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Integrated photonics
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Integrated photonics

Photonic Integrated Circuit

Lower dimensions
Lower costs
CMOS compatible

Widespread 
diffusion

Efficient
devices

More stable
Lower noise

Lower losses
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Photonic devices fabricated using Silicon and standard Silicon 

processing (Complementary Metal Oxyde Semiconductor 

technology)

Mass manufacturability, low cost, high volumes and 

state of the art performances

Natural way of merging photonics and electronics on 

the same chip

Silicon Photonics



NanoScience Laboratory

Years

Microelectronics

Integrated Photonics

A parallel paradigm to success..
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PART 1 (classical=em theory) 
Simple non-hermitian resonators

PART 2 (quantum=qm theory)
(Non local) photonic entanglement 
and its use in ghost spectroscopy



NanoScience Laboratory

Simple non-hermitian resonators
show extra sensitivities

PART 1

The slides in this chapter are by 
Stefano Biasi and Riccardo Franchi
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Hermitian and Non-Hermitian
Hamiltonians

Hermitian Non-Hermitian

Commonly describing non-dissipative physics 
with time-reversal symmetry 

Commonly describing dissipative physics with 
anti-unitary symmetry 

Hermitian matrices for a two level system Non-Hermitian matrices 

𝑯 = 𝑯† 𝑯 ≠ 𝑯†

𝐂 =
𝝎 𝜷
𝜷 𝝎

= 𝑪† 𝐃 =
𝝎 𝜷𝟏𝟐

𝜷𝟐𝟏 𝝎
≠ 𝑫†

One-parameter

Photonics is affected by losses, therefore its physics is non-hermitian
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Hermitian and Non-Hermitian
Hamiltonians

Hermitian Non-Hermitian

Commonly describing non-dissipative physics 
with time-reversal symmetry 

Commonly describing dissipative physics with 
anti-unitary symmetry 

𝐂 =
𝝎 𝜷
𝜷 𝝎

= 𝑪† 𝐃 =
𝝎 𝜷𝟏𝟐

𝜷𝟐𝟏 𝝎
≠ 𝑫†

𝐂 𝒗1,2 = 𝜆1,2 𝒗1,2 𝑫 𝒗1,2 = 𝜆1,2 𝒗1,2

𝒗1

𝒗2

< 𝒗1 | 𝒗2> = 𝟎

𝒗1

𝒗2
< 𝒗1 | 𝒗2>≠ 𝟎

Main difference approaching the degeneracies: 𝜆1 = 𝜆2

𝜆1,2 = 𝝎± 𝜷 𝜆1,2 = 𝝎± 𝜷𝟏𝟐𝜷𝟐𝟏

𝜷 → 𝟎 ⇒ λ𝟏 = λ𝟐
and

< 𝒗1 | 𝒗2>= 𝟎

Diabolic Point

𝜷𝟏𝟐 → 𝟎 ⇒ λ𝟏 = λ𝟐
and

< 𝒗1 | 𝒗2>= 𝟏

Exceptional  
Point

𝒗1

𝒗2
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A microring resonator: stationary 
response

The light coming from the input port couples into the 
resonator with the resonance mode αA

The dynamic of the system can be described thanks to 
the temporal mode theory (TMT):

γ The Outgoing field assumes the typical Lorentzian
shape:

S Biasi et al, IEEE Journal of Lightwave Technology 37, 5091-5099 (2019).
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γ

Are the complex 
coupling 

coefficients

Considering the backscattering:

• Forward propagation
• Backward propagation

Temporal coupled mode 
equations

A microring resonator: surface-wall 
roughness 

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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𝑖
𝑑

𝑑𝑡

𝛼CCW
𝛼CW

= 𝑯0

𝛼CCW
𝛼CW

+𝑯𝑐

𝛼CCW
𝛼CW

− 2Γ
𝐸in,L
𝐸in,R

𝑯0 =
𝜔0 − 𝑖(𝛾 + Γ) 0

0 𝜔0 − 𝑖(𝛾 + Γ)

γ
L R

where

𝑯𝑐 =
0 −𝑖 𝛽12

−𝑖 𝛽21 0

Writing in the equations in a matrix form (two-level system):

A microring resonator: surface-wall 
roughness 

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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𝑖
𝑑

𝑑𝑡

𝛼CCW
𝛼CW

= 𝑯0

𝛼CCW
𝛼CW

+𝑯𝑐

𝛼CCW
𝛼CW

− 2Γ
𝐸in,L
𝐸in,R

𝑯0 =
𝜔0 − 𝑖(𝛾 + Γ) 0

0 𝜔0 − 𝑖(𝛾 + Γ)

