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Outline

– MEMS & Silicon Photonics
– Wafer-Scale Integration of MEMS in a 

Standard Silicon Photonics Platform
–MEMS Tunable Power Coupler / Photonic Switch
–On-Chip MEMS Tunable Filter

– Outlook & Conclusions
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Physics at the Micro- & NanoscaleNanofab & Materials Engineering System Level Integration

Photonic Micro- and Nanosystems

Quantum Sensing & 
Computing

Photonic 
Accelerators

New Space Imaging Information & 
Communication Tech

Personalized Health

Research, Engineer & Build Enabling Solutions

Diamond Microsystems Photonic Integrated Circuits MEMS Optical SwitchesMicromirrors
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MEMS: Ubiquitous Miniaturized Sensors and Actuators

integration using Micro/Nano Engineering is the only solution
for high performance, scalable, cost effective systems

Image: Thomas A. Cano Hald et al., AutomotiveUI 2018 Projector Image: InFocus

Sensors Actuators

… …
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– Waveguides (Low Loss)
– Photodiodes (> 50GHz)
– Modulators (> 50GHz)
– Detectors (> 50GHz)

– Filters, Resonators, Couplers…
– Nonlinear Functions…

Silicon Photonics: Wafer Scale Photonic Integration of 

§ Sensors – Integration with Electronics
– Interfaces to Optical Fibers/Source
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Silicon Photonics – Applications

today

Silicon Photonics 400G 
DR4 QSFP-DD Optical Transceiver 

(Intel)

tomorrow

Programmable Photonic 
ICs [1]

AI, QIP, QKD, Quantum Sensors, 
Imaging, Biosensors, Switching…Tele-/Datacom

[1] Bogaerts, W., et al. Nature 586, 207–216 (2020). 
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Photonic Integration and Scaling

Margalit et al. 2021
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10 μm

Freestanding
MEMS Actuated

Adiabatic Couplers

Bus Waveguides
with Crossings

1 mm

7.
0 

m
m

4096 Individual Silicon Photonic 
MEMS Switches

Silicon Photonic MEMS Switch Unit Cell
110µm x 110µm

64 x 64 Silicon Photonic MEMS Switch Matrix

Seok, Quack, Han, Zhang, Muller, Wu, Optica, 2016 Kwong et al. CLEO 2018, SF1A.4 (128 x 128) Seok et al. OFC 2019, (240 x 240)
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Broadband

Seok, Quack, Han, Zhang, Muller, Wu, Optica, 2016

Low Loss

On-Chip Insertion Loss
(Measurement)

Spectral Response
(Measurement)

y = – 0.026x – 0.47

Loss per Cell Switching Loss

Silicon Photonic MEMS Switch Performance

Fast

0.28 μs0.91 μs

Temporal Response
(Measurement)
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Scaling Photonic Integrated Circuits with MEMS

IEEE JSTQE, 26, 2, 2020, MEMS for PICs

MEMS &
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https://h2020morphic.eu/Bogaerts et al. Silicon Photonics XV. Vol. 11285.2020.

iSiPP50G 
Germanium
photodetectors

High-efficiency
grating couplers

High-speed p-n
modulators

AlCu bondpads

2 Cu-damascene
interconnect layers

– Starting Point: IMEC’s state-of-the-art iSiPP50G platform

Standardization of Silicon Photonic MEMS
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– Starting Point: IMEC’s state-of-the-art iSiPP50G platform

Standardization of Silicon Photonic MEMS

https://h2020morphic.eu/Bogaerts et al. Silicon Photonics XV. Vol. 11285.2020.
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AlOx protection
for HF vapor etch

HF vapor removal of Buried OxideFreestanding Photonic MEMS

Doped Si for electrostatic actuation

– Starting Point: IMEC’s state-of-the-art iSiPP50G platform
– Add MEMS by custom Post-Processing

Standardization of Silicon Photonic MEMS

https://h2020morphic.eu/Bogaerts et al. Silicon Photonics XV. Vol. 11285.2020.
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silicon lid

Capping for
hermetic sealing

– Starting Point: IMEC’s state-of-the-art iSiPP50G platform
– MEMS Release by custom Post-Processing

– Wafer Level Hermetic MEMS Sealing

Standardization of Silicon Photonic MEMS

https://h2020morphic.eu/Bogaerts et al. Silicon Photonics XV. Vol. 11285.2020.
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– Starting Point: IMEC’s state-of-the-art iSiPP50G platform
– MEMS Release by custom Post-Processing

– Wafer Level Hermetic MEMS Sealing
– Robust Wafer Level Process - Challenges Addressed 

Standardization of Silicon Photonic MEMS

https://h2020morphic.eu/Bogaerts et al. Silicon Photonics XV. Vol. 11285.2020.
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[1] Coupler: H. Sattari et al.,Opt. Lett. 45, 2997-3000, 2020.

