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25 years of Multidisciplinary photonics@ PoliMi
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Photonics is pervasive
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POLIFAB MISSION

Polifab is the micro and nano technology center of the 

Politecnico di Milano created to provide the highest 

technological standards for a wide range of applications 

and processes involving all the Key Enabling 

Technologies: photonics, micro and nanoelectronics, 

biotechnologies, advanced materials and 

nanotechnology

Polifab: aggregating and enabling open infrastructure

Polifab works with:
• Academic research groups
• External research institutions
• Startups
• Companies

www.polifab.polimi.it

Basic 
science

High TRL 
projectsEducation

http://www.polifab.polimi.it/
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620 m2 Clean Room
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Polifab Clean Room – 620 m2

http://www.polifab.polimi.it
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 (very short) Overview on integrated photonics

 The photonic chip as system 
 Monitors
 Actuators
 Feedback and Control 

 CLIPP: non-invasive integrated light monitor  

 Applications: routing, tuning and bio sensing,…

Contents
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1969: 54 years of integrated optics …
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WAVEGUIDE 

CORE

Cover

Substrate
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InP

SiON Triplex (SiN)

Waveguides...

Chalcogenide (As2S3)

Hollow waveguide

Silicon, Slot Segmented

PhC Good for sensing ! !
13 13
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Materials for Photonic circuits
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Technologies and Waveguides

∆nGe:SiO2
0.5…3 %

SiON
2…8 %

Si3N4
38 %

Silicon
140%

As2S3
60…100 %

InP
3 / 70 %

Mach-Zehnder
Dir. Couplers, Y, MMI, Star couplers

Ring Resonators

Gratings
15
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Integrated Photonics

16
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Integrated photonics: towards ubiquitousness
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The need of Integrated Photonics

   

2018 Transceiver
2.4Tb/s, 12000km

1994
4-λ 2x2 OXC 

1998
4-λ 2x2 OXC 
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Integration
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Photonic Integration: Motivation

• Greatly reduced component cost
– Monolithic interconnection of device elements
– Simpler packaging and assembly, standard processes

• High reliability
– Less interfaces

• High functionality
– Many more functional elements per chip, higher creativity in design

• High phase stability, excellent device matching
– Permits interferometric structures

• Robust
– Single chip designs with minimal optical interfaces are ideal for demanding 

environments

• Higher power efficiency
– Minimize optical power loss at interfaces between device elements
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Submarine cables, optical fibers
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Optical Interconnects = Datacenters

Cisco reports total bit rate for internet traffic > 320 Tb/s

Datacenters....

22
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Silicon Photonics: roadmap and markets

Emerging  markets:
- medical & biosensing 
- disaggregated data centers 
- high-performance computing (HPC)
- analog artificial intelligence (AI) 
- automotive (LiDAR and gyroscopes)
- Co-Packaged Optics engines
- …

Datacom is main market 
(20% transceiver  30% by 2027)
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How Much Electronics in Photonics?

Laser

Photodetector

Modulator/Switch

Control Layer

Drivers (microwave)

25



High Resolution Electronic Measurements in Nano-Bio Science – A. Melloni

How Much Electronics in Photonics?

26

K. Padmaraju, et al, JLT 32(3), 2014

Dithering, analog
Columbia Univ. 2014

X. Zheng, Opt. Express, 22(10) 2014

Bang-bang, digital 15 bits
Oracle 2014

K. Yu, et al., JSSC, 51(09) 2016

Tuning (peak search, analog) + locking 
(bang-bang, digital)  HP 2016

Integrating photonics with silicon nanoelectronics
Nature, 19 April 2018

TeraPHY: A High-density Electronic-
Photonic Chiplet, OFC 2019 - Ayar Labs, Inc. 
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How Much Photonics in Electronics?

Sun, C. et al. Single-chip microprocessor that communicates directly using
light. Nature 528, 534–538 (2015). https://doi.org/10.1038/nature16454

Tx / Rx wavelength de-multiplexer

https://doi.org/10.1038/nature16454
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How Much Photonics in Electronics?

