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Fig. 2 Three-dimensional beam structure and stress analysis. (a) Stress analysis of simplified beam structure; (b) three-dimensional

diagram of beam structure

"] LA B, A2 3 250 304 I 5T 1) 7 R0 R X A Vi
THT 3 B Jpe K AH, OIS 32 LA ) o 0T LR h
M

oO— ",

S (1)

A MBS R Ak B, RS R A5
T L] RF A B 2 80, 4 T 8 #m, S nT %
|

weh’

S=—% (2)
Sz BT A 0 g S 2 AR AHCTRT B4 58 A e o

£ MEMS v, 324 92 2 g 51 S5 #0125 40 |, 7
R0 v 1AL 2 BN R B . A DESREA
TR 2 0 1% W A A5 Y A R OK Bl 9 AT 3 VCSEL
H, MEMS B i o5 4 5% 4% 0 77 B K. 78 TR %
AT LS A el R R A R 1 AR T SR (SR T
) A BEAR I g, E Bl ROBE T X LA o 3k b =0k
AR EE R )53 A0 o SR, GR 45 A i R E R~ T

(1RO o i et i N e el =11 ¢ B o VTR S O TR AR )
B K, AT B AR BRI ) e K . AR SRS S
S5 AT S QR AR R XU 2R 45 4 P AR R R S ) iR AR
AR Ik 3G O T i TR AT R ST, 1 R i T A T A
i, DT B8R AR o 1E 57 A R )L (A SR R R
KA, N 77 40 A 58357, 613 LAk i S 09 45 R R
B,

TE 1 3 T (1 7R ZE 1 el i TE TR 45 R S 1
RS C, R R R B Lo X T 55 4 m
S5RGBT W XTI S, B A AL
B2 5 N 2a, Vi T AL Y K a A+ L7 /b HE B
e LR 28 7 N

fz yZ

?_;: (3)
Ao (o, y) AR EEH) F AR TR S AL B e FT b
R R B S A Bl R R R B o TR A5 A 0 B B2 8K

729

L,

0114003-2



435 E1H/2023F 1 B/X¥2R

3 BiF R B A R B (a) SE AT 2548 5 (D) XU 2k 5 4

Fig. 3 Structural diagram of suspended mirror. (a) Constant section structure; (b) hyperbolic structure
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Table 1 Material and geometric parameters of two structures””

Parameter Value
ainEq. (3) 3
binEq. (3) 20.18

Width W /pm 10
Length L /pm 100
Thickness of mirror H /pm 2.8
Side length C /pm 40
Poisson radio 0.37
Young's modulus E /GPa 84.22
Density /(kg-m*) 4384
Relative permittivity 11.20

Air gap thickness /pm 1. 0625
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Fig. 4 Stress distribution for beam structure. (a) Upper surface of constant section structure; (b) lower surface of constant section

structure; (¢) upper surface of hyperbolic structure; (d) lower surface of hyperbolic structure
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Table 2 "Pull-in"displacements and voltages of two structures

under different parameters

"Pull-in"

. "Pull-in"
Structure displacement /
voltage /V
nm

Constant section structure 402.5 28.79
Hyperbolic structure (a=1) 386.5 31.95
Hyperbolic structure (a=2) 389.5 31.72
Hyperbolic structure (a=3) 393.5 31.24
Hyperbolic structure (a=4) 397.5 30. 29

3.2 IS

XFF MEMS-VCSEL, # £ 14 1§ 70 [l 2 A5 2 4% 1F
) B AR bR 22—, — W A 1 5 Y e R e S i
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Table 3 Structural parameters of MEMS-VCSEL devices™ ™

Component Material Thickness /nm Refractive index n
Top DBR (23 pairs) Al 1.Ga, As/Aly Ga, ,As 59.8/69. 4 3.5542/3.0136
Air cavity Air 1062. 5 1
Middle DBR (2 pairs) Al ,Ga, As/Al Ga,  As 59.8/69. 4 3.5542/3.0136
Oxide layer Al xGa, ,As 30 3.0136
Active region GaAs/AlGaAs 6/8 3.6550/3. 4253
Bottom DBR (39. 5 pairs) Al ,Ga, As/ Al (Ga, 1 As 59.8/69. 4 3.5542/3.0136
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Abstract