Compact Tunable Power Coupler

– FDTD Simulation [1] 
– Initial Gap 200 nm

Operating
Window

– 150 nm Displacement 
– Full Dynamic Range
– Tolerant to Fab Variations

V
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Optical Microscope InspectionGrating
Couplers

IN THROUGH DROPWaveguides

Waveguides
MEMS

MEMS
Cavity

Electrical
Contact

Pad

Electrical
Routing

(2 Levels) 50 μm
Takabayashi et al. MEMS 2022
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Suspensions Strain Relief Bends

10 μm

Anchors Alumina
Passivation

Comb Drive 
ActuatorOptical Transition

Takabayashi et al. MEMS 2022
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– MEMS Actuated Power Coupling
– High Extinction Ratio (>18.3dB)
– Low Insertion Loss (>1.2dB)

Silicon Photonic MEMS Tunable Coupler Performance

– Spectral Response 
– Broadband Coupling (C-Band)
– 3dB Bandwidth >80nm

Takabayashi et al. MEMS 2022
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Silicon Photonic MEMS Tunable Add/Drop Filter

Full-Etched Si Shallow-Etched Si

Buried Oxide Si Substrate

Input

Through

Drop

Add
V

Optical Carrier Multiplexing 
with Ring Resonators 

Vertically Moving Silicon 
Photonic MEMS Ring Resonator

Sattari et al. JOM, 2, 4, 044001, 2022
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Silicon Photonic MEMS Tunable Add/Drop Filter

Oxide 
Pillar

Electrical 
Isolation 
Trench

Vertically Moving Silicon 
Photonic MEMS Ring Resonator

Electrostatic
Actuator

Sattari et al. JOM, 2, 4, 044001, 2022

Full-Etched Si Shallow-Etched Si

Buried Oxide Si Substrate

Input

Through

Drop

Add
V
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Silicon Photonic MEMS Tunable Add/Drop Filter

Vertically Moving Silicon 
Photonic MEMS Ring Resonator

Sattari et al. JOM, 2, 4, 044001, 2022

Full-Etched Si Shallow-Etched Si

Buried Oxide Si Substrate

Input

Through

Drop

Add
V
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Silicon Photonic MEMS - Versatile Components

1 x 2 Switch

Low Voltage Coupler In-Plane Coupler

Phase Shifter Tunable Filter

Vertical Coupler

JMEMS, 2021 OL, 2021 JOM, 2022

(REV.), 2023MEMS 2022MEMS 2021
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Wafer Level Photonic MEMS Sealing 

Silicon
Photonic 

MEMS

Grating
Coupler

Metal Bond
Pad

Electrical
Routing

Optical
Routing

Aluminum 
Bond Ring

400 µm

– Aluminum Bond Ring
– Wafer Level Sealing

– Au-Al Thermocompression 
Bonding

Gaehun Jo et al. Photonics Research, 2022
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Wafer Level Photonic MEMS Sealing 

Gaehun Jo et al. Photonics Research, 2022

400 µm

Hermetic
Silicon Photonic 
MEMS Sealing Lid

Grating
Coupler

Metal Bond
Pad

Electrical
Routing

Optical
Routing

– Aluminum Bond Ring
– Wafer Level Sealing

– Au-Al Thermocompression 
Bonding

– Silicon (SOI) Lid

– ~20 µm high
– Hermetic

– Long Term Reliabilty for
MEMS Devices
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Electrical and Optical Interfaces

Interposer Sealing Lids
(various shapes)

Recess for 
Fiber Array

– ~20 µm high
– Hermetic

– Solder Jetting
– Flip-Chip Bonding

– Glass Interposer

Quack et al. 2022, in Revision
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Solder Jetting – Sovereign Capability for Australia?