14, January 2020

https://ro.nttdata.com/News/The-future-of-photonics-presented-at-the-
recent-NTT-Research-and-Development-Forum

https://www.slideshare.net/oraccha/flowcentric-computing-
a-datacenter-architecture-in-the-post-moore-era
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Energy per bit 

10-15  J

10-12 J

10-9 J

10-6 J

David A. B. Miller, “Attojoule Optoelectronics for Low-Energy Information Processing and Communications», J. of Lightwave Technology 35(3), Feb. 2017

Transmit a signal (bit) across a chip 
requires charging/discharging the 
capacity of the electrical link

𝑪𝑪 ≈ 𝟏𝟏 pF/cm

𝑪𝑪 ≈ 𝟎𝟎.𝟏𝟏 − 𝟏𝟏 pF

E≈ 𝑪𝑪𝑪𝑪𝟐𝟐
= 0.1 - 1 pJ

Average length of the link 
1 mm – 1 cm 

Energy per bit (1 V)

Energy required to transmit data across electronic chips has not scaled down much in the last years  

Energy consumption of (super)computers is mainly due to short-distance signal transmission inside 
electrical chips

29



High Resolution Electronic Measurements in Nano-Bio Science – A. Melloni

Supercomputers can achieve hundreds of peta FLOPS
(floating point operations per second) in processing data 

Energy per FLOP & Communication 
Total power consumption

Energy consumption of hyperscale computing

Mehonic, A., Kenyon, A.J. Nature 604 (2022)

# FLOP/s = 1017 FLOP/s  

>1 MW
EFLOP = 1 - 10 pJ

(# FLOP/day ≈ 1022 )  

 Remove (or reduce) energy consumption
associated with data trasmission and processing 
in digital electronics

 Transmit and compute in the optical domains

New computing technologies ( «Silicon» Photonics)

D.A.B. Miller, “Attojoule Optoelectronics for Low-Energy Information Processing and Communications», J. of Lightwave Technology 35(3), Feb. 2017

30
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What can we do (easily & conveniently) in photonics?

Function Electronics Photonics

MAC & MVM Easy 

Communication Free 

Gain Easy Easy (but off-chip)

Nonlinearity Easy (Transistor) Hard

Memory Easy (DRAM, SRAM) Hard

Matrix-vector multiplication (MVM) & multiplications & accumulation (MAC) is everywhere in data processing:
- convolution, factorization, linear equalization, filtering, Fourier transform…
- neuro-inspired computing (weighted interconnections between adjacent photonic neurons)

- high speed (THz) & low latency (< ns) in solving linear mathematical operations 
- low energy/bit consumption (<< pJ/bit)

 optical computing is a competitive candidate for artificial intelligence accelerators
 acceleration is achieved by matching math operations and photonic hardware 

In neural networks, 
the convolutional part 
based on MVM 
occupies > 80% of the 
total processing time

O(N2)

O(N)

31

CV2 Energy Cost

Advantages of 
photonic computing 
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IBM, 2008

Photonics Integration – Optical interconnect

32
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Monolithic Photonic-Electronic Integration

Exploiting existing fundries

33 33
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Toward a system…

34
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Control layer for photonic integrated circuits

11

Integrated Actuators

On-chip light 
monitors

Control & 
Calibration 

Light in

Actuation 
command

Working point 
estimation

CLIPP

Pa
te

nt
ed
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(Non Perturbative) 
Probes

Monitor to detect light level in waveguides
and provide feedback (test pin)
Hitless (transparent), small, low power…

36
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Light monitors: Ge, InP, hybrid, monolithic...