γ
L R

γ

L R

where

𝑯𝑐 =
0 −𝑖 𝛽12

−𝑖 𝛽21 0
𝛽12 = −𝛽21

∗ = 𝛽if
𝑯𝒄 = 𝑯𝒄

†

Hermitian

Writing in the equations in a matrix form (two-level system):

A microring resonator: surface-wall 
roughness 

𝜆1,2 = 𝜔0 ± 𝛽 − 𝑖 𝛾 + Γ

< 𝒗𝟏|𝒗𝟐 >= 0

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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𝑖
𝑑

𝑑𝑡

𝛼CCW
𝛼CW

= 𝑯0

𝛼CCW
𝛼CW

+𝑯𝑐

𝛼CCW
𝛼CW

− 2Γ
𝐸in,L
𝐸in,R

𝑯0 =
𝜔0 − 𝑖(𝛾 + Γ) 0

0 𝜔0 − 𝑖(𝛾 + Γ)

γ
L R

γ

L R

where

𝑯𝑐 =
0 −𝑖 𝛽12

−𝑖 𝛽21 0
𝛽12 = −𝛽21

∗ = 𝛽if
𝑯𝒄 = 𝑯𝒄

†

Hermitian

Writing in the equations in a matrix form (two-level system):

𝒓𝒍−𝒓
𝟐 = 𝒓𝒓−𝒍

𝟐

𝒕𝒍−𝒓 = 𝒕𝒓−𝒍

A microring resonator: surface-wall 
roughness 

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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Hermitian and non-Hermitian Physics -
integrated microresonators

Continuous exchange of the same energy 
between the forward and backward mode:   
the doublet is balanced.

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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𝑖
𝑑

𝑑𝑡

𝛼CCW
𝛼CW

= 𝑯0

𝛼CCW
𝛼CW

+𝑯𝑐

𝛼CCW
𝛼CW

− 2Γ
𝐸in,L
𝐸in,R

𝑯0 =
𝜔0 − 𝑖(𝛾 + Γ) 0

0 𝜔0 − 𝑖(𝛾 + Γ)

γ
L R

γ

L R

where

𝑯𝑐 =
0 −𝑖 𝛽12

−𝑖 𝛽21 0
𝛽12 ≠ −𝛽21

∗if
𝑯𝒄 ≠ 𝑯𝒄

†

Non-Hermitian

Writing in the equations in a matrix form (two-level system):

A microring resonator: surface-wall 
roughness 

𝜆1,2 = 𝜔0 ± −𝛽12𝛽21 − 𝑖 𝛾 + Γ

< 𝒗𝟏|𝒗𝟐 >≠ 0

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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Hermitian and non-Hermitian Physics -
integrated microresonators

Continuous exchange of the same energy 
between the forward and backward mode:   
the doublet is balanced.

Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019)
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In the case of the Backscattering the off-diagonal β coefficients are stochastic!

We need to introduce a non-reciprocal loss inside the cavity:

S-shaped additional crossover waveguide element that selectively couples counter-
propagating modes in a propagation-direction-dependent way

A microring resonator: surface-wall 
roughness 

A. Calabrese et al , Photonics Research 8, 1333 (August 2020)
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A Taiji microresonator
Taiji

 Forward and Reverse have
different reflections

 The Lorentz reciprocity theorem 
ensures the same transmissions

 Work in an Exceptional Point

A. Calabrese et al , Photonics Research 8, 1333 (August 2020)
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Grating couplers

Taiji: unidirectional reflection 

37
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Taiji microresonator experimental results:

Taiji: unidirectional reflection 



NanoScience Laboratory

Taiji as a sensor on Exceptional point

𝛽12 = 𝛽T + 𝛽Bs12 + 𝛿𝛽

𝛽21 = 0 + 𝛽Bs21 − 𝛿𝛽∗

ℜ[𝜆1,2] = 𝜔0 ± 𝛽T𝛿𝛽∗ + |𝛿𝛽|2

𝛽T = 𝛽Taiji≫ 𝛿𝛽 ≥ 0

scatterer

Riccardo Franchi et al, Proc. SPIE (Photonics West 2022)
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Taiji as a sensor on Exceptional point

𝛽12 = 𝛽T + 𝛽Bs12 + 𝛿𝛽

𝛽21 = 0 + 𝛽Bs21 − 𝛿𝛽∗

𝛽12 = 0 + 𝛽Bs12 + 𝛿𝛽

𝛽21 = 0 + 𝛽Bs21 − 𝛿𝛽∗

ℜ[𝜆1,2] = 𝜔0 ± 𝛽T𝛿𝛽∗ + |𝛿𝛽|2

𝛽T = 𝛽Taiji≫ 𝛿𝛽 ≥ 0

𝛿𝛽 ≥ 0

ℜ[𝜆1,2] = 𝜔0 ± |𝛿𝛽|

scatterer

Riccardo Franchi et al, Proc. SPIE (Photonics West 2022)
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Taiji: breaking the Lorentz Reciprocity 
Theorem 

energy inside the microresonator

Riccardo Franchi et al, Optics Express 29, 29615-29630 (2021)

