture after oxidation.

By the RCWA method, a TE-HCG mirror for the GaAs-based VCSEL is simulated. It can be seen from Fig. 2 that
the TE-HCG has a large reflection bandwidth of up to 97 nm (AA/2,=10.3%), with its TE reflectivity of more than
99.5% and TM reflectivity of lower than 90%.

The simulation is based on the rectangular grating model, but the actual grating is usually trapezoidal. Therefore, we
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consider the influence of the grating shape on reflectivity. As shown in Fig. 3(a), although there is a 5% difference

between the upper and lower fill factors, it has little effect on the high reflection band, which shows that the grating has
great shape tolerance. Fig. 3(b) shows the impact of the incident angle on HCG performance. When the incident angle is
greater than 5°, the reflectivity of the TE wave is significantly reduced. It is the sensitivity of HCG to the angle that makes
the VCSEL integrated with HCG exhibit good single-mode performance.

The HCG is prepared given the above results. Fig. 4 shows the scanning electron microscope (SEM) images of the
epitaxial structure, and the thickness of GaAs and AlAs layers is 370 nm and 220 nm, respectively. After epitaxial
growth, the processes are followed by wet etching, wet oxidation, EBL, and ICP etching. As shown in Fig. 5, period
A=750 nm, f=28%, thickness H;=170 nm, thickness H,=200 nm, and thickness H,=200 nm, and they are all within

the tolerance range.

Results and Discussions Due to the limitations of test conditions, it is difficult to measure the reflectivity of the incident
light from the substrate. Therefore, the reflectivity of the incident light perpendicular to the grating surface is measured.
Fig. 6 shows the theoretical and measured results of the actual grating. The measured maximum reflectivity of TE-
polarized light is 84. 9% , which is close to the theoretical value of 86.5% under the same incident direction, while the
reflectivity of TM-polarized light is lower than 40%. The test results are in good agreement with the simulations. The
HCG can act as an ultra-thin reflector for VCSEL, with the advantages of a long period, a shallow etching depth, and
great tolerance, which is easier to integrate with VCSEL. Meanwhile, the VCSEL integrated with the HCG features low

loss, stable polarization, and single-mode operation.

Key words gratings; high-index-contrast sub-wavelength grating; diffraction efficiency; polarization; single-mode;

vertical-cavity surface-emitting laser
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