III-V  compoundsGe on Silicon

4.2% Ge-Si Lattice mismatch 
⇒ specific growth strategies required
⇒ growth on thin SiGe buffers
⇒ multi step growth process
⇒ thermal annealing (reduce dislocation density)

37
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Light-waveguide interaction

Band bending

Si

SiO2

Valence band

Traps

En
er

gy

hν

hν
Conduction band

SSA process

Interface

 Surface State Absorption 

 Surface states are located 
typically within the first two/three
silicon atomic layers (≈ 1 nm)

 Intra-gap energy states create a 
free carrier and a corresponding 
recombination center

38
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Measuring the SSA 
induced waveguide 
conductance change ∆G
through an 
ultrasensitive electric  
detection circuit

Si

SiO2

∆GCA CASiO2

metal metalL
ContacLess Integrated Photonic Probe (CLIPP) 

SiO2

SiO2

Metal

Si
100 nm 

The CLIPP concept

1 µm

longitudinal view

Contactless capacitive 
access to the waveguide

Light 
in

Light 
out

A Si waveguide cross section
L CLIPP length
∆Ns surface free-carrier density
µs carrier mobility

Light dependent conductance variation
Free carriers 
generated on the 
surface by SSA

Carrier mobility is typically 
lower on the surface 
compared to the bulk

Si conductivity change 
induced by light

39
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Measuring the SSA 
induced waveguide 
conductance change ∆G
through an 
ultrasensitive electric  
detection circuit

Si

SiO2

∆GCA CASiO2

metal metalL
ContacLess Integrated Photonic Probe (CLIPP) 

SiO2

SiO2

Metal

Si
100 nm 

The CLIPP concept

1 µm

longitudinal view

Contactless capacitive 
access to the waveguide

Light 
in

Light 
out

Ve ~ 1V 
fe ~ 1MHz

ie

90°
Re[Ywg]

Lock-In Amplifier

100 kΩ
 

Im[Ywg]
+

Transimpedance 
Amplifier (TIA)

Pa
te

nt
ed

“Silicon Photonics: Stalking Light,” Nature Photonics 8, 2014

4040
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The CLIPP readout system

F. Morichetti et. al, J. Selected Topics in Quantum Electronics, July 2014
Stalking light, Nature Photonics, Vol. 8 April 2014

Ve ~ 1V 
fe ~ 1MHz

ie

90°
Re[Ywg]

Lock-In Amplifier

100 kΩ
 

Im[Ywg]
+

Transimpedance 
Amplifier (TIA)

Pa
te

nt
ed

Realization:
• AMS 0.35µm CMOS
• Vsupply 3.3V
• Crosstalk < -60dB
• Modular motherboard
• >50MHz bandwidth
• Low current noise 100fA/√Hz     

@ 1MHz

4141
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Performance match monitoring requirements:

 Single-mode and multimode waveguides

 Compact size: L down to 25 μm

 Both TE/TM polarizations

 Sensitivity down to -30 dBm

 40 dB dynamic range

 Speed down to 20 µs

 No loss, no backreflection, 
no amplitude/phase perturbation

Si waveguide
100 µm

L
SOI

Metal

Metal

CLIPP performance in Si waveguides

100 µm InP

SOI

4242
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Performance match monitoring requirements:

 Single-mode and multimode waveguides

 Compact size: L down to 25 μm

 Both TE/TM polarizations

 Sensitivity down to -30 dBm

 40 dB dynamic range

 Speed down to 20 µs

 No loss, no backreflection, 
no amplitude/phase perturbation

Si waveguide
100 µm

L
SOI

Metal

Metal

CLIPP performance in Si waveguides

100 µm InP

SOI
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Actuators

Low Power Electronic, algoritmhs and strategies for 
trimming, tuning, locking, adaptive ...