A. Munoz de las Heras et al,Physical Review Applied 15, 054044 (2021).
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Taiji: breaking the Lorentz Reciprocity 
Theorem 

energy inside the microresonator

Riccardo Franchi et al, Optics Express 29, 29615-29630 (2021)

A. Munoz de las Heras et al,Physical Review Applied 15, 054044 (2021).
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Taiji: breaking the Lorentz Reciprocity 
Theorem 

energy inside the microresonator
Transmission

Riccardo Franchi et al, Optics Express 29, 29615-29630 (2021)

A. Munoz de las Heras et al,Physical Review Applied 15, 054044 (2021).



NanoScience Laboratory

Taiji: breaking the Lorentz Reciprocity 
Theorem 

energy inside the microresonator
Transmission

Riccardo Franchi et al, Optics Express 29, 29615-29630 (2021)

A. Munoz de las Heras et al,Physical Review Applied 15, 054044 (2021).
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Taiji: breaking the Lorentz Reciprocity 
Theorem

Riccardo Franchi et al, Optics Express 29, 29615-29630 (2021)

A. Munoz de las Heras et al,Physical Review Applied 15, 054044 (2021).
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(Non local) photonic entanglement 
and its use in ghost spectroscopy

PART 2
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Quantum at Trento
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Part 2

• The basic building blocks

• Intermodal FWM

• Ultra pure heralded single photon source

• Ghost spectroscopy in the MIR
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The basic building blocks

SiO2

SiO2

Si
0.22 µm

0.5-2 µm

n

WAVEGUIDES
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Polarization 𝑷=𝜀0(𝜒
(1)𝑬i+𝜒

(2)𝑬i𝑬j+𝜒
(3)𝑬i𝑬j𝑬l)

χ(2)

• No-Centrosymmetry

χ(3)

• Centrosymmetry

• No-Centrosymmetry

The basic building blocks

Silicon crystal

Unless one breaks 

the 

centrosymmetry!

NONLINEAR OPTICS
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Part 2

• The basic building blocks

• Intermodal FWM

• Ultra pure heralded single photon source

• Ghost spectroscopy in the MIR
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Spontaneous Four Wave Mixing (FWM)

ħωP

ENERGY DIAGRAM

ħωP

ħωS

ħωI

Idler

Pump

Signal

)(


effn
c

k ISPP kkkkk 

Phase mismatch Wave vectorMax efficiency

0k

Optical waveguide

Correlated pairsPump laser
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Intermodal phase matching

)(


effn
c

k ISPP kkkkk 

Phase mismatch Wave vectorMax efficiency

0k

∆𝑘 =
1

𝑐
𝜔𝑃 𝑛𝑒𝑓𝑓

𝒋
𝜔𝑃 + 𝜔𝑃 𝑛𝑒𝑓𝑓

𝒒
𝜔𝑃 − 𝜔𝑆 𝑛𝑒𝑓𝑓

𝒍 (𝜔𝑆) − 𝜔𝐼 𝑛𝑒𝑓𝑓
𝒎 (𝜔𝐼)

𝒋, 𝒒, 𝒍,𝒎 are the mode orders

Control the modes Control the phase matching
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intramodal FWM vs intermodal FWM

PUMP

PUMP

SIGNAL

IDLER

SIMULATION
λ Pump

Stefano Signorini et al., Photonics Research 6, 805-814 (2018)
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Intermodal phase matching

)(


effn
c

k ISPP kkkkk 

Phase mismatch Wave vectorMax efficiency

0k

∆𝑘 =
1

𝑐
𝜔𝑃 𝑛𝑒𝑓𝑓

𝒋
𝜔𝑃 + 𝜔𝑃 𝑛𝑒𝑓𝑓

𝒒
𝜔𝑃 − 𝜔𝑆 𝑛𝑒𝑓𝑓

𝒍 (𝜔𝑆) − 𝜔𝐼 𝑛𝑒𝑓𝑓
𝒎 (𝜔𝐼)

𝒋, 𝒒, 𝒍,𝒎 are the mode orders

Control the modes Control the phase matching
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PUMP

PUMP

SIGNAL

IDLER

SIMULATION
λ Pump

intramodal FWM vs intermodal FWM

Stefano Signorini et al., Photonics Research 6, 805-814 (2018)
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λ Pump

intramodal FWM vs intermodal FWM
λ idler Large detuningDiscrete band

Wavelength tuning

Stefano Signorini et al., Photonics Research 6, 805-814 (2018)
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Nanoscience LaboratoryDepartment of Physics

How do we implement Spontaneous intermodal FWM on a chip?
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

