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Abstract: To overcome the limitations of current technologies, including the slow switching speed, heat ac-
cumulation, and high power consumption of thermo-optic waveguide switches, the high transmission loss of
electro-optic waveguide switches, and the complex feedback control, difficulty in large-scale array integra-
tion, and narrow operating bandwidth commonly found in traditional photonic integrated circuit (PIC) wave-
guide switches, to meet the future demands of on-chip all-optical switching technologies for optical switches
with fast response, low power consumption, broad bandwidth, low cost, and large-scale array fabrication cap-
abilities, this study investigates micro-electro-mechanical systems (MEMS) driven silicon-based waveguide
optical switch devices. By integrating silicon photonic waveguide technology with MEMS technology, we
designed and fabricated an electrostatically driven MEMS 2x2 silicon waveguide optical switch (silicon
photonic MEMS switch) capable of routing optical signals. The monolithic integration of silicon photonic
waveguides and MEMS microactuators on a silicon wafer was achieved using electron-beam lithography
combined with complementary metal-oxide-semiconductor (CMOS) processes. With a footprint of 192 pm x
192 pm, the device successfully demonstrated 2x2 optical switching functionality. The switching response
times were measured at 20 ps and 15 ps, with optical signal rise and fall times of 15 ps and 10 ps, respect-
ively. At a wavelength of 1550 nm, the device achieved an extinction ratio (ER) of 35 dB and an insertion
loss (IL) of —0.8 dB. Over the 1 500-1 600 nm wavelength band, the ER remained above 20 dB, and the hold-
ing power consumption in the ON state was less than 0.5 uW. Experimental results demonstrate that this sil-
icon photonic MEMS optical switch features fast response, low modulation power consumption, and excel-
lent broadband performance. Furthermore, it can be fabricated into large-scale arrays with simple control
mechanisms using existing process platforms, indicating significant application potential in future on-chip

all-optical switching networks.
Key words: photonic integrated circuit; micro-electro-mechanical system; silicon photonic MEMS; optical
switch; optical circuit switching
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Fig. 1 Working principle of a 2x2 MEMS optical switch.

(a) 3D structure; (b) Optical signal transmission
path in the OFF state; (c) Optical signal transmis-
sion path in the ON state.
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Fig.2 Working principle of the vertical coupling wave-

guide structure. (a) Schematic diagram of the ON

state; (b) Geometric structure of the coupling re-

gion waveguide.



4 HrE D (0

FExE

S D = RO S N e L o i
HRA

] 2(b) A X S L S5t R B
W2 S B 454, Foh 6 F N2 A4
W FIRBEN hy B A hyo LT 2GS
JEIER Doy BEEH hepo W2 USRI A S5
PERRN A ROCR, A R TR 1Y R R A
W WA LB W0, T2 B SR iR v
K Wy, TR Ly KIETGIZBWAER] W, [ 24
B RVIRTEE R W, Zoad L KIE TG Z A1
N Weor Le NFRE KL, g PR BCTRIRES B

T ERA B AT 2 B I TR
A1 220 nm AY4EZ%4K | fE (Silicon on insulator, SOI)
fn R EATIT 2, B hy, BCUER 60 nm, B RS
W FIETIEIE 300 nm (9 L EEEAT T 5, B 5
he, TR 200 nm. fff A BR 22 435 (Finite
Difference Time Domain, FDTD) #4173 H A& )%
SEF T T, RIS R ASURE, FEHT
FORAS 3 E A I S 45 1E 1550 nm 4L B9 FE
BRI T 95 %, 7E 1400 nm~1700 nm %
B SRR A ORI L 90 %, 76 X MRS
T, 7£ 1400 nm~1700 nm ¥ B B A 5 A7 A 5 5%
FHAAMET 0.001 %o, M PR IF SCTH G LR T
30 dB, Ff H. R S AT RE I /NG T OG5 1 3 1 R
<t ) RGH AS RN A 10 5 2854 R T B A I
SRR BRI AE 50 pm DAY

WEBA SRR TEE W, R 0.15 pm (5
25 A Sk B B T A R TR A, 25 R AR PR A
PSR 0.15 pm), FEA IS IR S 9 W,
BWEN 1 pm, B SRIRTERE W, 380 1 um,
TR Ly JRZ 0 pm, BRI SIS I 1Y 50
Wy, BB} 0.6 um. & 3 AFREARIEE ¢ T, 48
BRCRRER A K L AR Eh 4. A&l 3(a) AT
N, BNRR AR ¢ ERE A A KB L, T
oy LRG0 . 7E L2 25 pm, g 4 130 nm
I R A R R ik 90 %, H RS BRI &
KEAMATIAR ., EEKE LA 25 um (1
FAFT, AN BT 3 AR A B T A5 R AL
AN 3(b) Frs, T RS HRE5 Y drop i
B R B AR 3G R RIS, 7ETT SRS, B
[B]#5°A7 130 nm K, drop %t 1 7E 1400 nm~1 700 nm
B Sy Fad i 90%, i AR T 0.5 dB,