44
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Actuators
Phase / Amplitude

Fast (MHz for tuning and reconfiguration)

Compact (10-100 µm)

Low Power consumption (< mW) 

Permanent, self holding to avoid to continuous feed

Analog / Digital

45

Thermal actuators, mature 
technology, power hungry

waveguide

Thermal field induced 
by heater

Silicon substrate

cladding

heater

45
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Integrated optical actuators

Thermal actuators

W.M. Green et al., Opt. Express 15 (2007)

p-n junctions
Carrier injection/depletion

46

C. Rãos et al, Nature Photonics 6 (2015)
A. Joushaghani et al, APL, 102, 061101 (2013)

Phase-change
materials

C. Hoessbacher et al., Optica 1 (2014)

Plasmonic memristor

R. Amin et al., arxiv (2018)

MEMS based switches

S. Han et al., Berkeley, (2015)

Graphene, MoTe2, ITO modulators
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Integrated optical actuators

Thermal actuators

p-n junctions
Carrier injection/depletion

47

Plasmonic memristor Graphene, MoTe2, ITO modulators

MEMS based switches

Ya
co

pc
ic

, 2
01

7

waveguide

Thermal field 
induced by heater

Silicon substrate

cladding

heater

N. Farmakidis et al. 
Sci Adv 2019; 5

A. Fiore, TU/e

Phase-change
materials
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Feedback and control

Low Power Electronic, algoriths and strategies for 
trimming, tuning, locking, adaptive ...

48
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Electronics at service of photonics

FPGA

Heaters 
drivers

Pilot tone 
and signal 
processing
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ControllerSet point

Local feedback loop
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Feedback and control

Initial
operating
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dithering
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Gradient
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Actuators
voltage
change
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criterion

no

yes

M
-D

O
F

Control many degrees-of-freedom (DOFs) using a 
single monitoring point

Several DOFs simultaneously dithered at orthogonal 
frequencies generated from a discrete-multi-tone generator
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Applications !
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The simplest Programmable Optical Processor (2 input apertures)

∆φ

Photonic Analog Combiner

Phase shifters

Mach-Zehnder 
Interferometer (MZI)

50/50 50/50

input{ {
output

det (H)=1

∆L=0−θ

MZI
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∆φ
s1

s2 ejθ

|s1|2+|s2|2

−θ
0

50/50 50/50

det (H)=1

Photonic Analog Combiner

Mach-Zehnder 
Interferometer (MZI)

53

The simplest Programmable Optical Processor (2 input apertures)

MZI

Phase shifters
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∆φ
s1

s2 ejθ

|s1|2+|s2|2

−θ
0

50/50 50/50

det (H)=1

Photonic Analog Combiner

Mach-Zehnder 
Interferometer (MZI)

54

The simplest Programmable Optical Processor (2 input apertures)

MZI

Phase shifters
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• Automatic (dithering-based) self-configuration of a MZI from 
any initial condition

• Track input signal changes (amplitude/phase)

• Compensate thermal fluctuation & fabrication variability

• Control in parallel of N MZIs (not sequential) 

• Full processor stabilization in ms scale

Control electronics for self-configuring MZI 

Pout=0

55

si

sj

|si|2+|sj|2
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2 x 12 CLIPPs

Ai Bi Ci

Stage A Stage B Stage C
I1
I2

I3
I4

I5
I6

I7
I8

O1

O2

O3

O4

O5

O6

O7

O8

CLIPPMZI switch

PHOTONIC
CHIP

O7

O8Vh CLIPP 
signals

+
-Controller

Set point

Lightpath tracking and feedback control routing
A. Annoni et al, JSTQE, 22(6 )2016

12 heaters

5656
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Stage A Stage B Stage C

Time [s]

O
pt

ic
al
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ro

ss
ta

lk
 [d

B]

Input 
channel

Output 
channel

Optical 
crosstalk

Thermal crosstalk

8x8 Si photonic switch matrix

Feedback control

0 50 100 150 200 250 300

-30

-20

-10

0
Circuit reconfigurations (switching of nearby switches)

...