Objective  Vertical cavity surface emitting lasers (VCSELs) based on micro-electro-mechanical systems (MEMSs) are
widely applied in optical communication, optical coherence tomography, and other fields, with the advantages of wide
continuous tuning range, fast tuning rate, and low power consumption. The tuning modes of MEMS-VCSEL include
electrostatic, piezoelectric and thermoelectric, but the basic principle is to control the mirror shift to change the overall
cavity length of the resonant cavity to achieve wavelength tuning. The support structure of the suspended mirror will be
subjected to alternating loads during tuning, and the stress concentration will occur at the fixed end position of the
structure, leading to the fatigue fracture. The optimization design of the beam structure can improve the reliability of the
device at a low cost, which is a high-feasibility optimization method. In this paper, the support beam structure of the
suspended mirror is optimized on the micro/nano-scale, and the hyperbolic beam structure is proposed. The maximum
stress is reduced, and the resonant frequency is improved without changing the maximum offset and the corresponding bias
of the mirror in the MEMS structure. The proposed optimization method can improve the mechanical and tuning
characteristics of the device without introducing additional process steps, which is well compatible with other materials and

structure optimization methods.

Methods A hyperbolic beam structure is designed for 850 nm tunable VCSEL based on MEMS to improve the
mechanical and tuning characteristics. First, the Mises stress distribution of the traditional constant cross section (CCS)
beam structure is analyzed by the finite-element method. The stress concentration problem will appear at the fixed end
surfaces because the section modulus at different positions of the structure is the same with different moments when the
CCS beam structure is subjected to uniform load. Then, the maximum stress on the structure can be reduced by increasing
the geometry size of the end surface, and the stress distribution can be more uniform. Based on this theory, the hyperbolic
beam structure is designed. In addition, the maximum offsets of the two structures before and after optimization are
compared, which means that the stress optimization results do not sacrifice the offset of the mirror. Finally, the
relationship between the resonant wavelength of MEMS-VCSEL and the applied bias is calculated by the f{requency

domain analysis method, and the resonant frequencies of the MEMS structure before and after optimization are compared.

Results and Discussions The mechanical and tuning characteristics of the two structure beams before and after
optimization are compared. The most important parameters of mechanical properties are the maximum stress and offset of
the structure. The stress distribution of the traditional CCS beam structure and the hyperbolic beam structure is calculated
when the offset is 390 nm. As shown in Figs. 4 and 5, the stress distribution of the two structures is similar. For the
traditional CCS beam structure, the maximum stress values of the upper and lower surfaces are 3. 25X 10" and 3. 06 X 10",
respectively. For the hyperbolic beam structure, the values are 2.49>X10" and 2. 54X 10" respectively, which indicates
that the maximum stress is reduced by 23.4% and 17.0% after optimization. For hyperbolic beam structure, hyperbolic
shapes and stress reduction effects are both different, which means that the best mechanical properties can be obtained by
optimizing the size of the hyperbolic beam structure. The wavelength tuning range and tuning rate are the most important
parameters to evaluate the tuning characteristics of tunable lasers. The relationship between the offset of the upper mirror
and the applied bias in the MEMS structure is calculated, and then the relationship between the cavity length of the laser

and the applied bias is obtained. The wavelength tuning range of the device is obtained by the frequency domain analysis
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method, and the results are shown in Fig. 8. The influence of the air gap on the resonant wavelength 1s different under

different coupling modes of the semiconductor cavity and the air cavity in the laser. For the semiconductor-cavity
dominated (SCD) structure, the wavelength tuning range is narrow (16.6 nm), but it is continuously tuned in the whole
range. For the air-cavity dominated (ACD) structures, the wavelength coverage is 42 nm, but "mode hopping" occurs
during tuning. The resonant frequencies of the two beam structures will decrease with the increasing applied bias, but the

resonant frequency of the hyperbolic beam structure is always increased by 7. 9% compared with the CCS beam structure.

Conclusions A hyperbolic beam structure is designed to improve the mechanical and tuning characteristics of MEMS-
VCSEL devices. The main principle is to reduce the maximum stress and improve the elastic coefficient of the structure by
increasing the section size of the large bending moment. The maximum stress of the upper and lower surfaces decreases by
23.4% and 17. 0% after optimization when the offset is 390 nm. There is little difference between the two structures in the
maximum offset and the required applied bias. In addition, the resonant frequency of the hyperbolic beam structure is
increased by 7.9%. The wavelength continuous tuning range is 16. 6 nm when the coupling structure between the two
cavities in the laser is SCD structure. The wavelength coverage is about 42 nm for the ACD structure, but there is a "mode
hopping" phenomenon during tuning. This optimization method does not need to change the structure of the laser, and is

compatible with other optimization methods, with certain application prospects.

Key words lasers; vertical cavity surface emitting lasers; tunable lasers; micro-electro-mechanical system; mechanical

characteristic; tuning characteristic
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