– Solder Jetting
– 40um – 200um solder balls
– Photonic/Electronic Assembly
– Dry Process (! MEMS), Chips, Wafers...

– Heterogenous Integration
– Research Prototypes
– Materials Research
– Packaging, Reworking ...
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Electronic-Photonic Assembly

Quack et al. 2022, in Revision
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Electrical and Optical Interfaces

PCBMechanical 
Support

Fiber 
Array

Interposer Sealing Lids
(various shapes)

Recess for 
Fiber Array

Fiber 
Connectors Quack et al. 2022, in Revision



Page 30The University of Sydney

Photonic Integration and Scaling – MEMS Opportunity?

Margalit et al. 2021

?
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Outlook: Programmable Piezo Photonics (P3)
Performance

MEMS
Actuator

Photonics 
Compatibility
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Footprint
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Laser in Modulator

Control Programmable Piezo Photonics

RFout

Delay

Optical
Fibre

FTTH

Switch

LIDAR

5G Beamforming Smart Sensor
Network

QKD

Outlook: Programmable Piezo Photonics (P3)
Performance

MEMS
Actuator

Photonics 
Compatibility

Power 
Consumption

Footprint
Response 

Time
Movement

Electrostatic 
Discharge

Electrostatic High Low Medium Medium Unilateral Failure

Piezoelectric Medium Low Small Fast Bidirectional Recovery

Low Power 
Compact 
Low Loss

Broadband
Fast

=
Scalable

Programmable
Piezo Photonics

Graphics adapted from Bogaerts et al. Nature 586, 207–216 (2020). 
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– Silicon Photonic MEMS Technology
– Scalable Technology
– Compact, Low Loss, 

Broadband, Low-Power, Fast 
– Devices, Circuits, Sealing, Interfacing 
– Decisive Technology Step for 

Programmable Photonics
– Next: Scaling with Piezo-Actuators
– Technology for Sensing, Quantum, AI

Silicon Photonic MEMS – A Scalable Technology



Page 34The University of Sydney

Thank you for your 
Attention.

Questions?

Niels Quack | Associate Professor | Micro- & Nanosystems
The University of Sydney
Faculty of Engineering, School of Aerospace, Mechanical and Mechatronic Engineering
Office S513, Mechanical Engineering Building J07 | The University of Sydney | NSW | 2006
P +61 2 9036 4736 | niels.quack@sydney.edu.au | sydney.edu.au 
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Reliability of MEMS

– Reliability has been proven for MEMS
– Solved Problem, e.g. DLP by TI: 

– ~ 1000 x 1000 pixels
– ~ @ 1 MHz
– ~ 2778 h = 10 Ms

– -> 1019 switching cycles
– -> and then fails: the lamp!

Optical transmissions  
/ #  operating cycles 

Switching Voltage 
/ #  operating cycles

Switching voltages 
/ contact time

also: MEMS accelerometers, gyroscopes, resonators, etc.
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Power Penalty vs. Cost/Port for Photonic Switches

Cheng et al.
/Bergman group
/Columbia
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Response Time Comb-Drive Actuated Coupler

– Fast Electro-Opto-Mechanical Response Time
– Step Response (Voltage Step Input, Optical Signal at Fast Detector)
– Rise Time 15.5 μs, Fall Time 0.8 μs, dominated by Mechanical Response
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Takabayashi et 
al. MEMS 2022
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Compact Silicon
Photonic MEMS Switch

Input

Output 1 Output 22 µm

Takabayashi et al. JMEMS, 2021.

Electrode 1 Electrode 2

StopperStopper
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Contact
Pad

Input Output 1 Output 2Grating 
Coupler

Sealing Ring 
(Not Used)

MEMS 
Cavity

100 µm

Compact
Rectangle: 

50µm x 100µm

2 Level
Metal Routing

Waveguides

Takabayashi et al. MEMS 2022
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– Compact (65 x 62 μm2), Low Loss
– High Extinction Ratio > 23 dB
– Broadband > 70nm

Compact Silicon Photonic MEMS Switch

– Fast
– 822 ns rise time
– 732 ns fall time

Takabayashi et al. JMEMS, 2021.