A. Annoni et al, JSTQE, 22(6 )2016
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0 50 100 150 200 250 300
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Output 
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Optical 
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Thermal crosstalk

8x8 Si photonic switch matrix

Feedback control

Feedback OFF

Feedback ON
He

at
er

CLIPP 
signals

+
-Controller

Set point

CLIPP monitors
Feedback on every switch

A. Annoni et al, JSTQE, 22(6 )2016
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Transmitter - TX
Alignment/stability
Collimating Optics
Divergence
Launch power
Modulation format
Multichannel
Beam shaping
Beam Diversity

Receiver - RX
Alignment/stability
Collimating Optics
Geometrical aperture
Position/Beam Diversity
Direct/Coherent Detection
Sensitivity
Adaptive Optics
Turbulence compensation

A. Trichili et al., Roadmap to Free Space Optics, JOSA B, July 2020 

 

Refractive index map

Free Space Channel
• Attenuation
• Multipath
• Time varying channel
• Turbulence (scintillation &  wander)
• Polarization

320 m FSO link 
100 fps

Receiver

Transmitter

Free Space Optical (FSO) Link
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The Optical Analog Processor based receiver

Programmable Optical Processor

M

A device capable of coupling an arbitrary free-space beam (non-spatially coherent  “multimode”) 
into a specific output beam (spatially coherent  “”single-mode“) 

W. Bogaerts, … F. Morichetti, A. Melloni 
Programmable photonic circuits, Nature 586, 207–216 (2020)

Slow monitor
Fast receiver

60

M apertures (optical antennas)

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = �
𝑖𝑖=1

𝑀𝑀

𝑠𝑠𝑖𝑖 2

si

Silicon 
photonic
chip OPA

1.2 mm

3.2 mm

Programmable optical 
processor
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Reconfigurable hitless filter

Filter characteristics:
● Hitless tuning
● 1 THz (8 nm) of Free Spectral Range (FSR)
● 40 GHz of 3 dB bandwidth
● 20 dB in band isolation

Mach-Zehnder Modulators (MZM) in 
the add port to apply optical label

CLIPP at the Drop port to read 
optical label

61
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Aguiar, Douglas, et al. "Automatic Tuning of Microring-Based Hitless Reconfigurable Add-Drop Filters." 2018 OFC. IEEE, 2018.

Filter Reconfigurability
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Feedback

Monitor Locking
63
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Mach-Zehnder interferometer (Filter)
Finite Impulse Response filter, FIR

64
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Ring resonators = Fabry-Perot

K

K

Lr

Infinite Impulse Response filter, IIR

65
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Evanescent field detection
Negligible absorbtion
Phase change of the light

Phase-intensity conversion with an 
“interferometer” (ring resonator)

Biosensing and integrated photonics
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Δ𝜆𝜆
λ

=
Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑛𝑛𝑔𝑔

Biosensing and integrated photonics
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Biosensing and integrated photonics
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What does non-invasive mean?
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Voltage Ve [V]

 tiny resonant wavelength shift (55 fm or 7 MHz @ 1V)
 effective index perturbation < 0.5 ppm  (comparable to 3 mK fluctuations)
 negligible for resonators with  Q  up to 106

 perturbation due to the electro-optic coefficient of non-intentionally stressed SOI 
waveguides χ(2)~5 pm/V

In

V, fe
Out

Typical  CLIPP 
driving voltage 

No amplitude perturbation, tiny phase modulation 
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Feedback controlled photonics 

- automated tuning process
- thermal stabilization & wavelength locking

λ2λ1 λn

λ2

λ1 λn

“Interferometers” are key building blocks for optical links
(modulators, switches, WDM filters…), however

suffer form strong temperature drifts 
and fabrication tolerances

λ2λ1 λn

∆Τ = 1 K  ∆λ = 10 GHz

Photonics needs feedback control

Direction of the λ-shift?

Small dither signal applied to the ring 
(Padmaraju et al.,  J. Lightw. Techn. 32(3), 2014)

Microring embedded in an interferometer (dither-free) 
(Cox et al., CLEO: 2013)

….photon tapping from the 
waveguide required

Unambiguous location of the 
resonance shift, yet…

∆w=1nm ∆λ = 100 GHz
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