SiO2

Si

2 µm

0.3 µm

CW 
laser
1570 
nm

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128



NanoScience Laboratory

Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

CW 
laser
1570 
nm

3-dB coupler

Multi-mode 
interferometer

(MMI)

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

CW 
laser
1570 
nm

Asimmetric
directional coupler (ADC)

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

CW 
laser
1570 
nm

50%

50%

of 
pump 
power

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

quantum
source

Waveguide

1570 nm

1570 nm 2003 nm

1290 nm

1570 nm1290 nm 2003 nm

Intensity

λ

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input

Asimmetric
directional coupler

(2019) Frontiers in Physics, 7 , art. no. 128 doi:10.3389/fphy.2019.00128
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Nanoscience LaboratoryDepartment of Physics

Photonic circuit

Input
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Part 2

• The basic building blocks

• Intermodal FWM

• Ultra pure heralded single photon source

• Ghost spectroscopy in the MIR
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• Need of single photons for different
applications
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Basic on-chip heralded source64

Heralder

Heralded
single photon

Detector Detector
Trigger

Chip

Ideal single photon source: the measure of the heralder does not determine the heralded state
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High purity heralded single photon source

Entangled photons
Non separable biphoton wavefunction

Low purity

Single photons
Separable biphoton wavefunction

High purity P ~ 76%

Sinc lobes

| ۧΨ ~ | ۧ𝜑 𝐴
| ۧ𝜓 𝐵

| ۧΨ ~ | ۧ𝜑1 𝑖
| ۧ𝜓1 𝑠+| ۧ𝜑2 𝑖

| ۧ𝜓2 𝑠
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High purity heralded single photon source

adiabatic turn on of Spontaneous Four Wave mixing

S. Paesani, et al, Nature Communications 11, 2505 (2020)
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High purity heralded single photon source

S. Paesani, et al, Nature Communications 11, 2505 (2020)
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 99.9% SINGLE MODE EMISSION 

 98.5 % INDISTINGUISHABILITY

 91% INTRINSIC HERALDING EFFICIENCY

 > 50 PHOTONS

COMPLEXITY REGIME IN BOSON SAMPLING

High purity heralded single photon source

S. Paesani, et al, Nature Communications 11, 2505 (2020)



NanoScience Laboratory

Part 2

• The basic building blocks

• Intermodal FWM

• Ultra pure heralded single photon source

• Ghost spectroscopy in the MIR
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MIR sensing via Ghost Spectroscopy

Absorption Spectroscopy

Detector

Single Photon Detector (SPAD)

Ghost Spectroscopy

Twin 
photons

Signal
photons

High environmental noise (SNR ~ 0)

High environmental noise (SNR ~ 0)
Signal

Idler

M. Sanna et al., Proc. SPIE (Photonics West 2022)
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An heralded single photon source in 
the MIR

CAR =
good coincidences (∆t = 0)

accidental coinc. (∆t > 0)

Stefano Signorini et al, APL Photonics 6, 126103 (2021) 
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MIR sensing via Ghost Spectroscopy

Energy and time 
correlated photons

Three advantages:

• Time filtering (correlation)

• Ghost information translation (entanglement)

• Large spectral shift between the twin photons

NIR (1.2 mm)
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MIR sensing via Ghost Spectroscopy

Absorption Spectroscopy

Detector

Single Photon Detector (SPAD)

Ghost Spectroscopy

Twin 
photons

Signal
photons

High environmental noise (SNR ~ 0)

High environmental noise (SNR ~ 0)
Signal

Idler

M. Sanna et al., Proc. SPIE (Photonics West 2022)
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Ghost spectroscopy

λ

Idle
r

Pump

∆ ∆∆

ISP   2

(SNR = 0.04)

Signal

High environmental noise (SNR = 0.04)

• Spectrum of CO2

• Pressure variation measurement

Simulated trasm. signal
Simulated trasm. coinc
Exp. signal meas.
Exp. Coinc. meas.

Time filtering

M. Sanna et al., Proc. SPIE (Photonics West 2022)
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Ghost spectroscopy

Classical Absorption

Detector

Signal
photons

Detectors

High environmental noise (SNR = 0.04)

Twin 
photons

Signal photons

Twin photons Quantum Absorption

Time filtering

M. Sanna et al., Proc. SPIE (Photonics West 2022)
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Ghost spectroscopy

• Ghost information translation

Detectors

Twin 
photons

BPF

M. Sanna et al., Proc. SPIE (Photonics West 2022)
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Conclusions

• Few examples of physics and applications of silicon
photonics integrated circuits

• interesting phenomena and application in simple
structures

• Silicon nonlinearities are enabling phenomena

• Exciting perspectives for further developments when one
moves from single device to matrices of differently
interconnected structures
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