Electrode 2Electrode 1

ER > 23dB
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Electrical Interface Scaling
3D Integration

27 June 2018 MEMS Based Optical Switching © niels.quack@epfl.ch 42
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Packaging Process Flow

Silicon Photonic
MEMS Switch

Ceramic Interposer

1. Bonding Pad Preparation

Solder Ball Au Bump

2. Flip Chip Bonding

Ceramic Interposer

Silicon Photonic
MEMS Switch

3. PCB and Wire-Bonding 4. Attaching Fiber Array

PCB

Wire Bond

PCB

64-Channel Fiber Array
Seok et al., IEEE IPC, Sept. 2016.
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AlN ceramic interposer50x50 Switch

Switch and Interposer Chips

• Silicon Photonic 
Switch with Jetted 

Solder Balls

• Ceramic (AlN) 
Interposer with 

Gold Stud 
Bumps

Seok et al., IEEE IPC, Sept. 2016.
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3D Integration
64 Channel 
Fiber Array

PCB Test Board

InterposerSilicon Photonic 
MEMS Switch

Switch device

Ceramic interposer

(a)

(b) (c)

64-channel lidless fiber array

Printed
Circuit
Board

Fibre
Array

Gripper

H. Y. Hwang et al., "Flip Chip Packaging of Digital Silicon Photonics MEMS Switch for Cloud Computing and Data Centre," in IEEE Photonics Journal, vol. 9, no. 3, pp. 1-10, June 2017.
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3D Integration
64 Channel 
Fiber Array

PCB Test Board

InterposerSilicon Photonic 
MEMS Switch

64-channel lidless fiber array

Printed
Circuit
Board

Fibre
Array

Gripper

Fiber
Breakout

Box

FC/APC connectors

Mechanical
Housing

H. Y. Hwang et al., "Flip Chip Packaging of Digital Silicon Photonics MEMS Switch for Cloud Computing and Data Centre," in IEEE Photonics Journal, vol. 9, no. 3, pp. 1-10, June 2017.
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3D Integration
64 Channel 
Fiber Array

PCB Test Board

InterposerSilicon Photonic 
MEMS Switch

64-channel lidless fiber array

Fiber
Breakout

Box

FC/APC connectors

Mechanical
Housing

H. Y. Hwang et al., "Flip Chip Packaging of Digital Silicon Photonics MEMS Switch for Cloud Computing and Data Centre," in IEEE Photonics Journal, vol. 9, no. 3, pp. 1-10, June 2017.

System Controller (FPGA)

Switch package

EDFA Splitter

Function 
GeneratorOscilloscope

Attenuator

Attenuator

Splitter
Detector

10 Gb/s Ethernet 

Data

On

Off

Trigger
Pulse

Output from
SFP + Module

Output from
Switch

10G Modulated Data

0.4 us

Measured BER: 10 -11
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Scalable On-Chip Optical Switches

Calient 320x320

..
.

64 Channel 
Fiber Array

PCB Test Board

InterposerSilicon Photonic 
MEMS Switch

H. Y. Hwang et al., "Flip Chip Packaging of Digital Silicon Photonics MEMS Switch for Cloud Computing and Data Centre," in IEEE Photonics Journal, vol. 9, no. 3, pp. 1-10, June 2017.

System Controller (FPGA)

Switch package

EDFA Splitter

Function 
GeneratorOscilloscope

Attenuator

Attenuator

Splitter
Detector

10 Gb/s Ethernet 

Data

On

Off
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In- and Out-Of-Plane Acutators

27 June 2018 MEMS Based Optical Switching © niels.quack@epfl.ch 49
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Buried Oxide
Si Substrate

V

Multi-Layer 
(Surface Micromachined)

Silicon Photonic MEMS

Out-of-Plane

Si Substrate
Buried Oxide

V

Si Substrate

Buried 
Oxide

V

Single-Layer 
(SOI Device Layer)

Out-of-Plane

In-Plane
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500nm

Surface Micromachined Silicon Photonic MEMS

Seok, Quack, Han, Zhang, Muller, Wu, Optica, 2016
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Buried Oxide
Si Substrate

V

Multi-Layer 
(Surface Micromachined)