TE (8] BE 43 51 & 800 nm F1 1000 nm i, 55 45 14 6
L83 40 dB i1 50 dB, A A 4 m w4 G
FRAR A SEPAPIRS R I SR R B K T 800 nm,

r —
1of @ o
3 08F i Gap 130 nm ‘
gg 06l i Gap 140 nm |
g ' Gap 150 nm
= ! Gap 160 nm
= | ' |
.§ 0.4 f | Gap 170 nm
o I :
© 02t |
:
o !
0 10 20 30 40 50
Coupling length/pum
10 T T T T
0 (b) Gap 130 nm
“10f Gap 200 nm ]
g2
= " Gap 400 nm
g 30t .
2 —40 _/////’_
‘g Gap 600 nm
£ 50 Gap 800 nm 1
E 60 ]
“70¢ Gap 1000 nm )
—80 i

1.40 145 150 155 1.60 1.65 1.70
Wavelength/pum

K3 EEEGISLSEBET. (a) ARG T 1550 nm
BB A AT (b) #E R 25 pm
I AN [7)  F 4 H E 5 280%

Fig. 3 Simulation design of the vertical coupling wave-
guide structure. (a) Coupling efficiency at 1550 nm
versus coupling length under different coupling
gaps; (b) Broadband coupling efficiency for various

gaps with a coupling length of 25 pm.

4 g i EAR G I A M R A R
BRI S i A A W 4(a)
iR, BEARRA X U B i G S5 S =2 6
FEAE RS, WA 4(b). () FR, BEE RS
LR LG A I A SE 3 I, R R
WA ER A U LR G . R
B AR i 4 R RS R, PR SEAN
AL B A W ity e B 25 4E R 2R 1
JEAZ, A 4(d). (o). () Bz, eI & AL fi 75 19]
b RER I TS R R T 0 ) B D,
PR S R SR E A F] 1 pm, 781X [H] R
T, BF 20 SR A R v 2 [ R T AR Y 2

B



BEIESL, 45 MEMS #HUIRZN 1 2x2 FEIEE ST K 5

.0 .
-2.0-1.0 0 1.0 2.0 -2.0-1.0 0 1.0 2.0
y/pm y/pm
1.0

0.8
0.6
0.4
0.2

0 -2.0-1.0 0 1.0 2.0 0 -2.0-1.0 0 1.0 2.0
y/pum y/pm

1.0

0.8

0.6

0.4

0.2

975010 0 10 20 M075010 0 10 20
y/um y/um
K4 JHRCIRE TN 3 ERRS IA L fi . () A
s F (I 2(a) A2 E P15 (b) B8 A DX 4 o ( (5]
2(a) L E P2) ;5 (c) R DX IR S (18] 2(a) HH o7 2
P3); (d) B R IR (] 2(a) TP E P4); (o) BLHY
A (18] 2(a) TP E PS); (F) Hi Hi o 11 (P 2(a)
fiE P6).

Fig. 4 Optical field distribution of the vertical coupling
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the device. (a) Spectral response testin the 1 500—1 620
nm wavelength band; (b) Holding power consump-

tion test in the ON state.
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Fig. 9 Device fabrication inspection and simulation veri-
fication. (a) SEM image of the cross-sectional struc-
ture of the silicon photonic MEMS optical switch;
(b) Modified model and process tolerance simula-

tion of the vertical coupling waveguide structure.

BT J T EHAA I S T 2520
DI BT, B8R 9(b) frs, Bl x, y a5
] 9(a) AR — 35, $E 7R AR G 5o 2
HE, T2 B S <y I R mAsE . B
y 7 20 22 9 {5 B A5 SRR, 24 y Jr 1) 5 %1
TR 2EPEHRIAE/NT 150 nm JEFIE, R )25
2R B8 6T TE R B ORI 5 ) ALK, AN
0.1 dB. %X} x J7 a1 & 2 22 1) B 45 R BH,
BRI R x f MEZ R 22N 100 nm B, T
EUAR A A5 R it i3 5 WU e —
, JLPARZ R0, e x 1577 0] A 2 22 7 18
£ 50 nm B}, BRI R SR RERAC, X TEHTR A
RORBSEMATIR 8 TR,



8 FEDEE (hgEso

FExE

4 & ®

AR SCUE T FF N T T AT A R 3l
2x2 fEJ MEMS S 6HF G, #8-li % MEMS
PUAT AR AR DG 5 B AR AR, T RS AN
ST %) W 97 BT[] 35310 A 20 s 115 s, FEAR T fE
FAITA RS A 192 umx192 um, 1% ETF 5630 i3 7
Tl PR J22 D0 45 P Vo ] A S B 3 1 v A

S 3Rk

A B BRSSP THE 1500 nm~1 600 nm I BGH#
it 20 dB IH YL, FEFF ST RN B A T A%
B HOCTF ORI HOGTF A T LR AR FF DI AE, A P
FRIBRES Y, I FLIE i sl e A T3 2544 L
PR S T2 T 204, AT ORI G 3 B R I 2
5us IR, #E— 208 KAE R 46 ac e Gisl iy )i
FAOEH

[1] URATA R, LIU H, YASUMURA K, ef al. . Apollo: large-scale deployment of optical circuit switching for datacenter
networking [C]. 2023 Optical Fiber Communications Conference and Exhibition (OFC), IEEE, 2023: 1-3.

[2] URATA R, LIU H, YASUMURA K, et al. . Mission Apollo: landing optical circuit switching at datacenter scale[J].
arXiv: 2208.10041, 2022. (ZEFYPI_E TR, AHRE TR R B AG R 1EH, THEXT).

[3] WANG H, WANG ZH G, GONG CH, et al. . Using light to image millimeter wave based on stacked meta-MEMS
chip[J]. Light: Science & Applications, 2025, 14(1): 59.

[4] RASTEGARFAR H. Optical switching in next-generation data centers[D]. Toronto: University of Toronto, 2014. (£
B R _E B, SRAEFIAAZESCIME R IEHA, HHHIN).

[5]  https://www.polatis.com/polatis-all-optical-switch-technology-lowest-loss-highest-performance-directlight-beam-
steering.asp. (AN ESEBEARL SV B).

(6] WANG X J, VAN MECHELEN T, BHARADWALI S, et al.. Exploiting universal nonlocal dispersion in optically active
materials for spectro-polarimetric computational imaging [J]. eLight, 2024, 4(1): 22.

(7] & F, xrare, A&, F. T DGR TEALRY 1x8 BEREHOLIFIC[T]. b5 53R, 2024, 44(8): 0813001.
GAO X Y, LIU Y Y, HU G X, et al. 1x8 Silicon-based thermo-optic switch based on Mach-Zehnder
interferometers[J]. Acta Optica Sinica, 2024, 44(8): 0813001. (in Chinese).

(8]  Azik. K ALF @ B F HOLTF X 718957 2L [D]. KF: FHMRE, 2025.

CHENG P. Study on low-power planar optical waveguide thermal optical switch array[D]. Changchun: Jilin
University, 2025. (in Chinese).

[9] WANG J, SHI SH Q, NIU H SH, et al.. Ultrahigh extinction ratio and a low power silicon thermo-optic switch[J].
Optics Letters, 2024, 49(10): 2705-2708.

[10] SUN B H, YAO CHH, LI T Y, et al.. Tri-layer SiN-on-Si 8x8 optical switches with thermo-optic and electro-optic
actuators [J]. Journal of Lightwave Technology, 2025, 43(11): 5400-5406.

[11] DING Y ZH, ZHANG D M, ZHANG P, et al.. Dual-mode 2 x 2 electro-optic switch on a SOI platform [J]. Optics
Letters, 2024, 49(21): 6125-6128.

[12] WU Y T, CHU T. Low-crosstalk silicon optical switch with switching time<5.5ns[C]. 2025 30th OptoElectronics and
Communications Conference (OECC) and 2025 International Conference on Photonics in Switching and Computing
(PSC), IEEE, 2025: 1-4.

[13] ZHOUJJ,LV LM, YAO ZH SH, et al.. High-performance thin-film lithium Niobate Mach—Zehnder modulator on 8-
inch silicon substrates [J]. IEEE Photonics Technology Letters, 2024, 36(17): 1077-1080.

[14] LIQY,YIQY, SUN A L, ef al.. Ultra-broadband near- to mid-infrared electro-optic modulator on thin-film lithium
niobate[J]. Nature Communications, 2026, 17(1): 1138.

[15] SEOK T J, QUACK N, HAN S, ef al.. Large-scale broadband digital silicon photonic switches with vertical adiabatic
couplers[J]. Optica, 2016, 3(1): 64-70.

[16] HU Y P, SUN Y, LU Y, et al.. Silicon photonic MEMS switches based on split waveguide crossings[J]. Nature
Communications, 2025, 16(1): 331.

[17] A%, 0, 3%, . 0 Fd EAERE 22 RUSoTrF it 0], 565 4% % 142, 2025, 33(2): 209-219.