Silicon Photonic MEMS

– Photonic MEMS Switches Optica, 2016
– Digital Phase Shifters OMN 2018
– Variable Optical Attenuators SPIE 2018
– Analog Phase Shifters OE 2019
– Wavelength Sel. Switches APL Ph. 2019
– Multi-Cast Switching OE 2019
– Non-Volatile Photonics SPIE 2019
– Optical Beam Steering CLEO 2020
– … stay tuned for more… …

Out-of-Plane
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Continuously Tunable Power Coupler

27 June 2018 MEMS Based Optical Switching © niels.quack@epfl.ch 53
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Input

Drop

Through

Fixed 
Waveguide

Movable 
Waveguide

Silicon Substrate

220 nm Device Layer

2 µm BOX

Optical Transition + Anchor

Takabayashi et al. Transducers, 2021.

Electrical Isolation Trench

Continuously Tunable
2 x 2 Power Coupler
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Continuously Tunable
2 x 2 Power Coupler

Voltage

Input

Ground

Drop

Through

Fixed 
Waveguide

Movable 
Waveguide

Takabayashi et al. Transducers, 2021.

– In-plane movable 
coupler

– default state = cross
– comb drive actuation
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Comb Drive 
Actuator

Electrical 
Isolation 

Trench

Optical Transition
Suspended

Coupler

Freestanding
Waveguides

Anchors

Handle
Layer

Input

Drop

Through

Standard Platform Integrated
Silicon Photonic MEMS

Takabayashi et al. Transducers, 2021.
10 µm
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IPOS, Sydney, 24 October 2022Silicon Photonic MEMS © niels.quack@sydney.edu.au57

250 µm

MEMS 
Cavity

Contact
Pad

Waveguides

Sealing Ring
(Not Used)

Metal Routing

Grating
Coupler Input DropThrough

Takabayashi et al. Transducers, 2021.
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Compact Silicon Photonic MEMS Switch

27 June 2018 MEMS Based Optical Switching © niels.quack@epfl.ch 58
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1 x 2 Silicon Photonic MEMS Switch 
IPOS, Sydney, 24 October 2022Silicon Photonic MEMS © niels.quack@sydney.edu.au59

Electrode 2

Input

Output 1

Output 2

220 nm 150 nm 70 nm

Shuttle

Electrode 1
Stopper

Anchor

0

1

0 2 4 6 8 10 12

2

4

X [µm]

Y
 [µ

m
]

IDLE State

Normalized Power at λ=1550 nm
Output 1

Output 2

Input

Takabayashi et al. JMEMS, 2021.
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1 x 2 Silicon Photonic MEMS Switch 

Electrode 2

Input

Output 1

Output 2

220 nm 150 nm 70 nm

Shuttle

V
Electrode 1

Displacement
Stopper

Anchor

0

1

0 2 4 6 8 10 12

2

4

X [µm]

Y
 [µ

m
]

ON 1 State

Normalized Power at λ=1550 nm
Output 1

Output 2

Input

Takabayashi et al. JMEMS, 2021.
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Compact Silicon
Photonic MEMS Switch

Input

Output 1 Output 22 µm

Takabayashi et al. JMEMS, 2021.

Electrode 1 Electrode 2

StopperStopper
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Contact
Pad

Input Output 1 Output 2Grating 
Coupler

Sealing Ring 
(Not Used)

MEMS 
Cavity

100 µm

Compact
Rectangle: 

50µm x 100µm

2 Level
Metal Routing

Waveguides

Takabayashi et al. JMEMS, 2021.
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Silicon Photonic MEMS Phase Shifter

27 June 2018 MEMS Based Optical Switching © niels.quack@epfl.ch 63
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Edinger et al., CLEO 2021
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Silicon Photonic MEMS Phase Shifter 

Waveguide

10 µm

Edinger et al., CLEO 2021
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Silicon Photonic MEMS Phase Shifter 

10 µm

Edinger et al., CLEO 2021
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Silicon Photonic MEMS Phase Shifter 

10 µm

Edinger et al., CLEO 2021
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Silicon Photonic MEMS Phase Shifter 

10 µm

Edinger et al., CLEO 2021
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Silicon Photonic MEMS Phase Shifter 

– Compact 
– 2 π Phase Shift @ 36V
– Low Insertion Loss < 0.5dB

§ Fast
§ Resonance Frequency 461 kHz

0V

Edinger et al., CLEO 2021
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