DUL Q, LI A Q, LI M, et al.. Development of bi-directional high overload silicon-based differential pressure sensitive


https://doi.org/10.1186/s43593-024-00078-2
https://doi.org/10.3788/AOS231782
https://doi.org/10.3788/AOS231782
https://doi.org/10.1364/OL.520209
https://doi.org/10.1109/JLT.2025.3545568
https://doi.org/10.1364/OL.537380
https://doi.org/10.1364/OL.537380
https://doi.org/10.1109/LPT.2024.3434542
https://doi.org/10.1038/s41467-025-67902-2
https://doi.org/10.1364/OPTICA.3.000064
https://doi.org/10.1038/s41467-024-55528-9
https://doi.org/10.1038/s41467-024-55528-9
https://doi.org/10.37188/OPE.20253302.0209
https://doi.org/10.37188/OPE.20253302.0209
https://doi.org/10.37188/OPE.20253302.0209

3 x ¥

TS, 55 MEMS B HLIK) 1) 2x2 BRI SO % 9

element[J]. Optics and Precision Engineering, 2025, 33(2): 209-219. (in Chinese).

EEEN:

~
e

. Lo

i

8 18 3C (2000—), 5, BIE @b A,
AR}, BhEE T ARG, 2022 4F FiE R K
AR, EENEREE RS
MEMS %5 {4 38 X gt & J7 19 BF 5% o
E-mail: CBW18697088823@163.com

MR AR (1971—), B, “HCAT A, &
B, R 5L, F2 M H MEMS. EMCCD
I LTCC M M5 . E-mail: cbg214
@163.com

ik U 06 (1985—), J, AL A,
+, F T AR, NG T AR AL
% . DR 1 B A5 . E-mail:
zhfeng124@163.com

T H 5 (1994—), 5, AR IR, 1
+, TREIN, EENFHEEIOCH T2
B 56 1E & %5 m kg .

E-mail: wangzihengrowpien@163.com

T (1992—), 5, {LHMET A, -+
Mok, FENFHOLFR . F5a
PG5 R 1 0B AR G 4 N T
M wE 5 .

edu.cn

E-mail: conan_chen@njust.

il fh 3 (1981—), 5, " &R X% T A, 4
+, BT 5L, 2009 4F TR RCHE T oK 2%
R 2E A, 3 E N O Y g S
A% . O = 4 3 3h /g s 2 A R
1% . T BT 3R DA KO 4 2
P Fi R SR 4 W 7 T FSE o E-mail:

hewj@mail.njust.edu.cn

-
.

i

k¥ (1988—), 5, TE AWEILA,
M, =g TR, EEMNFEIELT
AR LA, AR LR O B A RO % Ik
N FH % 5 T A9 A5 . E-mail: zijunyao
1988@163.com

WA (1988—), F, ILTRHET N, Bl 1,
g TR, EE NSO AR S 4
PE B W IT K J7 R BT
njustshenji@126.com

E-mail:

R (1995—), 5, g 2 SO, B
£+, TN, TENFEHH R SRS
AR B 1 28 5 AT A M O e Y R
%% . E-mail: 1310645768@qq.com

Ji B (1996—), F, WHFHHAN, i+,
TR, EENFEOCIR AT 56
4 F B4 5 R o 5
835139040@qq.com

E-mail:

Al f5 % (1981—), 55, TR T A, 1H
+, B35 51, 2009 4 F R RUEE TR 2
AR A2, 32 N A b g
A% . WO R = 4 B sh B A AL
1% . T BT 3R DA B F 4
i R GE 46 W7 T B SY o E-mail:

hewj@mail.njust.edu.cn


https://doi.org/10.37188/OPE.20253302.0209
mailto:CBW18697088823@163.com
mailto:zijunyao1988@163.com
mailto:zijunyao1988@163.com
mailto:cbg214@163.com
mailto:cbg214@163.com
mailto:njustshenji@126.com
mailto:zhfeng124@163.com
mailto:1310645768@qq.com
mailto:wangzihengrowpien@163.com
mailto:835139040@qq.com
mailto:conan_chen@njust.edu.cn
mailto:conan_chen@njust.edu.cn
mailto:hewj@mail.njust.edu.cn
mailto:hewj@mail.njust.edu.cn

	1 引　言
	2 硅光MEMS波导光开关器件设计
	2.1 2×2光路由器件工作原理
	2.2 垂直耦合波导结构设计

	3 硅光MEMS波导光开关加工及测试
	3.1 硅光波导与微执行器单片集成工艺流程
	3.2 硅光MEMS波导光开关加工情况
	3.3 硅光MEMS波导光开关性能测试
	3.4 加工检验及后仿真

	4 结　论
	参考文献

